Author comment: Additional corrections

During the discussion stage of the manuscript we realized an issue with the time axes, which
meanwhile could be completely resolved. The issue required corrections for those data where
NABEL and Xact data were combined, i.e. for the North/South source apportionment. The
regressions with the filter (ICP) data are not concerned, as these data were carefully (manually)
extracted from the raw data. The changes concern Table 1 (new S1), Fig. 1 (right panel), Figs. 4, 11
(new 9), and S5, the time specifications in the text, and the mass budget estimate in Section 3.3. The
changes to the statistics were minor and did not influence the conclusions. As some figures required
corrections, we took advantage and also redrew other figures to make them consistent (axes ranges,
element groups). Resulting changes to the text were applied where necessary.

The following changes were made:

All times are now reported in local time LT (= CET + 1 = UTC + 2).

Table 1 (new S1): Statistics for non-fireworks north and south sectors updated.

Table 3 (new 2): Column 2 (“all days”) removed.

Fig. 1: Right panel updated.

Fig. 4: Xact data shifted by 1 h. The fireworks peaks of the Xact and the TEOM show a 1-h difference.
Fig. 8 (new 7): Elements arranged into groups A, B, C as in the text.

Fig. 11 (new 9): Data updated. Elements arranged into groups A, B, C as in the text.

The mass budget estimate had to be adjusted. Instead of comparing just the two 1-h maxima (TEOM
and Xact), we integrated the mass over the full peaks (2 h for Xact and ACSM; 3 h for TEOM).



Response to Referee #1
(Referee’s statements in italics)

The authors would like to thank the referee for careful reading and critical commenting of the manuscript.

The abstract is too long and should be more focused on what the real novel results are. It reads more like a
conclusion that an abstract.

We shortened the abstract from 408 to 262 words, deleting the details referring to source apportionment. We
focussed the abstract on the main findings regarding the intercomparison of the Xact with external
measurements.

Figure 2 is too small and too many to be useful for interpretations. Needs to be redone with a focus on what the
authors want us to see from this figure.

Figure 2 was redrawn, re-scaling the axes with respect to the maximum values of the filter data (ICP). Labels
were enlarged. We included all data, spread over four panels, as we find it important to show the complete
range of variability.

Data in tables 1 and 2 are excessive and again what is it the authors really want is to observe from these tables.
Maybe plots of MDLs versus elements would be a better way to see this and more efficient. Why are regression
tables like Table 2 useful - maybe a few sentences in the text with a few selected plots would show these
correlations better.

We rearranged Tables 1 and 2. We moved the MDL information from Table 1 to Table 2. Then we moved Table
1, which now only comprises of statistical data characterizing the different periods, to the supplementary
material (Table S1). Table 2 (new 1) now contains the regression coefficients and the MDLs. The data of Table 2
is presented in the new Figure 3, which shows the comparison between ICP and Xact MDLs, slopes and
intercept-to-average concentration ratios for all studied elements. We consider it as advantageous when the
data represented in Figures 2 and 3 can also be looked up quantitatively in a Table (as also supported by
Referee #2), showing the full variability of slopes and intercepts.
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Response to Referee #2
(Referee’s statements in italics)

The authors would like to thank the referee for thoughtful reading and critical commenting of the manuscript.

The comparison with ICP data is correctly carried out, showing both elements with good ICP-Xact agreements
and elements that are not well quantified by the spectrometer. However, in my opinion, some criticism (on both
the use of this instrument and the comparison method) should be more explicitly quoted and discussed.

We add a statement on other possible sampling techniques and their benefit (see also remark further down).
We add a reference to Yatkin et al. (2012) and (2016).

“The NABEL network provided the reference for previous data intercomparisons (Hueglin et al., 2005; Lanz et
al., 2010), as well as for the intercomparisons of this study. Comparisons between SR-XRF and filter samples
analysed with ICP-OES and ICP-MS have been performed previously (Richard et al., 2010). Comparisons of XRF
on samples collected on different substrates were performed, e.g., by Yatkin et al. (2012). A recent
interlaboratory comparison of PMy, filter analysis methods is presented in Yatkin et al. (2016), where XRF/PIXE
and ICP methods were compared for several metrics. Some of these metrics are also applied in this study.”

We added a remark on the regression analyses in Section 3.1:

“The regression intercepts were not forced to be zero to enable examination of potential differences in the
measurement accuracy of each of the compared methods, e.g. blank subtraction. The slopes are more relevant
and indicate biases between the methods. Orthogonal least squares regressions metrics were calculated which
incorporates measurement errors in both quantities being compared. The slopes differed by less than 3.5 %
between the two regression methods for the Group A elements. Ba and Pb achieved an almost perfect match
with slopes around 1 and negligible intercepts. The other extreme is Zn with a slope of 1.8. Ti is another
peculiar case with a slope of 1.13 and the largest intercept/average concentration ratio of 0.37. On average,
the Xact 625 yielded approximately 28% higher elemental concentrations than ICP for the Group A elements.”

We added the statement in the last paragraph of the conclusions:

“Xact streamlines near-real time monitoring of multi-metals despite not being as cost effective relative to
conventional samplers that could be deployed in larger numbers at many sites simultaneously, or that could
sample several size fractions at once, although their actual analysis costs (laboratories, accelerator facilities
and staffing needs) are not considered here and they may surmount the instrument costs manifold.”

It is true that synchrotron-XRF or PIXE require expensive and not-easy-to-obtain accelerator time, but at the
same time (if the experiment set up is properly optimized) these techniques allow a very accurate elemental
analysis of an high number of samples collected in many sampling sites in very short times, while it is difficult to
have many online spectrometer to simultaneously collect the PM in different locations.

True. We have added two statements covering these aspects in the introduction:

“Access restrictions limit the number of collected samples to be analysed, and hence field campaigns are
predominantly episodic.”

“Instruments of this type can be used for continuous (months, years) monitoring at a site, but their cost
restricts the simultaneous deployment of a larger number of devices for different size fractions or at different
sites. The benefit of long-term, quasi real time data access, favourable, e.g., for air quality monitoring,
contrasts with the possibilities of relatively low cost, multi-site and multi-size samplers used so far in episodic
field studies.”
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For the elements of group A (main PM elements), it is true that the Xact-ICP correlation is very good, but it is
not sufficient to say that their concentrations are well reproduced by the spectrometer (as stated in the
conclusions and in the abstract). Intercepts arrive up to 40% of the average concentrations (as stated in the
paper) and, even if they are not so big, | would not say that they are “small” (pag. 7) or negligible. Deviations of
slopes from unit, although, again, not very big, are however significant (Xact/ICP ranging from 1 to 1.8,

average 1.28). Possible reasons, like sampling and X-ray absorption, are suggested, but, as the authors
themselves state, they are not completely supported/demonstrated by this study. Also they are not always
convincing. In particular, X-ray absorption would produce underestimation while Xact concentrations are higher
than those obtained by ICP; sampling would produce higher deviations for elements in big particles, while also S
slope (1.37) significantly deviates from 1; slope of Zn (1.8) is significantly higher than the others. In this
situation, it is not possible to conclude that the spectrometer correctly reproduces the concentrations of all
elements of group A and that systematic differences have been attributed to specific reasons (as reported in

the conclusion section). Looking at obtained results, | would conclude that correlation is very good (for group
A), not big but significant differences are however observed (lower than. . . ), possible reasons have been
investigated but further studies are needed.

Agreed. We have changed our concluding statement to:

“Excellent correlation between Xact 625 and ICP-OES/ICP-MS was observed for 24-h averages of the elements
S, K, Ca, Ti, Mn, Fe, Cu, Zn, Ba, and Pb (“Group A”). The daily averages calculated from hourly measurements
by Xact were on average 30 % higher (range -3 % to +80 %, dependent on elements) than 24-h integrated filter
measurements by ICP. ... Further research on these issues is needed.”

(I think it is important to keep Table 2 and all the panels of Figure 2, but fonts should be bigger as it is difficult
to read them as they now are).

We have rearranged Table 1 by moving the MDL part to Table 2 and the remainder of Table 1 to the
supplement which now only contains statistics of the complete Xact dataset. We have also redrawn Figure 2
completely and have replaced Figure 3 with a new one showing the interference free MDLs of Xact and ICP
MDLs as well as the slopes (with standard deviations) and the ratios of the intercept with the average
concentrations for each element. In this way, complete information on all intercomparison data is presented in
graphical and tabular form for quick reference. See response to referee #2.

It is also important noting that the comparison is made on daily averages and the accuracy of hourly
concentrations has not been directly tested.

It is true that the hourly concentrations have not been compared to ICP data at their original time resolution,
since the ICP data are only available with 24h time resolution, and we included text in the manuscript stating
this limitation. Nevertheless, while indeed the emphasis is on the intercomparison of 24-h averages of filters
and Xact, hourly S data from Xact have been compared with PM; SO, collected with the ACSM (Figure 5). On
the other hand, the estimated mass budget in Section 3.3 is also based on hourly data (2 h interval for the
Xact, 3 hinterval for the TEOM, to capture the full peak period with high concentrations). Fig. 4 shows hourly
resolved time series of Xact, TEOM and ACSM data.

We insert the following statement at line 29 of Section 2.6:

“Comparisons of hourly Xact data were only possible for S with the ACSM data (in the form of PM; sulphate,
assuming that all S occurs in PM;), and between the total Xact element mass and PM;, of the NABEL TEOM
instrument, see Sections 3.2 and 3.3.”

And in the conclusions we added:

“The accuracy of hourly values has only been tested for the case of the fireworks peak late on 1 August 2015,
where the sum of all elements has been compared to the total mass of the NABEL TEOM. Good agreement
between the Xact and TEOM mass was found when corrections derived from the 24-h filter analyses were
applied. This was a special case dominated by just three elements, S, K, Cl, and a generalization to all measured
elements is not recommended.”
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Finally, I have some comment on the description of the spectrometer (section 2.3). There are in my opinion
important pieces of information that are not reported and that would be very useful: sampling area, irradiated
area and X-ray detector used (including entrance window and collimation size).

True. However, having such proprietary information published is of severe concern for CES due to potential
competition with other manufactures. Furthermore, we do believe that removal of such information is
consistent with discussion of other methodologies (for example, most journal papers focused on ambient data
from say, ICP-MS do not provide details of the liquid impingers or cones being used). We checked to ensure
that the data interpretation is indeed not impacted by elimination of such details.

Minimum detection limits reported in Table 1 seem very small for 1-h sampling.

The reported MDLs are interference-free MDLs at the 1-sigma confidence level for unsampled tape (see
reference Currie 1977 in the manuscript). These MDLs give an estimate on the minimum detectable mass for
pure elements, i.e. for single element standards, hence they represent the achievable minimum of detection
under ideal conditions. MDLs in a multi-element sample are expected to be higher, depending on sample
composition and concentration, but they would have to be reported individually for each measurement. No
such routine is presently implemented in the Xact. MDLs decrease with increasing sampling time (Nt'l/z).

“XRF based MDLs are inversely proportional to the square root of the X-ray analysis time (Currie, 1977), which
in the case of Xact is same as the sampling duration. Hence, Xact MDLs are lower for longer sampling
durations. Interference free MDLs, while true are idealized lower limits of detection of one single element. As
with most analytical methods, matrix effects in ambient samples from interferences between different
elements and analyte concentrations could potentially result in MDLs of ambient samples to be higher and
vary across samples, which makes them difficult to generalize and report. It is therefore often preferred to
report measurement uncertainties to characterize a measurement. ”

Uncertainties are surely much higher that 5% for concentrations close to MDLs.

Agreed. We changed the wording from ‘may be higher’ to ‘are higher’ (p 4, line 14):

An uncertainty of 5 % or less due to fitting errors and uncertainties in the standards has been derived from
laboratory experiments with NIST standards (benchtop XRF, filter analyses). Uncertainties are expected to be

higher for concentrations close to the MDL; for elements with potential for line interferences in multi-element
samples; and, from self absorption effects for lightest elements (Si, S, Cl, K, Ca).
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Response to Referee #3
(Referee’s statements in italics)

The authors would like to thank the referee for thoughtful reading and critical commenting of the manuscript.

Issue 1: in the discussion of the level of agreement between the Xact 625 results with the other standard
techniques, the Authors consider that some differences could be due the use of different sampling devices
placed not exactly in the same position. My question is: why the substrates used in the Xact625 have not been
analyzed off-line by other techniques? This would have removed any possible ambiguity related to different
amount of sampled material...I have not found in the text any comment on this possibility. | consider a detailed
discussion on this point absolutely necessary.

Good point. An offline analysis of the Xact sampling tape was not considered for two reasons: 1) Hourly
samples do not collect sufficient mass for ICP analysis. 2) The samples collected are typically not amenable to
post-sampling offline analysis due to potential for cross-contamination from sampled filter tape wound upon
itself onto the filter wheel.

We added the following statement to the text in Section 2.3:

“While this approach is non-destructive, the samples collected are typically not amenable to offline analysis
post-sampling due to potential for cross-contamination from sampled filter tape wound upon itself onto the
filter wheel.”

Issue2: the Authors discuss quite in deep the differences in the PM composition in the two periods (with and
without fireworks) of the campaign. | do not find in such discussion any new or general element which could
deserve to stay in the text. | think that this falls outside the main focus of the paper and that most of this
discussion should be moved to the on-line supplementary material (or maybe it should find space in some local
report). On this point, see the punctual comments below.

Partly agreed. It was originally the goal to demonstrate the capabilities of the Xact in field research in
Switzerland, and to show an application of Xact data for source apportionment. From all three reviewers’
comments we see that focussing on the first aspect was more desired than emphasizing the source
apportionment. We therefore decided to shorten the source apportionment part, and to save part of the
material for an upcoming publication. On the other hand, we elaborated the intercomparison part more
deeply. This led to some re-writing of various parts of the manuscript, dropping two figures (Figs. 6 and 9),
moving Table 1 to the supplementary material, and keeping the source apportionment part at a level
demonstrating a few basic capabilities of the Xact data. We do, however, not agree with removing the whole
Section 3.3 to the supplementary material, as it demonstrates important findings for operating the Xact. We
instead condensed the section to the necessary, documenting the value of 1-h time resolution and the large
dynamic range of the Xact (a concentration jump to 48 ug m™ within an hour). A comparison of the Xact’s and
TEOM'’s peaks could demonstrate how closely the Xact elemental mass represents the total measured PMyq
mass in this particular case. We consider this to be a significant finding of this study.

Punctual comments:
Abstract, line 17: the wording “Xact PM10 mass” could be misleading since by ED-XRF just a small fraction of
the elements presents in PM10 can be detected. | recommend to use “the total concentration of the elements

detected by Xact in PM10”

Agreed. However, when condensing the abstract as suggested by Referee #1 this sentence was deleted from
the abstract.

Abstract, line 19: Begin the statement with “Ten” instead of “10”
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Done.
Introduction, line 38: replace “historically required” with “require”
Done.

Introduction, line 39: This is not true: there are well known methods (e.g.: streaker sampler + PIXE, DRUM
impactor + SXRF) which provide hourly or even sub-hourly time resolution with very low MDL. The statement
must be changed accordingly.

Agreed. We added the sentences and references at the appropriate place:

“For high time resolution, impactors are used where the sample is collected on a foil (e.g. a rotating drum
impactor, Lundgren, 1967), or on a combination of an impactor plate and a filter, such as in a streaker sampler
(e.g. Annegarn et al., 1992). These samples are then exposed to X-rays or a particle beam without further
treatment, which provide quantitative data with low detection limits.”

Page 2, line 3: replace “similar X ray facility” with “accelerator facilities”
Done.

Page 2, line 5: delete “overwhelming”

Done.

Page 2, line 10: the advantages offered by high time resolution have been discussed in literature well before the
“older” reference given in the list. . .to my memory come some papers dating back to the eighties and | think
that the Authors should be more precise on this point. Two reference papers are: Annegarn et al., Source
profiles by unique ratios (SPUR) analysis: Determination of source profiles from receptor-site streaker samples.
Atmos. Env. 26, 1992 D’Alessandro et al., Hourly elemental composition and sources identification of fine and
coarse PM10 particulate matter in four Italian towns. JAS 34, 2002

Agreed. We added the two references and quoted them in the appropriate places in the introduction.

Page 3, line 37-38: a list of element detectable by Xact is reported with the explanation that the system
sensitivity has been determined for each element by a reference sample. Actually, there are in the list couples
of elements which interfere in a X-ray analysis (Fe-Co, Pb-As, Ba-Ti) and | really wonder that, for instance, Co
and As can been safely detected in ambient aerosol (usually much richer in Fe and Pb). | have not found in the
text any comment of this point. | think that the calibration procedure should be better described including a
discussion on these possible interferences. This impacts on the data summarized in Table 1 too.

Very good point. We added some text discussing this point:

“Line interference is well-known for element couples like Fe-Co, Pb-As, Ba-Ti and makes detection of one
element difficult if the other is abundant in the sample. The linear least squares reference deconvolution
algorithm implemented in the Xact fits the measured sample spectrum with the library of pure element
reference spectra to resolve concentrations of each calibrated element.”

The last remark on the impact of line interference on the data in Table 1 concerns only the pair Ba-Ti, as for
each other pair one element is below MDL. We found a high correlation between Ti and Ba for the fireworks
(r’=0.94), where it is expected, and a different, but still good correlation (r’= 0.55) for the non-fireworks cases
(see attached Figure), where both elements also show a different behaviour and different enhancement ratios
(Fig. 7 in the manuscript). This is a hint towards a good element separation despite the potential Ba-Ti line
interference. In addition, from Fig. 2 it can be seen that both Ba and Ti are highly correlated with their
corresponding ICP-MS data, with the largest values corresponding to the fireworks cases. One would expect
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the Ti values of the fireworks to deviate more from the ICP data when Ba interference were not adequately
considered.

We added the following sentences:

“Potential line interference between Ti and Ba can be largely exluded, because the element couple reveals two
different regressions for fireworks and non-fireworks cases, as well as distinct diurnal variations in the non-
fireworks cases.”

“The element couples of Fe-Co and Pb-As do not show correlations within the couples, because most of their
data points are below their respective MDLs, and no conclusion about the deconvolution of interfering lines
can be drawn for these elements. Comparing the Xact values with the NABEL annual mean values (Table 2)
shows differences smaller than 40 % for Cu, Pb, and Ni, while the differences are much larger for As and Cd.
The latter two elements are below their respective MDL (Fig. 2).”

Page 4, first lines: the procedure to determine the MDL takes into account the spectrum collected in a blank
portion of the filter. This ways the MDL get underestimated since, in each portion of the spectrum, the
continuum is not due to the filter only but also to the tails of all the peaks due to the PM elements. Moreover,
this method completely not consider the interferences discussed above. More realistic MDL values should be
given for each element and a given sampling/analysis time in a dedicated table but should be calculated as an
average of PM samples.

Partly agreed. The MDLs reported by the manufacturer are interference-free, 1-sigma confidence level,
minimum detection limits determined for single element standards. They are clearly defined and well
reproducible, and they are re-determined at regular intervals (1 to 3 months). They indicate the lowest
possible detection limits under ideal conditions. While we agree that the table suggested by Referee #3 would
be very helpful and probably more meaningful, its determination would require numerous experiments with
different sample compositions and concentrations which is beyond the scope of the current study.

“Interference free MDLs, while true are idealized lower limits of detection of one single element. As with most
analytical methods, matrix effects in ambient samples from interferences between different elements and
analyte concentrations could potentially result in MDLs of ambient samples to be higher and vary across
samples, which makes them difficult to generalize and report.”

Page 8, Par 3.3: the whole section with related figures should move to the supplementary material

Partly agreed, see issue 2, above. We condensed the Section 3.3 to the necessary, but want to keep it in place.
We consider the Section relevant for the article.

We try to clarify this point with the following text sequence:

“Investigation of the highest peaks reveals the performance of the Xact under high load conditions, when
sample thickness may become critical for XRF analysis. A comparison of the two instruments’ peaks could
demonstrate how closely the Xact mass represents the total measured PM10 mass. Inspection of the different
time series indicates that the TEOM peak is broader (3 h) and higher (59.6 pg m-3), and its maximum
concentration is reached 1 h later (at 2 Aug 2015 0000 LT), but its increase in concentration starts at the same
time as the Xact (at 2200 LT). The delay in the maximum can be attributed to the time constant of the TEOM
used for reducing measurement noise and to the averaging procedure. For a comparison of the two peaks
their measured masses were integrated over the duration of the peaks, i.e. over 2 h for the Xact data and the
ACSM data, and 3 h for the NABEL data..”

Pag. 11, line 9-14: the origin of possible discrepancy have not been clearly identified and the wording “are
attributed” is not correct and should be replaced by “could be attributed”

Done.
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Pag. 11, line 25-31: these lines should be removed from the conclusions. . .they are of very local interest and
more than a conclusion are just a summary of the findings

Agreed. Done.
Figure 1: the plot in the top panel should be shown in log. Scale: the present picture is not so informative

Not agreed. We want to emphasize the size of the fireworks peak in relation to the background
concentrations, and this is best visible with a linear y-axis. Furthermore, on a logarithmic scale with stacked
element concentration, the first element is shown with proportionally more area than the subsequent
elements, yielding a distorted picture of its importance. Therefore, we prefer to leave the linear scale on the y-
axis in the top panel as is.

Figure 2: the number of digits In the value of the a and b coeff. Is too high (i.e. show just significant digit). The
values of the correlation coeff. Should be added in each plot.

Agreed. However, we redrew Fig. 2 completely and moved all the regression coefficients to (new) Table 1
(former Table 2), where all coefficients are given to 2 decimal digits. The new figure represents the elements in
Group A with colours, while Group B and C elements are represented in black and white, indicating that their
data has issues with MDLs and others. Still, we retain all data in the graph to present the complete picture —in
accordance with referee #2. We have also reordered that data in Figs. 7 and 11 (new: 7 and 9) according to the
groups, hence we consistently show good and bad data throughout the article.

Figure 3: In my opinion the right part of the picture (from V on) does not give any information and should be
deleted

Partly agreed. We completely redrew Fig. 3, adding the MDLs for Xact and ICP, the regression slopes and
intercept-to-average ratios for all elements. See also comment on Fig. 2, above.

Figure 5: the fit of the red points is more or less meaningless. please add the R2 values in the plot both for blue
and red points

Agreed. Done.
Table 2: should be deleted by inserting the R2 values in the plot of fig. 2

The changes made to Figs. 2 and 3 and Table 2 make this suggestion obsolete.
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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 205 field campaign encompassed the Swiss Natioagl flPeworks

event, providing increased concentrations and wnigliemical signatures compared to non-fireworks b@tkground)

periods. The objective was ta@haracterize-the-handling—and—operation—of-therunstnt,evaluate the data quality by

intercomparison with other independent measuremants test its applicability for aerosol source mjiiewation. The Xact

was configured to measure 24 elements |r1d3WIth 1-h time resolutlonHeuﬂwa%%eeneemnaﬂen&w}ged%ma few

quality was evaluatetbr 10 24-h averages of Xact ddig intercomparison with 24-h PMfilter data analysed with ICP-

OES for major elements, ICP-MS for trace elemeants, gold amalgamation atomic absorption spectronfetrHg. 16-Ten
elements (S, K, Ca, Ti, Mn, Fe, Cu, Zn, Ba, Pb)\/\&lrrban excellent correlation between the comparethods, with 7
values> 0.95 = :
regressions betweeXact 625and ICP data varied from 0.97 to 1.8 (average 1a28) thus indicated generaly—yelded

aapmxwatdy%%ﬂxhlgherXactelemental concentrations than ICP for these eles high
entPossible reasons for td#ferences are discussed, but further

, the

hHowevetheslopes of the

methods—10 For the remaining elements no conglasamuld be drawn about their quantification forioas reasons,

mainly detection limit_issues-

and-thuscould-not be-evaluated. An indirect irderparison of hourly values was performed for thewiorks peak, which

brought good agreement of total masses when the @ was corrected with the regressions from 2#éh value

identified—with—theirelement—mixtureélThe results demonstrate that multi-metal charaza@dn at high-time resolution

capability of Xact is a valuable and practical téal ambient monitoringexhibiting-significant-advantages-compared to
bodidenololomoninlonobais mothodls
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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), anot@r-induced X-ray emission spectrometry (PIXE)e3é methods
historically-required a two-step procedure, i.e. sample collectiorthe field followed by laboratory analysis. Ambient
pollutants areypicath-conventionallycollected on filter substrate for large time duwatsuch as 8-h or 24-h sampling time

to ensure that sufficient elemental mass is avigilédr analytical analysi$ICP). For high time resolution, impactors are

used where the sample is collected on a foil (@.optating drum impactor, Lundgren, 1967), or oooabination of an

impactor plate and a filter, such as in a streagkenpler (e.g. Annegarn et al., 1992). These sanapéthen exposed to X-

rays or a particle beam without further treatmeiiitich provide quantitative data with low detectionits. In contrast to the

non-destructive XRF method, sample preparation@® analysis is very laborious, and the samplesdastroyed during
this process. XRF method has been successfullyeapia aerosol characterization in the last decadessurement of low
sample mass typically requires high sensitivity (or a low mimimum detection ltmMDL) and henceaccess to a
synchrotron osimilar—X-rayacceleratofacilitiesy (Bukowiecki et al., 2005; Bukowiecki et al., 200Balzolai et al., 2010;
Calzolai et al., 2015; Lucarelli et al., 2011; Ricth et al., 2010; Visser et al., 2015b; Yatkin bt 2016), which is
notoriously difficult due to thesverwhelmingdemand for analysis time at such facilitiésccess restrictions limit the

number of collected samples to be analysed, andehié&ld campaigns are predominantly episod@iechnical advances in

X-ray sources and detectors have recently resuftetie development of commercial systems capablsaafipling and

analysing ambient PM samples in sub-hourly or horeg$olution in quasi real timéstruments of this type can be used for

continuous (months, years) monitoring at a sité,their cost may restrict the simultaneous deplayinwé a larger number

of devices for different size fractions or at difat sites. The benefit of long-term, quasi remlktidata access, favourable,

e.g., for air quality monitoring, contrasts witlethossibilities of relatively low cost, multi-siéexd multi-size samplers used

so far in episodic field studies.

Sampling with high time resolution generates laggentity quantitie®f data capable of capturing source emission pedter
occurring at shorter time duration. For sourcecafignment of PM components like elements, a higietresolution of the
order of 1 hour or less is advantageous, as tertpaaiable environmental factors such as windediion and speed or
insolation may affect transport and source procegsegy. resuspensiofAnnegarn et al., 1992; D’Alessandro et al., 2003;
Sanchez-Rodas et al., 2007; Sarmiento et al., 20&8gr et al., 2015b; Yadav and Turner, 2014). &meh instrument,

Cooper Environmental’s Xact® 625 Ambient Metals Mon performs in-situ automated measurements diiam PM, or

PM, s elemental concentrations for a user-defined s@4ofr more elements with a user-selected samfilimg resolution
of 15 to 240 minutes. The instrument is transpéetaimd can be deployed in field campaigns whereitatde shelter with
electric power and an appropriate sampling lineneating the outdoor with the indoor is availablenidte access to the

data is possible during operation, which allowsdarontinuousquasi real timéi.e. with a delay of one sampling interval)

monitoring of the operation status and the ambieeital content. An in-depth evaluation of the forerer instrument Xact
620 was previously published by (Park et al., 2014)

An Xact 625 monitor was deployed for a month td tee handling and data production of the instrum@nsmall field

campaign was organized at a monitoring statiorhef$wiss Air Pollution Monitoring Network (NABELyhere quality-

controlled air pollution measurements are perform@atinuously. The NABEL network provided the refece forvarious

previousdata intercomparisons (Hueglin et al., 2005; Lanalg 2010) as well as for the intercomparisons of this study

Comparisons between SR-XRF and filter samples aedlyith ICP-OES and ICP-MS have been performediqusly
(Richard et al., 2010Comparisons of XRF on samples collected on diffeseibstrates were performed, e.qg., by Yatkin et

al. (2012). A recent interlaboratory comparisonPdd, o filter analysis methods is presented in Yatkiralet(2016), where

XRF/PIXE and ICP methods were compared for sevasdtics. Some of these metrics are also appli¢hisnstudy.
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The goals of thisechnical-notearticlare 1) to characterize the measurements of theée®d in Harkingen and compare
them with previous studies in Switzerland and elsaw; 2) to examine the achieved data qualityHerdgelected elements
with respect to their minimum detection limits; t8) quantify the measurement quality based on intaparisons between
the Xact and NABEL PN} data (1-h TEOM data and 24-h filter samples) férkihgen; 4) to evaluate the applicability of
the instrument at high time resolution in typicairsner conditions and concentration ranges at fdsiafluenced rural site
in -Switzerland; and 5) to gauge the advantages of figh 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 ranfystudied concentrations. The selected elemepiesented a typical
mix of elements at the selected site. In additeofew elements notoriously difficult to measureSwitzerland due to their

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

2 Experimental setup
21 Site characteristics

The field campaign was performed at the permantatios Harkingen (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

until 13 Aug 2015. This station is located nextthe Al freeway, the main traffic route between e@stand western
Switzerland. About 1 km to the west the A2 freevbagnches off towards the north. The local terrailevel 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 &Q86), but an in-depth local source apportionmestria been realised so
far except for organic aerosols measured in MaypZ0@nz et al., 2010).

The first week of the campaign was characterizetbiwer moderate summéemperatures (maximum temperature <25 °C,
except 23 July) with some occasional rain cleantiegatmosphere. The remaining two weeks weregiatsummer heat
wave, with temperatures reaching 36.4 °C at theirmamx, and values above 30 °C on 7 days of thisoger©nly one
precipitation event occurred during the hot peribde Swiss National Day (1 August) fell on a Saayrdand the weekend
weather promoted outdoor barbeques and fireworke. Bulk of the fireworks were burnt on 1 Auguseaf2200CETLT
(local time = UTC + 2 h)but some individual fireworks were also burnt3inJuly, and 2 and 3 August.

For this study, the Xact 625 monitor and a Q-ACSMadrupole aerosol chemical speciation monitorodgne Inc.) were
installed in an air-conditioned trailer parked nexthe NABEL station. This trailer was placed he horth 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 eentf 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,
samples collection, and a TEOM FDMS 8500 (TaperkinEnt Oscillating Microbalance, Filter Dynamics &ddarement

System, Thermo Scientific) for continuous (10-mRY;, mass concentration measuremeiitse time constant used for

noise reduction in the TEOM and the averaging pitape 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 M.
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Standard meteorological measurements such as tataperwind speed and direction, and precipitatiecords 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 floverat 16.7 actual Ipnf-e—temperature—and-pressure-correcthrtjugh a
PM;, flow separator (Tisch Environmental, TE-PM10-D)dathe PM collected onto a Teflon filter tape. Thewf is
maintained to within about 1 %. After each samplinterval the filter tape is moved into the anadysirea of the
spectrometer, where it is illuminated with an X-tapein with three excitatiomredes conditions{25-k\/-and-an-AHfilter; 48
kK and-aPd-filterand-48-k\M-and-a-Cu-filteand the excited X-ray fluorescence is measurel aisilicon drift detector
(SDD) X-ray-detector-in-the-energy-range-from-Q@keV. During this XRF analysis, the next sample isexittd on a

clean spot of the filter tape. This cycle is repdaduring each sampling interval, which was comiéguo be 60 minutes for

this study.While this approach is non-destructive, the samptdiected are typically not amenable to offlineabsis post-

sampling due to potential for cross-contaminaticonf sampled filter tape wound upon itself onto fitter wheel. After

each analysis interval, raw and calibrated (foratial volume in units of ng ™ concentration data was stored on the hard
disk of the control unit. Daily advanced qualitysasance checks (QA energy calibration test, QA algstest) were
performed during 30 min after midnight to monitbifts in the calibration. Thus, the sampling inegdrfollowing midnight
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 afsih elements was calibrated individually with @mefice sampleAn

ncertainty o % or le due to ng—errorsd amnecertainties—in-the Adards—h been—derixmd boratory

detection limits MDL)s for 1-h sampling for each element are listed ibl&dl. CES calculates MDLs using the sensitivity
of the element and the counts in the region ofré#eof a blank unsampled section of tape, fromrahene sigma

interference free detection limits are reporté&F based MDLs are inversely proportional to thesse root of the X-ray

analysis time (Currie, 1977), which in the case&Xatt is same as the sampling duration. Hence, KHzks are lower for

longer sampling durations. Interference free MDljle true are idealized lower limits of detectiohone single element.

As with most analytical methods, matrix effectsambient samples from interferences between diffeedgments and

analyte concentrations could potentially resultMiBLs of ambient samples to be higher and vary acgasnples, which

makes them difficult to generalize and report. dttherefore often preferred to report measuremegenainties to

characterize a measuremeX

uncertainty of 5 % or less due to fitting errorsdamncertainties in the standards has been deriv@u faboratory

experiments with NIST standards (benchtop XRFerfitnalyses). Uncertainties are expected to beshign concentrations

close to the MDL; for elements with potential fand interferences in multi-element samples; andmfiself absorption

effects for lightest elements (Si, S, Cl, K, Cahd.interference is well-known for element coudiks Fe-Co, Pb-As, Ba-Ti

and makes detection of one element difficult if thtker is abundant in the sample. The linear lsgsiares reference

deconvolution algorithm implemented in the Xact fihe measured sample spectrum with the librarpué element

reference spectra to resolve concentrations of ezaibrated elementThe Xact reports purely elemental mass
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concentrationsyhich are the focus of discussiand unless otherwise notéelg—SQ7)-wereferto-these pure-elemental
concentrations
2.4 Q-ACSM

A Q-ACSM (Aerodyne Inc., Billerica, MA, USA) was eated in the trailer housing the Xact 625 during ¢ampaign
81The Q-ACSM determines quantitative mass spedtron-refractory particles up to

mass to charge ratioez) of 150 (Crenn et al., 2015; Ng et al., 20119n fragments were attributed mainly to organic

aerosols, nitrate, sulphate, ammonium, and chlpridéch comprise the reported data used in thidystThe collection
efficiency (CE) was determined for each spectrugoeting to Middlebrook et al. (2012), and its distition peaked at the
mode of 0.62 (£0.11). 293 out of 1055 CE valuetheffull ACSM dataset were equal to 0.45. The Q-M®llected sub-
micron (PM) particles and chemically analysed them in 30-initervals, which were aggregated to 1-h averages fo

comparison with the Xact 625 data. All concentragiosed in this study were CE corrected.

25 24-h PMy 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 BNoncentrations. 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 enasdjom 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; @alest al., 2001; Querol
et al., 2008). A total of 41 elements from Li toNére analysed: the major elements Na, Mg, Al, K,%3a, Ti, and Fe with
ICP-OES; the trace elements with ICP-MS. Si, CH Bthwere not analysed on the filters. Analysethefreference material
NIST 1633b (constituent elements in coal fly aséipg the same methodology as that for the sampéddeyl satisfactory
results, with approximately 100% recoveries for éhements under study. Tests of the used methogoldty respect to
other ICP sample preparation and analysis methatts,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 reflegtithe 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 valweghe elements relevant for our intercomparisanlated in Table 1. Hg
was analysed with a Hg gold amalgamation atomiomgti®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 isebated 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 aituli, three filters were prepared with a referemeeosol 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 supplenfiehisaarticle.
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2.6 Data coverage and synchronization

The Xact 625 measurements started on 23 July 2@Q08 CETLT, and ended on 13 August 2015 0608TLT. The

sampling interval was set to 1 h. Two interrupti@esurred during the sampling period: one due tXact 625 computer
problem (33 h), the other one due to a delayedrfiilape change (10 h). The Xact dataset consists@fvalid 1-hour
samples out of 499 possible samples, attainingvarege of 91.4 %. The NABEL data were tailored a¢incide with the
Xact data. The 10-min TEOM PMvalues were aggregated to 1-h values to syncheotiiem with hourly Xact 625
measurements. Additionally, TEOM data were alsaistdf to the gravimetrically determined Rivhasses from the HiVol
filters to provide an independent reference foericbmparisons. The data used here contained sopsewdgach were only
partly synchronous for the selected parametersdWpeed and direction missed 12 data points (2,4p%ékipitation 26
(5.21 %), and P 53 (10.6 %) at hourly time resolution. The ACSMaleontained a gap of 14.5 h due to an erroneous
DAQ value, which caused the data to be very naisytat short period. These values were rejectaa the analyses, and
only the remaining 972 data points were averagetbfol-h values, which then were resampled to BteXact 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-classificadiof the data set (e.g. according to wind sectéi®)the intercomparisons
with the 10 filter samples, theourly Xact data of the corresponding days were averagelet 24 h of the filter samples.
During each 24-h period, Xact generated 23 1-hesland 1 30-min value were aggregated to 24-h dadyages. This
procedure implicitly assumes that the half-hour glanof the first sampling hour is representativetfe whole hour. Tests

with a 23.5-h weighted average yielded differengieless than 3 % between the two calculation meth@dmparisons of

hourly Xact data were only possible for S with h@SM data (in the form of PMsulphate, assuming that all S occurs in
PM;), and between the total Xact element mass ang) BMhe NABEL TEOM instrument, see Sections 3.2 aryd

3 Results and discussion
3.1 Data validity derived from general statistics ad minimum detection limits

The complete Xact dataset is visualized in Figyrant general statistics are given in Table The salient feature of the
concentration time series is the huge peak laté dmug, caused by the National Day’s fireworks egesoFurther peaks
before and after that day warranted dividing thi diata set into a fireworks period and a non-fioeks period. The
fireworks period started on 31 July 2015 2ZBBTF LT and lasted until 4 August 2015 116&TLT, as will be discussed in
more detail in Sect. 3.3. The remaining non-firekgoperiod is representative for the typical backgo concentrations 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 expectedhéve much higher uncertainty. Hence, elements mvitre 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 becomeenimportant with
decreasing atomic number (Formenti et al., 201@wéier, these three elements are abundant, andsmena 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 constitueithe quartz filters and is also digested duriaggle 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 arate 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 therefoog Ie reliably measured with ICP. Hg is also mos#yow MDL in the
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AUuAAA measurement, and Pt was not measured withdCall. In summary}2 11lelementgK, Ca, Ti, Mn, Fe, Cu, Zn, Sn,
Sb, Ba, Pbare above their MDLs for both the XRF and the o#limethods, 7 elementg, Co, As, Se, Cd, Pt, Biare
below MDL for the XRF, and-3elementgCr, Cd, Hg)are below MDL for the offline methods (of which grd 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 Tabl@l. Only the 21 elements analysed by both methods@mgared by dividing them into two groups
based on data characteristics.

Group A shows excellent correlations between the mmeasurement methods galues >0.95) andnly-smaltintercepts
{<40% of mean concentratigrand consists of the elemer8sK, Ca, Ti, Fe, Mn, Cu, Zn, Ba, and Pb (elementsitalics

were analysed with ICP-OES; the others by ICP-MBS)e regression intercepts were not forced to be terenable

examination of potential differences in the measumet accuracy of each of the compared methodsbkk subtraction.

The slopes are more relevant and indicate biasiegeba the methods. Orthogonal least squares régmessietrics were

calculated which incorporates measurement errob®ih quantities being compared. The slopes difféneless than 3.5 %

around 1 and negligible intercepts. The other ex¢rés Zn with a slope of 1.8. Ti is another peacutiase with a slope of

1.13 and the largest intercept/average concentratito of 0.37.0n average, the Xact 625 yielded approximately 28%

higher elemental concentrations than ICP for theuBrA elements.
The high linearity and little scatter in the regiess testify for the precision of both the Xactahe ICP methods, but the
differences in the slopgsange 0.97 to 1.8for different elements require further investigati?No systematic deviations

based on elemental molecular weight or X-eaprgy_excitatiorronditions were observed in these slopes. The tiengof

the slopes from unity may be partially attributedtte different inlets for the Xact and the HiVahsplers (Panteliadis et al.,
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 Py, and hence to an underestimation or overestimation
of the total mass collected with a particular inlEhis may be of special relevance in a near-redting with lots of re-

suspended dust (ACES, 201Pptential line interference between Ti and Ba lsarexcluded, because the element couple

reveals two different regressions for fireworks aruh-fireworks cases, as well as distinct diurraliations 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 referesa@ples indicated a
high precision in XRF measurements despite comglgtesnderestimating underestimated—thbsolute concentration
(underestimated by-range—of-underestimation—varjpepveen6 to 14% depending on the element). In contras IC

measurements indicated greater variabilitgnfe of 30% underestimation to 60% overestimatiepending on the

eleme

E@nd hence higher uncertainty in
estimated ambient concentrations. Examination oéettfilter samples collected during the campaignahyoffline XRF
instrument (by CES) and by ICP at an external latooy (ERG) indicated a variability of about 30% foost elementsand

an _almost perfect match (-0,1 %) between ICP lastlie average concentrations when Ca and Se atadexl, and

deviations of less than 5 % between benchtop XRFI&® (Table S2). These results are comparableerddies et al.

(2011). Comparisons between the Xact and bench®p X previous tests by the manufacturer with betttrol of the

sampler inlet conditions almost always were withiflo of each other The relative mean difference of 28 % betweentXac

and filter data (analysed with ICP) for sampleslemtéd during the field campaign appears to beegystic. Such

differences may result from a difference in locataf the Xact and filter sampling inlets (~5 m) ahdir relative distance
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from the freeway. Ultrafine particle number corications from dust resuspension due to vehiclditraire known to
decrease with increasing distance from the roath thie sharpest decline observed within the fi&tnd (Hagler et al.,
2009). Crustal elements, which dominate in the;Pdike fraction, are expected to settle faster duarger aerosol size.
Hence the difference in Xact and ICP reported;P®Memental concentrations may be indicative of adignt in PM

occurring for some elements in close proximitydadways. To quantifguch near-source PM gradientthe-different-effects

a field campaign with a different design would eeded, e.g. an array of samplers along a line pdipgar to the freeway.
However, since the difference is also observe®farhich is typically found in the fine mode, doeg have a major traffic
related sourcepart from coarse re-suspended dasd is not expected to suffer from incompleteedigpn we assign part of

the differences also to calibration issiesiewith Xact.

Group B, the remainder, consists of the element€y Co, As, Se, Cd, and Bi, i.e. of those elemémis are close to or
below their Xact MDL, plus Ni, Cd, Sn, Sb and Hg, Nd and Hg were below MDL for the offline metho@d for Xact
and offline methods). Although an intercompariséthese elements may not be justified, we obsesarde 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 75% are almthe Xact MDL. The ICP measurement is below MDktéawese of the
high and variable blank concentrations, which makeeaningful blank subtraction difficult, and whigitreases the Cr
MDL in these samples. Although the slope of Cr.B3land thus comparable to the other Group A s|lapesmparison with
ICP values is statistically not robust. However,98ems to be quantifiable with the Xact. The resioesplot of Bi shows
two extreme values on 31 Jul and 1 Aug correspantbnthe fireworks days. These two points are abdiz for both
methods and suggest good quantitative agreemeanebrtXRF and ICP for these two high-concentrat@ses. Sb shows a
moderate correlationr{ = 0.47), and a large intercept. Sn behaves siiyilss 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 @imd similarly for the
pair K — Sn. Hence, the reported Xact concentratiainthese two elements reflect mainly spectras&ob0 % of the filter
Hg data were below MDL and thus cannot be well carag with the Xact Hg data. Inspection of the Xast Hg spectra
showed a possible interference from Br causindittieg routine to attribute some Br mass to notistent Hg peaks in the
spectra. Br was not calibrated in the fitting roati Thus the Hg concentrations reported by the Xeem to be due to this
interference and are not realistic, even thougPo8f the measured values are above the Xact MDIué#a< 1.5 ng i are
in the same order of magnitude as the fortnightieslof Chiaradia and Cupelin (2000) for the cityGafneva (Tabl&2).

The element couples of Fe-Co and Pb-As do not stwvelations within the couples, because most @if fthata points are

below their respective MDLs, and no conclusion dbineé deconvolution of interfering lines can be vadnafor these

elements. Comparing the Xact values with the NABfInual mean values (Table 2) shows differenceslentabn 40 %

for Cu, Pb, and Ni, while the differences are mlarlhyer for As and Cd. The latter two elements aiew their respective
MDL (Fig. 2). To summarize, the Group B elements show issues tivéhminimum detection limits of at least one af th
analysis methods, whigfestricts thorough interpretationmade-a-comparnmeaninglessindividual data points above MDL
reveal nevertheless a usable quantification by in these particular caséetermination of Sb, Sn and Hg by Xact are

potentially impacted by XRF line interferences amatrant further improvements for better quantificatby Xact-Sb—Sn

The Group C elements Si, Cl, and Pt were not medsom the filters. An Xact MDL for S has not yeehedeterminedData

quality of S measurements was inferred

feg comparing

its Xact concentrations with the concentrations of anothement originating from the same source, or belogdb the
same chemical compountlence,Xact reportedS (with unknown MDL) and K (with known MDL) conceations were
used-to-this-end—K-and-S-weighly correlatedrf = 0.99) during the fireworks period, with a slagfe2.30 + 0.056rK-vs.
S—coneentrationswhich agrees with the stoichiometric relationve#n K and S when forming,RQO,. For the non-
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fireworks periods the correlation was weak< 0.16), which hints towards a completely différenore random relationship

between the two elements, as expectéehce, high concentration K reported by the Xaclvigled reliable S during the

fireworks episode despite

the lack of an established MDL for S. Xact Pt measwents were always below MDL, and no conclusioaualthe 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,
and Fe. These major elements all show average otatiens >100 ng i 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 absetdra®? Aug. K is prominent during the fireworks peti Ti, Cu, and Zn show
daily average concentrations between 11 and 34 Hg The other analysed elements were found in dailgrage
concentrations <10 nghThe concentrations are of the same order of miagmias those recently measured at other places
in Switzerland, e.g. at an urban background sitBurich (Minguillén et al., 2012; Richard et alQ2L, Table32), but are
generally lower than the measurements in olderiesu@hiaradia and Cupelin, 2000; Gélli Purgharalet1990; RO0sli et

al.,, 2001, Table32). The decreasing trends in PM and trace elememtesdrations have been documented in numerous
NABEL reports on the air quality in Switzerlandgde.BAFU and Empa, 2015; Gianini et al., 2012). §h&rends make it
preferable to use modern studies for comparisomgh&more, the episodic nature of the 2015 canmpaigo demands for
some generosity when comparing the measured valitiesnnual 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;fdhows a generally
increasing trend over the whole campaign, withrangt peak superposed on 1 Aug 2045ich-whose increaseoincides

with the peak in the Xact datashereas the maximum is delayed by one hour velati the Xact datal'he peak is due to the

fireworks burnt on that evening. On average thetX%2& elements make up about 20 % of the tota]gAvass (regression
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.

Fhe Xact’'smeasurement accuracy for S was tested by compasigbrACSM sulphate measurements (Figure&jformed
at 1-h resolutionThe S concentrations gfe Xact 625 were multiplied with a factor of 3, assngthat all S occurred in the
form of SQ?. The slope of the regression line for the nomviiseks case is 1.34, witif = 0.85, in line with the Group A
elements, and in agreement with the comparisonfodr8 Xact and from ICP, hence the slope betweeSWNGESQ, and ICP
SO, would be ~1. The high linear correlation suggesksgh precision of the Xact 625 data, but doesafiowv a definitive
answer on the accuracy because of expected sealfgims effectswhich would increase the slope further if coreecrhe
comparison-forDuringhe fireworks periogieeks-different—The scatter is large, and the correlation coefficieronly 0.1.
We hypothesize that fireworks produce larger angmafractory particles (e.g.480,) not measured by the ACSM.

In summary, the on average 25 to 30 % differendeden the Xact and ICP data can probably be exgday differences
in the sampling inlets, the distance between thetinand uncertainties of the different analysethods. 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 @gedource apportionment. The subsequent analysgs élemental
concentration ratios, enhancement ratios) were dotfethe unmodified Xact data. The only exceptisrestimation of a

mass budget in the discussion of the extreme caratems in section 3.3.
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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 onJ8ly 2015 220@ET-LT to the final decay to background values on 4
August 2015 110@ETLT. The average K concentration during the firewguksiod was 2 pg i but this period showed
extremely high hourly PM concentrations and an element mix different framnemainder of our test campaign.

Investigation of the highest peaks reveals thegoerdnce of the Xact under high load conditions, nveample thickness

may become critical for XRF analysis. A comparigbithe two instruments’ peaks could demonstrate blmsely the Xact

mass represents the total measuredPivbss. Inspection of the different time series datis that the TEOM peak is
broader (3 h) and higher (59.6 p&)nand its maximum concentration is reached 14dv It 2 Aug 2015 0000 LT), but its

increase in concentration starts at the same tgrieeaXact (at 2200 LT). The delay in the maximwan be attributed to the

time constant of the TEOM used for reducing meanerg noise and to the averaging procedure. Fomganson of the

two peaks their measured masses were integratedtioveduration of the peaks, i.e. over 2 h for Xeet data and the
ACSM data, and 3 h for the NABEL data.

B0, @rhen-the integratedNABEL PM;q massreacheda -a—1-h
concentration 069-6121.9ug m*. The Xact 625 monitor reported a total 4.4 85.8ug m° for the sum of all analysed
elements (except Pd, which was used only as amadtstandard).

The bulk of this concentratio4.347-4pg m*) was made up of a few elements (in brackets: aunations in pg n, and
abundances relative to total analysed element rRa8s,ciement: K (274836, 5656%), S (-2:021.524-925.1%), Cl 4-57.4
9.28.6 %), Fe (-53.2 32-7 %), Ba ¢2.1, 23-4 %), Si (176, 2:21.9%). Absolute K and S concentrations are in good
agreement with the values in Drewnick et al. (20(96]|kely orlglnated from KNQ, a basic constituent of black powder

(Drewnick et al., 2006; Kong et al.,

totak—the TheACSM PM, contributed11-920.5pug m°® (25-17 %) to the aerosol concentration in the firewoHesur

@%Mﬁ%mmmmmq@mm@mmmmg
reacted-with-HSQ,,and- HNQ

NHzwith-HCL

The comparison of the Xact concentration and th®MBEPM,, concentration for the 1 August peiakFig—4requires taking

into account the systematic difference betweenXhet and TEOM measurements discussed above, anfht¢hé¢hat the

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 geak-at-2300-h-CET

when the six elements K, S, Cl, Fe, Ba, and Si cmaghe bulk of the total mass. We calculate the balance for the
positive ions K, F&*, B&*, SP*, submicron NH' and negative ions GISQ?, and submicron NQ We further add all
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available components from the NABEL station (RNMECeBQ and the ACSM (N@ NH,, organic aerosols, but not §@s
this is already considered with the S in the Xataylto the mass balance. Using the measured valuks Xact 625 yields
an excess of negative ions of 2.7 %, and a totasn 77.6141.0ug m°, which overestimates the TEOM value of
59.6121.9ug m® by 30-16%. If we-scale-theXact concentrationsvere scaledowards the ICP concentrations with the
corresponding regression slopes from Talleusing for Cl and S the average slope of 1.22 ftbenother four elements,
then the calculation yields an excess of 11% intipesons which are then assumed to be neutralimedxygen. This yields
a total mass 083-7116.3ug ni®, which isenly-74.6% higher lowerthan the TEOM value. Our values are lower limitshaf
total mass, because the balance is incompleteresghect to relevant elements in the fireworks (8ry.and other chemical
species like carbonaceous and nitrogen containiotpeules in the coarse fraction. The result shdveg the bulk of

fireworks PM, aerosols are a few metals oxidised to sulphatel®rides, and oxides.Overall, these results further

demonstrate the advantage of Xact's high time wigol sampling for associating high metal concditraepisodes with

source emission activiti

3.4 Investigation of sources

Trace elements can be excellent tracers for speadfiosol sources (e.g. Hopke, 2016; Park et@l4;2Querol et al., 2007;
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, Cugddua (Figures~-6 and87), which are important constituents of fireworks

along with Sr as fireworks trac¢kKong et al., 2015; Moreno et al., 200%)-addition,—we-would-expect-Sras-a-fireworks
tracer{Kong-et-al—2015:-Merene-et-ak—2007)—eckedExamination & few raw spectra from the fireworks and non-
fireworks periodsndeed identified-and-could-clearly-identdin enhancement of Sr duritite fireworks duration while the

peak was definitively absent during the non-firekgoperiod. Sr was, however, not quantified in camfiguration, as we put

emphasis on crustal elements and some specialdtaents difficult to detect in Switzerland (Hd).Frhe-gradual-decay

ha K ioto =05 over the firewo neriddaure- 6)-hin oward depletion-of K relatigeS—which-mayv-indicate

The 1-hour sampling intervélirther enabled examinatich-allews-forthe-reseluof diurnal variations of the elements. Ca

and Ba are presented in Figuké and the other elements in the supplement &84, which shows the classification of
the data according to fireworks and non-fireworksigds. It can be seen for the time from 2300 660 h that the
elements Ba, Bi, Cu, K, S, and Ti show a clearimtition between the two periods. The fireworks edats show a
maximum concentration at 2360LT and a gradual decay over the next 6 to 12 h irgaribrning hours of the (following)
day. Mn, Fe and Zn also show an increased anddéeaying concentration after midnight, but theetiéhce compared to
non-fireworks days is within the data variabili§i is depleted during the fireworks period relatteethe non-fireworks
period. This is probably a weekday vs. weekendceffehen fewer heavy duty vehicles (HDV) circuléBavitzerland does
not permit HDV use on Sundays), and less roadidustsuspended (Bukowiecki et al., 20@910. For the non-fireworks
cases the transition elements Mn, Fe, Zn, and ldreent Pb are characterized by a broad morning péthka maximum
around 100QHLT, correlating well with the increasing traffic ihet morning hours, and the breakup of the temperatur

inversion.
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this observation is consistent with the differenisesveen the Xact and ICP-MS being due to the sarsptloser proximity

to the road.

To identify the fireworks tracers, an enhancematior(ER) was defined as the ratio between the nseanentrations of an
element for the fireworks period to the concentragiin the non-fireworks period (Figugg). For K, Cu, 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 cleatgniified as elements of fireworks: S, K, Ti, Cu, 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°) sectogyfe 108, with the south sector more strongly influencedhighway
emissions (Hueglin et al., 2006fhe—freewayruns—from-120-°to-270-°but-a-shifthe-applied-wind-secters-by-20 °
showed-no-significant-differenc®he north sector characterizes the (rural) backgtaroncentrations of the central Swiss
plateau. Tabl&l summarizes the mean element concentrations éocampaign divided into the different periods ariddwv
sectors. Ba, Cr, Cu, Fe, and Mn show the signaticentinuous freeway traffic emissions during tagy. Pb and Zn show a
morning peak only and are well correlated in battasrs. 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 freewass

Figure11-9shows the enhancement ratios south/north. Apam @b, all south — north differences are positived &i, S,

Ca, and Fe concentration differences are largar 8tang . These are mainly crustal elements (although False
emitted from vehicles). The enhancement ratiohefttansition elements Cr, Mn, Fe, Cu, Zn, Ba, Bhdire larger than 1.2

and related to traffic emissions (engine abradiyne, wear, 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 mea&drelements continuously with 1-h time resolutidhe selection of
elements ranged from Si to Bi, thus covering a eaoigenvironmentally relevant elements. Besidesdtandard’ elements
from K to Pb, which have been well characterizedh®ymanufacturer with respect to their accuraaies detection limits,
we included several abundant light elements (SCIBand — more for curiosity - some low-concerntmatelements (As, Pt,
Hg) in our selection to test the behaviour of thstriument in a typical Swiss environment. We tested measurement
quality of the Xact 625 by intercomparison with laestablished methodologies (ICP-OES and ICP-MSyara on 24-h
PM;o samples for major and trace elements, and AUAAAHQ), ACSM, and TEOM, and used additional meteayadal
data for the interpretation of the results.
The general findings are:

e The total of elements analysed with the Xact cosgatiof approximately 20 % of the RjMnass.

» The Xact 625 produced element concentration timesé¢hat were highly correlated with the ICP asalyof 24-h

filter samples @G> 0.95), even though the slopes deviated from 1.
«  Element concentrations ranged from ng (m background conditions) to tens of u& fduring the fireworks), and

no instability in operation due to sample overloa&lse could be observed.
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Measured concentrations agreed reasonably wellatfithr recent field measurements in Switzerland.

The results for measurement accuracy, precisiordatalquality are:

We found-an-excellent Excellecorrelation between Xact 625 and ICP-OES/ICP-M&s observedor 24-h
averages dthe elements S, K, Ca, Ti, Mn, Fe, Cu, Zn, Ba, Bbd"Group A") The daily averages calculated from

hourly measurements by Xact were on average 30g¥ehirange -3 % to +80 %, dependent on elemems) 24-

h integrated filter measurements by

Systematic differences of on average 25 to 3@ could beattributed to physical reasons in the experiment
settings, such as the different characteristidgb@two inlet systems, the distance between tlgdgr@nd to the main
source (freeway), and uncertainties in the varemalysis methods. For XRF this includes particke slependent
self-absorption effects for the lighter elementsl dine interferences between different elements. &P this
includes the entire sampling, digestion and theéyaigprocedure, as indicated by limited inter-ladtory and inter-

method comparisonss well as the impurities in blank filtgrEurther research on these issues is needed.

The accuracy of hourly values has only been tefstethe case of the fireworks peak late on 1 Auquist5, where
the sum of all elements has been compared to thertmss of the NABEL TEOM. Good agreement betwiben

Xact and TEOM mass was found when corrections ddrfvom the 24-h filter analyses were applied. Mis a

special case dominated by just three elements,,SCIKand a generalization to all measured elementsot

recommended.

The remaining elements (“Group B”) of the filteténcomparison, V, Cr, Co, Ni, As, Se, Cd, Sn, Sp, &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. tiotiere that a

longer sampling time, e.g. 2 or 4 hours, would hiaveered the Xact MDLsind therefore increased the number of

good measurementbuten-atthe cost of a reduced time resolution.

Si and Cl were not analysed on the filters, anit iact detection limits have not yet been deteedinHence their
accuracies could not be quantified directly. Sonukrect approaches were calculated.

The Pt concentrations reported by the Xact 625 vbedew MDL, and Pt was not analysed on the filtéds.

conclusion about the accuracy of this difficulinbeasure element can be drawn.

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

analysis, the Xact 625 measures ambient concesmigtf the most relevant elements in near real,tame provides data

with a delay of only one sampling/analysis cydmntinuous operation capability of Xact also cirmemts the sample

number limitations due to restricted beamtime asgignts at synchrotronghis is a major advantage compared 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 methodgact can be set for longer sampling intervals tiees the number of samples with

analysed elements above their MDLs depending omlbifective of monitoring campaigns. Xact streangimear-real time

monitoring of multi-metals despite not being ast@fective-tr-our-short-time-test-study,-we-fixibe-sampling-interval-to 1
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relative to conventional samplers that could belaegl in larger numbers at many sites simultangousl that could

sample several size fractions at once, although #wtual analysis costs (laboratories, accelertdoilities and staffing

needs) are not considered here and they may sutrti@imstrument costs manifold. Overall, high tirsolution sampling

of metals provides a rich dataset for associatigh Imetal concentration episodes with source ewonisactivities.Useful

extensions of the present capabilities of the Xacid be the addition of more elements to be aedlysspecially under the
circumstance that the full mix of observed elemeratsnot always be known in advance), improved dfigation of the
lightest elements (especially their MDLs), a vacuamhelium device for analysing light elements Iika and Mg, and an

inlet switch to alternately measure RMnd 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. Toganel: Absolute
concentrations, stacked. The grey shaded area deestthe fireworks period. The red squares mark the ays when 24-h filters were
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sector-for-the-nen-fireweorks-periodDifference betwen average concentrations of fireworks and non-filworks periods. Numbers
indicate values outside the axis range fagi-{regative},S, and-K, and Si (negative}..
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| Table 21. Regression coefficients for the comparison of X625 and offline data. The 1-h values of the Xa@25 were averaged to
24-h values. Primed quantities are uncertainties.

Regression coefficients
fitX =a +bx
Element a +a' b +b' s Group
s -169.73  30.57 1.37 0.03 1.00)
K 52.42 19.15 1.15 0.02 1.00}
Ca 13.87 17.91 145 0.06| 0.99]
i 5.58 0.57 1.13 0.06) 0.98]
Mn 1.72 0.28 1.31 0.06) 0.99) i
Fe 93.05  35.80 134 0.08 097
Cu 4.93 1.27 1.27 0.05 0.99
Zn -5.56 218 1.80 0.13] 0.96)
Ba -1.62 1.73 1.01 0.03] 0.99)
Pb 0.32 0.17 0.97 0.04] 0.99)
v -0.03 0.03 0.15 0.05| 0.57]
cr 213 0.26 1.02 0.28] 0.63|
Co 0.01 0.02 0.18 0.29) 0.05|
Ni -0.55 1.02 -0.15 0.13| 0.14]
As -0.09 0.06 0.56 0.20) 0.50)
Se 0.00 0.15 0.76 0.41] 0.30) ]
cd 6.49 0.20 10.36 7.83] 0.18]
Sn 19.73 0.96 0.36 0.21] 0.27]
Sb 22.17 3.58 3.92 1.63 0.42]
Hg 0.64 0.06 24.88 24.13] 0.12
Bi -0.16 0.06 0.79 0.04] 0.98]
Si
cl [«
Pt
Group A average slope 1.28
Group A standard deviation 0.24
Elements analysed with ICP-OES
Elements analysed with ICP-MS
Element analysed with Au AAA
Regression coefficients Xact ICP
R Ratio
Group | Element Aty fitX=a+bx - intercept/ MD,L piaa - ol
method XRF conc. (60 min) MDL (2ah) MDL
average
a +a' b +b' ? ng m> ng m> % ng m> %
S ICP-OES | -169.73 30.57 1.37 0.03 1.00 956.48 -0.177 7.662 100
K 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|
N 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
\ 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
cd 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 1.75
Group A average slope r 1.28
Group A standard deviation 1 0.24
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Table 32. Comparison of Xact data with published ICP data bother campaigns.

Xact 625 averages Switzerland
All days Non- Belp Geneva Basel, Payerne Zurich Zdrich, 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) Ro6sli 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 Table 2).
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 windikction. Numbers in italics indicate cases wherehe daily averages were
<MDL. The cases for the two wind sectors do not addp to the non-fireworks cases as wind data are nssq 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 739.28 524.59|  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| 3109.00 140.82f 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 0.51 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 0.950 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 0.00 127 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

S1S2 Ambient filter samples for method intercomparisors

A quarter each of three NABEL filters of the ser@gmlysed 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 tuferdnt
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-andv piece of the
original filter. IDAEA’s digestion protocol is desbed in the main paper. Of three different filil#anks, blank 1 appeared
contaminated and was not further considered, bl2résd 3 were averaged and subtracted from thgsisabut the values
are not reported. ERG followed a protocol of theBP3 describing the multi-elemental determinationtaifil metals by
ICP-MS in ambient air samples collected on 47mmicRéffilters following guidelines in EPA method 10-3éhd EPA
FEM Method “Standard Operating Procedure for théeBeination of Lead in PM10 by Inductively CouplBthsma Mass
Spectrometry (ICPMS) with Hot Block Dilute Acid amtydrogen Peroxide Filter Extraction” (EQL-0512-20Zhe filters
were digested in a HotBlock™ for 2.5 hours using extraction fluid containing 1.85% nitric acid (HNQ 0.5%
hydrochloric acid (HCI), and 0.17% hydrofluoric @aqHF) with 0.33 mg/L of gold added for mercurykstaation. One
aliquot of hydrogen peroxide (B,) was added after 1.5 hours of extraction and Wewed to effervesce. The extract was

analyzed by ICP-MS and the data were collectedgusia manufacturer’s software. The results arergineTable S1.



| Table S1S2 Analyses of three ambient (NABEL) samples (1, 6nd 12 August 2015) from Héarkingen. Comparisons of ¥ct 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.

Xact i
Dail 55 X Background IDAER; ERG Values | Background o Average Average
Sample Element Y Results p Results . i CESvs. ERG vs. g g/
Average " (ngem?) | (ngm?) | (ngm?®) |IDAEA (ces- |Average CES| cesvs. ERG | Average | IDAEA (ere- | ERGVS | Xactvs. CES | Xactvs.
gm3 | (€™ (ngm”) 10AgA)/10A€A | vs. IDAEA | (ces-ne)/€r6 | CES vs. ERG | 10aea)/i0aea | IDAEA [ (xact-ces)/ces | ces
Field_PSI_213 31.2 19.2 1.0 19.6 224 64.0 -1.9 -14.2 144 62.1
Field_PSI_218 Zn 25.4 16.5 1.0 15.8 15.9 64.0 4.2 -1.5 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 61.4
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 -32.5 -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 44.6 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 51.5 50.6
Field_PSI_224 35.8 21.1 0.0 22.1 25.5 1.9 -4.5 -17.3 15.5 69.7
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 -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 33.6 465.5 479.4 74.9 13.8 10.5 3.0 42.9
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 -2.4 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 0.3 9.4 9.9 16.3 329
Fieid_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 3954 24.1
Field_PSI_218 Ca 791.9 597.8 12.6 555.7 602.9 190.0 7.6 4.7 -0.9 -27.6 8.5 135.6 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 4.3 5.8 14 94.7 42.3 36.9 -12.2
Field_PSI_218 Mn 123 119 0.1 8.1 9.7 14 46.9 57.5 22.8 25.5 19.6 24.6 3.1 3.4
Field_PSI_224 11.1 9.3 0.1 7.1 3.4 1.4 30.9 11.5 17.3 19.3
Field_PSI_213 BD BD 0.0 0.3 0.5 0.1 NR NR 64.0 NR
Field_PSI_218 Se 0.3 BD 0.0 0.4 0.5 0.1 NR 168.8 NR -13.3 41.3 105.1 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 22.7
Field_PSI_218 Ba 14.3 BD 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 BD 13.3 8.6 1.8 81.1 NR NR -79.0 NR

5 The data shows a somewhat better comparison betofflere XRF and ICP than between online XRF (Xaat[d 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&irMDL and hence rather uncertain, while Ca showwsohlem with one

10 ERG measurement. If Ca and Se are excluded, thageveelative difference between the two labs .i$ 99, with a standard
deviation of 19 %Similarly the agreement between each of the lalsbemch top XRF is good as well. If Se and Ca are
excluded the average percent difference between ARFIDEA is 5.4% while the difference between X&t ERG is -

3.1%. The comparison of the daily averaged Xact valudh thie benchtop XRF values shows an average differef 37
% (Xact-CES)/CES) for the elements Zn, Cu, Fe, &, &d Mn, which is close to the observed meaemiffce to ICP. It is

15| also consistent in the sense that all averagereliftes Xact — CES for these elements are posilive.benchtop XRF and

the Xact are typically within 5% when analysing #@ne standard. Further both benchtop XRF and d&the same type

of fitting routine (with minor differences in theetrmination of spectral background), hence thet iiady explanation for

the difference between the Xact and the labs ferdifices due to sampling or sampling location.

S2S3 Spiked filter samples for method intercomparisons

20 CES produced a set of six quartz filters coatedh witown amounts of the elements Zn, Sr, Cu, Pb,Rdrhese 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 presenteddhle S2. Notice that Pb is not reported for XREcduse of large
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.

25| Table S2S3 Spiked filter analyses for five elements. Compasbn between XRF and ICP-MS analyses performed at tae
independent laboratories.



CES IDAEA ERG % Difference Average Percent Difference
samp,'e - sample | Element spiked | s oF Conc. Blank Conc. ERG Blank | SPikedvs. sp,:::,:s' Spikedvs:; | IDAEA vs: ERG vs. CES Seikedvs: v:p.:::a ::l:::; [DAEAS: | ERGva.
Time Conc. 2, 2 L | Values 2 | CES(ces- ERG CES CES OARA- |  (mRG- CES CES
(ngem?) | Mgem) | (ogem?) | ngem™) oo | (ngem ) | ) e -spiked) (€8G-spike/ | ( )/ |Ices-era)/eRg St | coms (ces-er6)/
/spiked spiked IDAEA /spiked solked wpikea | /IOAFA
21.04.2016 11:50 | PQO42116A 97.4 88.1 10.2 133.1 9.6 36.6 -33.8
21.04.201612:25 | PQ421168 974 89.2 102 155.0 -84 59.1 -42.4
21.04.2016 13:00 | PQO42116C 97.4 835 102 97.7 -14.3 03 -14.5
Zn 9.7 320 24 -30.3 -24.6
21.04.2016 15:13 | PQ042116D 97.4 88.3 10.2 104.1 30.7 -9.3 6.8 -15.1
21.04.201615:46 | PQO12116E 97.4 924 102 123.2 307 5.1 264 -25.0
21.04.2016 16:19 | PQO42116F 101.5 90.2 10.2 136.0 30.7 -11.2 34.0 -33.7
21.04.201611:50 | PQO42116A 206.0 1916 178.6 -7.0 -13.3 7.3
21.04.2016 12:25 | PQ0421168 206.0 194.0 194.5 5.8 5.6 -0.2
21.04.2016 13:00 | PQO42116C 206.0 193.9 147.8 -5.9 -28.2 311
21.04.201615:13 | Paoa2116D | 206.0 1916 1905 15 -7.0 75 05 62 el B 127 08
21.04.201615:46 | PQO12116E 206.0 194.0 189.8 15 -5.8 7.9 22
21.04.2016 16:19 | PQO42116F 206.0 193.9 194.6 15 5.9 5.5 -03
PQO42116A 127.6 108.1 1119 -15.3 -12.3 -34
127.6 110.6 117.8 -13.3 -7.7 -6.1
< 127.6 108.1 0.8 1312 13 -15.3 2.8 -17.6 A% | A7 58 3 182
:46 | PQO12116€ 1276 1106 038 1294 13 -13.3 14 -14.5
21.04.201616:19 | PQO42116F 127.6 1119 038 1443 13 -12.3 131 25
21.04.201611:50 | PQO42116A 205 NR 26 NR 103 NR
21.04.201612:25| PQ421168 205 NR 37.9 NR 84.7 NR
21.04.2016 PQ042116C 20.5 NR 20.9 NR 2.1 NR
Pb NR 324 57.7 NR NR
21.04.201615:13 | PQO42116D 205 NR 271 11 NR 320 NR
21.04.2016 15:46 | PQO12116E 20.5 NR 29.1 11 NR 418 NR
21.04.201616:19 | PQO42116F 205 NR 40.9 11 NR 99.4 NR
21.04.2016 11:50 | PQO42116A 3024.6 2759.6 2827.6 -8.8 -6.5 -24
21.04.201612:25| PQ421168 3024.6 2795.5 3543.9 76 17.2 -21.1
21.04.201613:00] paoa1tec | 3024.6 2786.4 2377.9 79 214 17.2 - - - 23 o
21.04.201615:13 | PQO42116D 3024.6 2759.6 1545 29012 | 1405 8.8 -4.1 -4.9
21.04.2016 15:46 | PQO12116E 3024.6 2795.5 154.5 2901.2 140.5 -7.6 -4.1 -3.6
21.04.2016 16:19 | PQO42116F 3024.6 2786.4 1545 32029 | 1405 7.9 5.9 -13.0

Tests with specifically produced reference sampfdse, Cu, Zn, Sr, and Pb (Table S2) showed relatifferences between
the measured concentrations and the theoreticappgated concentrations ranging from -6.2 % (Sr}1t8.6 % (Cu) for

benchtop XRF, on average -9.4 % (without Pb). Hldhase elements, XRF underestimated the expeetee,-as expected
for absorption of fluorescence radiation by thergufiber material (Tanner et al. 1974imilarly spiked teflon filters (not

shown) also showed underestimation of the expeamadentrations, though not as much as for the gtiétdrs. A statistical

analysis revealed that at the 99 % confidence lenl Cu showed a significant difference betweenttino filter typesICP
showed differences between -17 % and +32 % (aves&n®o) for IDAEA-CSIC, and -7 % and +58 % (averdgeb %) for
ERGfor quartz filters The scatter is much larger than for the field gies) and differences can be positive or negative.
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S3S4 Diurnal variations of elements for fireworks andnon-fireworks periods
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Figure S35S4 Diurnal variations of the Group A elements Si, SCI, K, Ti, Mn, Fe, Cu, Zn, and Pb. See Fig#6.



S4S5 Diurnal variations of elements for north and souh wind sectors

N —— South Si
‘e 2000 — North .
o -
5 1 —_
= 1500 —
2
© ]
£ 1000 3 1
(O]
(&) |
& 500
S) J - L
1 1 1 1 1 I 1 1 1 1 I 1 1 1 1 1 | 1 1 1 1 1
0 6 12 18 24
Time of Day
I
800 - —— South Cl
‘?E — North
o 600 _ . -
5 - _ _ _
S 400+
<
T 200 —
S ]
(&)
5
o 97
'200 1 1 1 1 1 I 1 1 1 1 1 I 1 1 1 1 1 | 1 1 1 1
0 6 12 18 24
Time of Day
2000 —— South Ca
'E —— North
o> 1500 —
S
= il
S 1000
<
S 500 1
(&)
o !
5 1
o 0—+ 1
1 1 1 I 1 I 1 1 1 1 | 1 1 1 1 1 I 1 1 1 1 1
0 6 12 18 24
Time of Day



Concentration (ng m )

3

ngm)

(
\

Concentration |

Concentration (ng m )

35
30 —

25

—— South
—— North

2000

1500 —

—— South

—— North_

Fe

80 - —— South Cu
—— North_ T
60 —
40 -
20 -
O T 1 1
0

Time of Day




Concentration (ng m )

3

ngm)

(
\

Concentration |

Concentration (ng m )

80 —

—— South

— North_

Zn

Time of Day

25

20 —

15 —

10 —

—— South
—— North

Pb

Time of Day

10




. — South i e 800 — —— South
™ 20004 — North 7 T _ — North
E £
(=) [=)]
£ £
= 1500 pes
2 8
s i s
£ 1000 S
(5] [$]
c c
o] o
© 500 Q@
=T T T T T l T T T T | T T T T T I T T T T T T T T T ‘ T T T T T I T T T T T I T T T T T
0 6 12 18 24 0 6 12 18 24
Time of Day Time of Day
= | = —— South s —— South T Ti
E?E 2000 — North "-’E 30 - — North T
(@)] [=2]
A=A £ 1
c c T Nt
1= o ik
g g f
< =
8 8
= c
o Q
o (&) i
0 6 12 18 24 0 6 12 18 24
Time of Day Time of Day
2000 —
=, —— South =, 804 — south
" — South " —souh | .
£ E =
2 2 60 '
= c
£ S
s s
= <
0] [0}
Q (8]
c c
S 5]
o o
T T T T T | T T T T T I Ll T T T T | T T T T T T T T T l T T T T T -Iu Ll T T T T
0 6 12 18 24 12 18 24
Time of Day Time of Day
. B — South | Zn —
oot i i
= - £
[=)] (=]
£ £
c c
o o
i g
€ €
g g
c c
o Q [
o (&) i
lllllll!lll'lillllll!ll 0---l_lllf|ll'l'lrll'lll-[_l-l-l:l:-l-
0 6 12 18 24 0 6 12 18 24
Time of Day Time of Day

Figure S4S5 Diurnal variations of the Group A elements Si, C|] K-Ca, Ti, -Mn-Fe, Cu, Zn,and Ba;and-Ph South means a wind
from the freeway towards the station. See Fig:08
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