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Author’s response to the reviews:

We thank the reviewers for their helpful comments to improve the quality of our manuscript. Our point-to-point replies to the
individual comments are in italics, marked by R. as follows:

Referee #1 comments: General comments: This manuscript evaluates the capability of a type of Single particle mass
spectrometry (SPMS) to quantify the mass concentration of individual particles, with 6-week field measurement data. Seven
major particle classes were concerned through using fuzzy classification, peak area information, and laboratory-based
reference spectra. They show the significant difference between the observed particle number fraction and estimated mass
contribution. It is interesting that the provided approach could assign the non-refractory compounds measured by AMS to
different particle classes measured by the LAAPTOF. The authors also carefully estimate the error associated with the
approach. | recommend publication of this manuscript with minor revision.

Specific Comments:

1. A discussion on the representative of the field measurement data would be necessary in the revised version. For example,
a detail comparison of the identified particle classes with those previously observed in similar region.

R1: We have found some previous studies in the similar region, and added them in section 3.1 “Identification of particle
Classes and the internal mixing”, as follows:

“

1% paragraph in this section “...Similar species were previously identified off-line in the same region (Faude and Goschnick,
1997; Goschnick et al., 1994).”

4" paragraph: “...In fact, previous studies identified soil dust as the particle type dominating the coarse particles sampled
in the same region (Faude and Goschnick, 1997; Goschnick et al., 1994). Goschnick et al. (1994) found a core-shell
structure in both submicron and coarse particles collected north of the Karlsruhe city of Karlsruhe in the upper Rhine valley.
This supports our hypothesis....”

2. Healy et al., 2013 has quantitatively determined the mass contribution for each carbonaceous particle classes. Inclusion of
this in the introduction and discussion would be necessary for completeness. (References Healy, R.M., Sciare, J., Poulain, L.,
Crippa, M., Wiedensohler, A., Prevot, A.S.H., Baltensperger, U., Sarda-Esteve, R., McGuire, M.L., Jeong, C.H.,
McGillicuddy, E., O’Connor, L.P., Sodeau, J.R., Evans, G.J., Wenger, J.C.,, 2013. Quantitative determination of
carbonaceous particle mixing state in Paris using single-particle mass spectrometer and aerosol mass spectrometer
measurements. Atmospheric Chemistry And Physics 13, 9479-9496.)

R2: We have added this reference in introduction, method and discussion sections of the revised manuscript.

3. Lines 57-60: “This provides different sources for the non-refractory species measured by AMS and indicates different
sources of aerosol” might be not appropriate. I think a major part of non-refractory species measured by AMS should be
secondary.

R3: Indeed, major fractions of non-refractory species measured by AMS are secondary. Our points in that sentence are:(1)
since the external mixing varied, namely, the dominating particle types varied, the sources for the non-refractory species
might be different. The sources herein are stand for the particles containing non-refractory species; (2) varying mixing state
also indicates different sources of aerosol particles. The sources in this case are the origins of particles.

4. Fig. 2: it is possible to compare the mass concentration of AMS and LAAPTOF in different size range? From Fig. 1, it can
be seen significant difference of ODE in difference size range? A comparison of AMS and LAAPTOF in different size range
might help reduce the difference.

R4: The ODE for LAAPTOF is significantly size-dependent. However, the LAAPTOF results were corrected by using a size-
dependent ODE. Both instruments are equipped with a similar PM. s aerodynamic lens, which allows focusing the particles
between 70 and 2500 nm vacuum aerodynamic diameter for both. However, LAAPTOF can only detect particles by light
scattering, which are larger than about 200 nm mobility equivalent diameter (cf. Fig. 1). Therefore, the discrepancy between
their results could only be due to particles in this size range, which typically has only a minor influence on the mass
concentrations of the refractory components. AMS and LAAPTOF results differ mainly for periods when sulfate and organic
show high concentrations, due to the fact that the LAAPTOF is not sensitive to some sulfate salts, e.g., pure ammonium
sulfate, and pure organic species. The overall difference can be reduced by using chemically-resolved effective densities and
ODEs (please refer to R7).
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5. Section 2.2 line 10-15. I do not understand why “A direct class-dependent quantification of particle mass is therefore not
possible.” Is it possible that the threshold values set for the positive and negative spectra correlation influence the assignment
of individual particles to difficult particle types?

R5: (1) The classification method embedded in the Igor LAAPTOF data analysis software is Fuzzy c-means clustering, which
allows a single particle to belong to multiple classes (Reitz et al., 2016). Fractions of individual particles are assigned to
different classes, according to the similarity (for example, if we set the number of classes to two, one particle would have x%
similarity to classl and 1-x% similarity to class 2). Such similarity information is only available for the whole data set
rather than a single particle. For a single particle, we only have the information of the corresponding measurement time, its
dva and the bipolar mass spectra, but no class information. Therefore, we used the fuzzy c-mean resulting representative
class spectra as a reference to identify and count the number of single particles belonging to the individual classes.

We have revised the sentence to make it clearer for the readers, as follows:

“Thus, we can obtain similarity information for the whole data set rather than a single particle. One drawback is that the
individual particles are not directly assigned to individual particle classes, which hinders a direct class-dependent
quantification of particle mass.”

(2) The threshold values set for the positive and negative spectra correlation will influence the assignment of individual
particles to different particle classes. Therefore, we tuned the thresholds until we obtained a time series of particle counts,
which have a good (> 0.6) correlation with fuzzy results (cf. Table S1 and Fig. S1).

6. Page 4 Line 29 “This leads to an uncertainty of ~100% in particle mass.” is it only for sea salt like particles? How about
other particle classes?

R6: We have deleted this sentence and added a more general explanation of the uncertainty associated with particle shape
later in section 2.2, as follows:

“The aforementioned assumptions and the related uncertainties in particle mass are summarised as follows: 1) ambient
particles are spherical with a shape factor y=1. However, several ambient particle types are non-spherical with a shape
s Anacy = 1.02-1.26 (Wang et al., 2010) and Inrnos = 0.8 (Williams et al., 2013). This can cause

uncertainties of 26% and 20% for the particle diameter and 100% and 50% for the particle mass of sodium chloride like and
ammonium nitrate like particles, respectively. For soot like particles, the shape caused uncertainty could be even larger, due
to their aggregate structures. Such an uncertainty is difficult to reduce, since we do not have particle shape information for
individual particles. However, using effective densities may at least partially compensate some of the particle shape related
uncertainties. 2)...”

factor y not equal t0 1, e.g.

7. Page 4 Lines 35-40: The assumption of single density value for each particle classes might introduce large uncertainty.
The author should adapt a possible density range through the previous publications and evaluate the uncertainty for each
assumption. This would also help reduce the overall difference between the comparisons with AMS results.

R7: We think it is best to apply chemically or particle class resolved effective densities as suggested by Referee#2. Apart
from that, we have also applied chemically or particle class resolved ODE values. This reduced the overall difference in the
comparisons with AMS results. We have updated added more discussions in the main manuscript and supporting
information, as follows:

Section 2.2 (3" paragraph)

“It should be noted that in some previous studies, the particle shapes were also assumed as spherical and uniform particle
densities ranging from ~1.2 to 1.9 g cm™3 were applied for total aerosol particle mass quantification (Allen et al., 2006; Allen
et al., 2000; Ault et al., 2009; Gemayel et al., 2017; Healy et al., 2013; Healy et al., 2012; Jeong et al., 2011; Wenzel et al.,
2003; Zhou et al., 2016). In our study, we have determined an average density of 1.5 + 0.3 g cm™for all ambient particles,
based on a comparison between dva measured by AMS and dn, measured by SMPS. However, the density for different types of
ambient particles varies, especially for fresh ones (Qin et al., 2006). Particle densities varied during the campaign (Fig. S2)
and the representative mass spectra of different particle classes indicate chemical inhomogeneity. In order to reduce the
uncertainty induced by the assumption of a uniform density, we assigned specific effective densities (derived from dya/dm)
from literature data to each particle class. A density of 2.2 g cm was used for calcium nitrate rich particles (Zelenyuk et al.,
2005), 1.25 g cm™ for aged soot rich in ECOC-sulfate (Moffet et al., 2008; Spencer et al., 2007) , 2.1 g cm for sodium salts
(Moffet et al., 2008; Zelenyuk et al., 2005), 1.7 g cm™ for secondary inorganic rich particles (Zelenyuk et al., 2005; Zelenyuk
et al., 2008), 2.0 g cm™ for aged biomass burning particles (Moffet et al., 2008), 2.6 g cm= for dust like particles (Bergametti
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and Forét, 2014; Hill et al., 2016). These densities were used for the individual particles of each class without size
dependence. Similar chemically-resolved densities have also been used in some previous studies (Gunsch et al., 2018; May
etal., 2018; Qin et al., 2006; Qin et al., 2012).”
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Figure S2: Time series of effective densities derived from comparison between AMS-d,a and SMPS-gm.
8. Page 6 Line 25 I think it would be better to include some references for the identification of amines.
R8: We have added some references to support our identification of amines. The sentence has been revised in section 3.1 to:

“In addition, it features marker peaks for amines at m/z 58 CHsNHCH,*, 59 (CH3)sN*, 86 (C,Hs).NCH,", 88
(C2Hs)2NO/C3sHgNO,™, 118 (C2Hs)2NCH_*, which were also identified by SPMS in the other field and lab studies (Angelino
et al., 2001; Kollner et al., 2017; Lin et al., 2017; Roth et al., 2016; Schmidt et al., 2017).”
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Referee #2 comments: Shen et al describe single-particle mass spectrometry (SPMS) data analysis using LAAPTOF data
from a summer 2016 field campaign in rural Germany. While the SPMS data itself appears sound, there are many major
technical issues with their analyses, as well as their assertions of originality. Unfortunately, the authors appear to be unaware
of the majority of the SPMS literature, which their work would highly benefit from. Please see below for description of
major issues, with references to previous literature that | hope will be useful for the authors to place their current work in
context and aid in their data analysis and interpretation. | encourage the authors to rethink the framing of their manuscript
and, instead of focusing on data analysis methods, consider the science that can be learned from their data itself by
examining particle composition as a function of time and meteorological conditions, for example.

R: We admit that we missed to cite and discuss several relevant publications and we really appreciate the constructive
comments by reviewer #2 pointing to the weaknesses of our manuscript and showing ways for improvement. After carefully
considering the reviewer’s suggestion to shift the scope of the manuscript from the analysis method to the scientific
application, we decided to improve the current manuscript highlighting its original points, which we still consider valuable
not only to the LAAPTOF user community. In particular we:

1) Removed subjective statements throughout the manuscript

2) Demonstrated the stability of the LAAPTOF overall detection efficiency (ODE) during field deployment

3) Determined ODE for more particle classes allowing now chemically or particle class resolved correction for ODE
values

4) Discussed the differences between our guantification method and those in previous SPMS studies

Please see the detailed revisions in our replies to the specific comments below.

1. Method development to obtain mass concentrations from SPMS data was previously shown through method development
papers by Allen et al. (2000, Environ. Sci. Technol.,“Particle detection efficiencies of aerosol time of flight mass
spectrometers under ambient sampling conditions”), Fergenson et al. (2001, Analytical Chemistry, “Quantification of
ATOFMS data by multivariate methods™), Wenzel et al. (2003, J. Geophys. Res., “Aerosol time-of-flight mass spectrometry
during the Atlanta Supersite Experiment:2. Scaling procedures”, Zhao et al. (2005, Analytica Chimica Acta, “Predicting bulk
ambient aerosol compositions from ATOFMS data with ART-2a and multivariate analysis”), Allen et al. (2006, Aerosol Sci.
Technol., “Instrument busy time and mass measurement using aerosol time-of-flight mass spectrometry”), Bein et al. (2006,
Atmos. Environ., “Identification of sources of atmospheric PM at the Pittsburgh Supersite— Part 11: Quantitative comparisons
of single-particle, particle number, and particle mass measurements”), and Qin et al. (2006, Analytical Chemistry,
“Comparison of two methods for obtaining quantitative mass concentrations from aerosol time-of-flight mass spectrometry
measurements”. The authors “new” method is very similar to the work discussed these older papers, yet these papers are not
even cited in the current paper. Many subsequent SPMS papers have used these approaches to provide chemically-resolved
mass concentrations: Bhave et al. (2001, Environ. Sci. Technol.), Ault et al. (2009, Environ. Sci. Technol.), Qin et al. (2012,
Atmos. Environ.), Healy et al. (2012, Atmos. Chem. Phys.), Healy et al. (2013, Atmos. Chem. Phys.), Gunsch et al. (2018,
Atmos. Chem. Phys.), and May et al. (2018, Environ. Sci. Technol. Lett.). | highly suggest that the authors review these
previous papers to decide how to move forward with their own work, placing it into the context of previous studies.

R1: Our ODE values are based on laboratory measurements of reference particles, while most previous studies determined
their sensitivities by comparison of single particle data to data from reference instruments, both obtained in the field. The
field-based scaling approaches (field-based ODE) allows converting particle number to mass and shows good agreement
with the reference instrument and other independent quantitative aerosol particle measurements as well. However, field-
based ODE relies on the availability of a reference instrument and their corrections are often class independent. Our
approach uses particle class dependent ODE values and doses not rely on the availability of a reference instrument in the
field, which is a strength of our laboratory-based method. Our approach aims to determine to total particle mass for the
different particle classes but is not intended to determine mass concentrations for specific particle compounds like sulfate or
nitrate. However, we also studied special ion intensities or their ratios compared to AMS mass concentrations and found
useful correlations especially for the fraction of org/(org+nitrate). This will be applied for source apportionment in an
upcoming publication.

We included most of the recommended publications in the introduction and method sections, and discussed them as shown
below:

Section 1. Introduction (4™ paragraph)



10

15

20

25

30

35

40

45

50

“In the last two decades, great effort has been put into solving such quantification issues by using specific scaling or
normalization methods. Allen et al. (2006) developed an explicit scaling method to quantify SPMS data, based on
comparison with co-located more quantitative particle measurement. This approach has been widely used to obtain
continuous aerosol mass concentrations as a function of particle size (Allen et al., 2006; Bein et al., 2006; Fergenson et al.,
2001) and has been improved by a hit rate correction (Qin et al., 2006; Wenzel et al., 2003). Recently, composition-
dependent density corrections were applied to such scaling approaches to obtain chemically-resolved mass concentrations
(Gunsch et al., 2018; May et al., 2018; Qin et al., 2006; Qin et al., 2012). In these studies, the scaled SPMS data showed
good agreement with the results from reference instruments, e.g., micro-orifice uniform deposition impactors (MOUDI),
scanning mobility particle sizer (SMPS), aerodynamic particle sizer (APS), and other independent quantitative aerosol
particle measurements, e.g., by a high-resolution time-of-flight aerosol mass spectrometer (HR-ToF-AMS). With respect to
particulate chemical compounds, Gross et al. (2000) reported relative sensitivity factors (RSF) for ammonium and alkali
metal cations in a single particle mass spectrometer to corresponding bulk concentrations and accurately determined the
relative amounts of Na* and K* in sea-salt particles. Jeong et al. (2011) developed a method to quantify ambient particulate
species from scaled single particle analysis. Healy et al. (2013) quantitatively determined the mass contribution of different
carbonaceous particle classes to total mass and estimated the mass fractions of different chemical species, i.e., sulphate,
nitrate, ammonium, OC, EC, and potassium determined for each particle class, by using RSF. The resulting SPMS-derived
mass concentrations of these particulate species were comparable with the reference bulk data. Similar methodologies have
been used in other SPMS studies (Gemayel et al., 2017; Zhou et al., 2016). It should be noted that these field-based scaling
approaches (field-based overall detection efficiency, ODE) rely on the availability of a reference instrument and their
corrections are mainly class independent. ”

We showed the originality of our method in Section. 1. (Last paragraph)

“In this study we aim to quantify mass contributions of different particle classes based on single particle measurements only
by employing overall detection efficiencies determined in systematic laboratory studies. As a test case ambient aerosol
particles were analysed in summer 2016 at a rural site in the upper Rhine valley of Germany, using and LAAPTOF and HR-
ToF-AMS. Seven major particle classes were identified by a fuzzy c-means analysis among a total of ~3.7 x 10° measured
single particles. Based on laboratory determined size dependent overall detection efficiencies (ODEs) of LAAPTOF for
different reference particle types, mass contributions for individual aerosol particles could be estimated. Aerosol particle
mass concentrations determined independently by LAAPTOF and AMS are compared and potentially useful relationships of
specific ion intensity ratios of LAAPTOF and AMS are discussed. ”

Section 2.2 (3" paragraph)

“It should be noted that in some previous studies, the particle shapes were also assumed as spherical and uniform particle
densities ranging from ~1.2 to 1.9 g cm™ were applied for total aerosol particle mass quantification (Allen et al., 2006; Allen
et al., 2000; Ault et al., 2009; Gemayel et al., 2017; Healy et al., 2013; Healy et al., 2012; Jeong et al., 2011; Wenzel et al.,
2003; Zhou et al., 2016). In our study, we have determined an average density of 1.5 + 0.3 g cmfor all ambient particles,
based on a comparison between dva measured by AMS and dn measured by SMPS. However, the density for different types of
ambient particles varies, especially for fresh ones (Qin et al., 2006). Particle densities varied during the campaign (Fig. S2)
and the representative mass spectra of different particle classes indicate chemical inhomogeneity. In order to reduce the
uncertainty induced by the assumption of a uniform density, we assigned specific effective densities (derived from da/dm)
from literature data to each particle class. A density of 2.2 g cm™ was used for calcium nitrate rich particles (Zelenyuk et al.,
2005), 1.25 g cm™ for aged soot rich in ECOC-sulfate (Moffet et al., 2008; Spencer et al., 2007) , 2.1 g cm™ for sodium salts
(Moffet et al., 2008; Zelenyuk et al., 2005), 1.7 g cm™ for secondary inorganic rich particles (Zelenyuk et al., 2005; Zelenyuk
et al., 2008), 2.0 g cm™ for aged biomass burning particles (Moffet et al., 2008), 2.6 g cm=for dust like particles (Bergametti
and Forét, 2014; Hill et al., 2016). These densities were used for the individual particles of each class without size
dependence. Similar chemically-resolved densities have also been used in some previous studies (Gunsch et al., 2018; May
etal., 2018; Qin et al., 2006; Qin et al., 2012).”

Main changes in discussions are as follows:
Section.3.2 (3" paragraph)

“...In addition, during the whole campaign the sulfate mass fraction measured by AMS is largest in P3 (cf. Fig. 6c).
However, the LAAPTOF is not sensitive to some sulfate salts, e.g., pure ammonium sulfate (Shen et al., 2018), thus it is likely
that such particles were dominating in P3, which resulted in a weaker correlation between these two instruments. Relatively
pure ammonium sulfate was also suggested to be a “missing” particle type in the other SPMS field studies (Erisman et al.,
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2001; Stolzenburg and Hering, 2000; Wenzel et al., 2003) and (Thomson et al., 1997) showed in a laboratory study that pure
ammonium sulfate particles were difficult to measure using LDI at various wavelengths. ”

Section 3.3 (1% paragraph)

“Considering the different capabilities of LAAPTOF and AMS, we did not apply the relative sensitivity factors (RSF) method
(Healy et al., 2013; Jeong et al., 2011). We analysed ourOur LAAPTOF and AMS data independently and compared them
thereafter. For LAAPTOF data, we used relative ion intensities (each ion peak intensity is normalised to the sum of all or
selected ion signals. Positive and negative ions were analysed separately), similar to the relative peak area (RPA) method
suggested by Hatch et al. (2014).”

2. The authors assert in the abstract (Page 1, Lines 30-31) that “[their] approach allows for the first time to assign the non-
refractory compounds measured by AMS to different particle classes.” Similarly, in the conclusions section, it is stated “our
study...opens a new way for quantitative information of single particle data, and together with the complimentary results
from bulk measurements by AMS we have shown how a better understanding of the internal and external mixing state of
ambient aerosol particles can be achieved.” These statements are not accurate, as many SPMS analyses have incorporated
bulk aerosol composition data (both off-line impactor and online AMS): Bhave et al (2002, Environ. Sci. Technol.),
Middlebrook et al. (2003, J. Geophys. Res.), Spencer & Prather (2006, Aerosol Sci. Technol.), Ferge et al. (2006, Environ.
Sci. Technol.), Drewnick et al. (2008, Atmos. Environ.), Dall’Osto et al (2009, Atmos. Chem. Phys.), Pratt et al. (2010, J.
Atmos. Sci.), Pratt et al. (2010, J. Geophys. Res.), Pratt et al. (2011, Atmos. Chem. Phys.), Decesari et al. (2011, J. Geophys.
Res.), Dall’Osto & Harrison (2012, Atmos. Chem. Phys.), Dall’Osto et al. (2012, Aerosol Sci. Technol.), Dall’Osto et al.
(2012, J. Geophys. Res.), Dall’Osto et al. (2013, Atmos. Chem. Phys.), Healy et al. (2013, Atmos. Chem. Phys.), Decesari et
al. (2014, Atmos. Chem. Phys.), Gunsch et al. (2018, Atmos. Chem. Phys.), and others. In fact the title of Healy et al. (2013,
Atmos. Chem. Phys.) is “Quantitative determination of carbonaceous particle mixing state in Paris using single-particle mass
spectrometer and aerosol mass spectrometer measurements”. Again, these papers are not cited in the current work and should
be considered in their data interpretation and discussion.

R2: We included the previous publications in different sections of the manuscript and pointed out how our approach differs
and is valuable not only to the LAAPTOF user community.

Section 1. Introduction (4™ paragraph): Please refer to our answer (R1) to previous comments
Section 1. Introduction (5™ paragraph)

“Many previous studies have also compared single particle classes and bulk species (Dall'Osto et al., 2012; Dall'Osto and
Harrison, 2012; Dall'Osto et al., 2009; Dall'Osto et al., 2013; Decesari et al., 2014; Decesari et al., 2011; Drewnick et al.,
2008; Gunsch et al., 2018; Pratt et al., 2010; Pratt et al., 2011; Pratt and Prather, 2012). Some studies compared ion
intensities from single particle data (Bhave et al., 2002) or specific ion ratios, such as nitrate/sulfate (Middlebrook et al.,
2003), OC/EC (Spencer and Prather, 2006), and EC/(EC+0OC) (Ferge et al., 2006), carbonaceous/(carbonaceous+sulfate)
(Murphy et al., 2006) with the other bulk data. Hatch et al. (2014) used m/z 36 Cs* as a pseudo-internal standard to
normalize the secondary inorganic and organic peak areas in organic rich particles, resulting in good correlation with the
independent AMS measurements. Similarly, Ahern et al. (2016) used the peak area ratio of organic matter marker at m/z 28
CO™ to EC markers (C,-s*) to account for laser shot-to-shot variability, and demonstrated a linear relationship between
normalized organic intensity and secondary organic aerosol (SOA) coating thickness on soot particles. A normalized or
relative peak areas (RPAs) method was suggested by Hatch et al. (2014) to account for shot-to-shot variability of laser
intensities. Although the LDI matrix effects cannot be completely overcome by the aforementioned method, some examples
for good comparisons between single particle and bulk measurements were shown.”

(2) Indeed, our study is not the first to compare to bulk composition data. One of the most relevant recent work was done by
Healy et al. (2013) showing that SPMS-derived mass concentrations of organics, ammonium, nitrate and sulfate are
comparable with AMS results. However, they used AMS data to generate particle class independent relative sensitivity factor
(RSF) for organics, ammonium, nitrate and sulfate. Such RSF may vary in different particle types, and thus also vary during
individual measurement campaigns and for different locations. In our study, SPMS data and AMS data are analysed
independently and only compared thereafter. Hence, our method can potentially be applied to deduce mass concentrations
also if no AMS data is available. In addition, we found specific relationships of LAAPTOF ion intensities and AMS mass
concentrations for non-refractory compounds, especially for the fraction of org/(org+nitrate), which has not been reported
in previous studies. We showed the originality of our method in Section. 1. (last paragraph). Please refer to our answer (R1)
to previous comments.
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(3) The inaccurate statements have been revised as follows:

Abstract

“Furthermore, our approach allows assigning the non-refractory compounds measured by AMS to different particle classes.”
Section 4 (Last paragraph)

“In spite of significant uncertainties stemming from several assumptions and instrumental aspects, our study provides a
good example for identification and quantitative interpretation of single particle data. Together with the complimentary
results from bulk measurements by AMS, we have shown how a better understanding of the internal and external mixing
state of ambient aerosol particles can be achieved. ”

3 (2): Figure 1, which shows the overall detection efficiencies for various particle types, as determined in the laboratory, is
useful. However, apparently these data are all already published in Shen et al. (2018, Atmos. Meas. Technol.), unfortunately
limiting the originality here. (2) It would be great if additional particle type proxies, based on those observed in the field
could be added (e.g. soot, biomass burning). Considering these data and Figure 2 (dominance of soot from 0.2-0.4 um), |
encourage the authors to characterize their detection efficiency of soot particles in the laboratory. (3) Also, the authors apply
this laboratory-derived ODE to their field data, but it is not discussed whether the ODE was verified in the field, or how
reproducible it is in the field.

R3 (1): Actually, Figure 1 included additional overall detection efficiency (ODE) data compared to our previous publication
(Figure 2 in Shen et al., 2018) such as organics, ammonium sulfate, soil dust, and sea salt particles.

(2) Following your suggestion we have added also ODE values in the revised version for additional sizes and particle types,
such as soot. Soot particles from incomplete combustion of propane were generated with a propane burner (RSG miniCAST;
Jing Ltd.), and then injected into and sampled from a stainless steel cylinder of ~0.2 m® volume. It turns out that the ODE for
soot particles are on the extrapolated mean ODE curve. In addition, we have added ODE values for SiO, particles (800 and
1200 nm dn) as dust proxy particles. The updated Fig. 1 is shown below:
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Figure 1: Overall detection efficiency of LAAPTOF for different types of particles as a function of the mobility diameter (dm),
adapted from Shen et al. (2018) and extended. Dashed lines are fitting curves for maximum, mean and minimum values of
ODE. For other organic particles (green), ODE at 400 nm is the data from secondary organic aerosol (SOA) particles from
a-pinene ozonolysis, ODE at 500 nm is the data from humic acid, and ODE at 800 nm is data from humic acid (1.9 +0.3%),
oxalic acid (0.3 # 0.1%), pinic acid (1.6 # 0.1%), and cis-pinonic acid (1.9 # 0.7%). SOA particles were formed in the
Aerosol Preparation and Characterization (APC) chamber and then transferred into the AIDA chamber. Agricultural soil
dust (brown symbol) were dispersed by a rotating brush generator and injected via cyclones into the AIDA chamber. Sea salt
particles (purple) were also sampled from the AIDA chamber. Soot particles from incomplete combustion of propane were
generated with a propane burner (RSG miniCAST; Jing Ltd.), and then injected into and sampled from a stainless steel
cylinder of ~0.2 m® volume. SiO; particles were directly sampled from the headspace of their reservoirs. The other aerosol
particles shown in this figure were generated from a nebulizer and size-selected by a DMA. Note that there is uncertainty
with respect to particle size due to the particle generation method. The nebulized and DMA sized samples have relative
smaller standard deviation (SD) from Gaussian fitting to the measured particle sizes. PSL size has the smallest size SD
(averaged value is 20 nm) and the corresponding relative SD (RSD = SD divided by the corresponding size) is ~6%, since
the original samples are with certain sizes. The other nebulized samples have standard deviations ranging from 70 to 120
nm SD and 3 to 23% RSD. Particles sampled from AIDA chamber have much bigger size SD: ~70 nm for SOA (17% RSD),
~100 nm for agricultural soil dust (~83% RSD) and ~180 nm for sea salt particles (~34% RSD). Considering this
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uncertainty, we have chosen size segment of 100 nm (#50 nm) for correction, e.g., particles with size of 450 to 550 nm will
use the ODE at 500 nm particle number correction.

(3) During our field measurements we did calibrations of the LAAPTOF with PSL particles of 400, 500, 700, and 800 nm
diameter resulting in ODE values with no significant difference compared to the ODE values determined in the laboratory,
as shown in the figure below. This finding reflects the good stability of the LAAPTOF performance in the temperature
controlled container. Actually, once the LAAPTOF adjustments were optimized after transport no further adjustments were
necessary during the 6 weeks of the campaign.
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Figure: ODE values measured during the campaign (green markers) compared to values measured in the laboratory.
The stability of the LAAPTOF ODE values is mentioned in the revised version as follows:
Section 2.2 (2" last paragraph)

“During our field measurements we did calibrations of the LAAPTOF with PSL particles of 400, 500, 700, and 800 nm dn,
resulting in ODE values with no significant difference compared to the ODE values determined in the laboratory. This
finding reflects the good stability of the LAAPTOF performance in the temperature controlled container. Actually, once the
LAAPTOF adjustments were optimized after transport no further adjustments were necessary during the 6 weeks of the
campaign.”

3 (4): Furthermore, the authors note that using the mean ODE introduces significant uncertainty; this is also why the
previously published methods (e.g. Qin et al 2006) determine the detection efficiencies in the field with time. Also, in
presenting this curve to LAAPTOF users, it is important to note that this curve should not be extrapolated to other
LAAPTOF or SPMS instruments without a standard to check against (e.g. PSLs). The authors simply note that “alignment
and variance in particle-laser interaction lead to uncertainty in ODE” (Page 5, Lines 33-34). This paragraph suggests that this
variance is included in the 540% ODE spread for various lab-generated aerosols; however, it should be noted that the ODE
dependence on sizing laser and desorption/ionization laser powers and alignments will change with time, especially when the
instrument is moved. This is why the previously published methods noted above (e.g. Qin et al. 2006) characterize detection
efficiencies in the field. For example, Jeong et al. (2011, Atmos. Chem. Phys.) and Wenzel et al. (2003) show how the hit
fraction of particles can change with time during and between field campaigns; this is taken into account in the Wenzel et al.
(2003) and Qin et al (2006) method. Also, for consideration of “variance in particle laser interaction” (Page 5, Line 34) the
authors may be interested to review Wenzel & Prather (2004, Rapid. Commun. Mass Spec., “Improvements in ion signal
reproducibility obtained using a homogeneous laser beam for on-line laser desorption/ionization of single particles™).

R3 (4): Laboratory-based ODE and the field-based ODE have their advantages and disadvantages. The field-based scaling
approaches for quantification of single particle have been developed and being upgraded with hit rate correction and
composition-dependent density correction, which now allows converting particle number to mass and shows good agreement
with the reference instrument (as one may expect). Such that one can quantitatively interpret the mixing state of the ambient
aerosol particles by SPMS, which is the strength of field-based scaling/ODE. However, these methods rely on the
availability of a reference instrument and their corrections are mainly class independent (e.g. Wentzel et al., 2003; Qin et al.,
2006) even though upgraded versions aimed to correct chemical biases by using hit rate thresholds, below which a new
missed particle type will be added to the total hit). Our approach uses particle class dependent ODE values and is not
relaying on the availability of a reference instrument in the field.

As shown above and as discussed by Shen et al., 2018 the ODE of LAAPTOF in the field was very stable over a period of 6
weeks.
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We agree that it is important to note that the ODE curve applied herein should not be extrapolated to other LAAPTOF or
SPMS instruments without a standard to check against e.g. PSL particles. We have added this statement in the revised
version.

The corresponding content has been revised as follows:
Section 2.2 (2" last paragraph)

“2) instrumental aspects such as alignment and variance in particle-laser interaction lead to uncertainty in ODE. They are
included in the uncertainties given in Fig. 1 for which repeated measurements after various alignments were used. The
fluctuations of particle-laser interactions can be reduced by using a homogeneous laser desorption and ionization beam
(Wenzel and Prather, 2004) or delayed ion extraction. (Li et al., 2018; Vera et al., 2005; Wiley and Mclaren, 1955). Note
that we used the same sizing laser and desorption/ionization laser pulse energy (4 mJ) in the field as those used for
generating ODE, and aligned the instrument in the field with the similar procedures as we did in the lab. During our field
measurements we did calibrations of the LAAPTOF with PSL particles of 400, 500, 700, and 800 nm dn, resulting in ODE
values with no significant difference compared to the ODE values determined in the laboratory. This finding reflects the
good stability of the LAAPTOF performance in the temperature controlled container. Actually, once the LAAPTOF
adjustments were optimized after transport no further adjustments were necessary during the 6 weeks of the campaign.
Moreover, it is important to note that the ODE curve applied herein should not be extrapolated to other LAAPTOF or SPMS

1

instruments without a standard check against e.g. PSL particles.’

4. Page 5, Lines 3-28: If the authors have chemically-resolved ODEs, why did then choose to apply a mean ODE to all data?
If the ODEs are stable relative to a standard (e.g. PSLs), it seems like a strength of the current work that chemically-resolved
ODEs, for each particle type, could be applied in the calculation of mass concentrations.

R4: The reason for choosing a mean ODE was that it is difficult to assign a specific ODE to individual particle classes.
Particle classes of ambient aerosol particles are often complex mixtures for which we do not always have the corresponding
laboratory reference. However, after measuring several ODE data for more reference particles we determined size and
chemically or particle class resolved ODE values. Application of the chemically-resolved ODEs, as well as chemically-
resolved effective densities for each class results in a better agreement between LAAPTOF and AMS results as shown in the
figure below. However, some discrepancies still remain especially for specific time periods e.g. P3 and P5 with high mass
fractions of organics. Although LAAPTOF data shows a good correlation with the AMS data e.g. for period P5, it obviously
misses a large mass fraction of most likely smaller organic particles. This may be due to an insufficient representation of this
kind of organic rich particles in the particles classes identified initially. Even using reference spectra of organic rich
particles it was not possible to indentify a number of those particles sufficient to close this gap.
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Figure: Time series of total mass concentration measured by AMS and LAAPTOF total mass concentration estimated based
on chemically-resolved densities and for different ODE values.

We have updated the corresponding figures (Fig. 3, Fig. 5, Fig. S2, and Fig. S3 have been changed to new Fig. 4, Fig. 6, Fig.
S5, and Fig. S6, respectively) and added some explanations in the revised version, as follows:
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Figure 6: Time series of (a) total mass ratio of LAAPTOF to AMS data, (b) LAAPTOF total mass and AMS total mass (c)
mass concentrations of organic, sulfate, nitrate, and ammonium compounds measured by AMS. In panel (b) r is the
Pearson’s correlation coefficient between LAAPTOF and AMS results. P1 is Period 1 from 7/26/2016 16:23 to 8/1/2016
11:43; P2 from 8/2/2016 09:43 to 8/14/2016 17:53; P3 from 8/14/2016 18:03 to 8/17/2016 21:03; P4 from 8/17/2016 21:13
to 8/23/2016 15:33; P5 from 8/24/2016 15:03 to 8/29/2016 08:33; P6 from 8/29/2016 08:43 to 8/31/2016 09:13. Zoom in
figures for P1, 2, 4, and 5 can be found in Fig. S5, as well as the corresponding scatter plots for LAAPTOF and AMS data
comparison.
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Figure S5: Comparison of mass concentration results between LAAPTOF and AMS in four periods. r represents for
Pearson’s correlation coefficient. Period 1 is from 7/26/2016 16:23 to 8/1/2016 11:43; P2 from 8/2/2016 09:43 to 8/14/2016
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Figure S6: Chemical resolved size distributions for the particles measured by AMS during organics rich period (P5).
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Section.2.2 (above equation 4)

“Therefore, we used reference particle ODE values to estimate the size dependent ODE values for the particle classes
observed in the field as follows. ODE values for ammonium nitrate and sodium chloride were used to fit ODE curves for
secondary inorganic rich and sodium salt like particles, respectively. The mean ODE values from all reference particles was
used for the class of aged soot particles since it showed best agreement with the reference soot particles (cf. Fig. 1). The
minimum ODE curve from all reference particles was used for all dust like particle classes. ”

Section.3.2 (2" and 3™ paragraphs)

“It turns out that the total mass of the particles measured by LAAPTOF is 7#3% (with maximum ODE), 16 #46% (mean ODE),
60+24% (minimum ODE) and 45+#16% (23—-68% with chemically-resolved ODE) of the total AMS mass depending on the
measurement periods. Despite of this relative large differences in the average mass concentrations of LAAPTOF and AMS
they show much better agreement in total mass and also good correlations during specific periods (P), such as P1, 2, 4, and
5 (cf. Fig 6 and Fig. S5), covering ~85% of the measurement time. Hence, the large differences in the average mass
concentrations are caused by larger deviations during some relatively short periods or events. Considering that AMS can
only measure non-refractory compounds, the good correlation between AMS and LAAPTOF gives us a hint that the species
measured by AMS may mainly originate from the particles of complex mixtures of both refractory and non-refractory species.
It is worth noting that weakest correlation (=-0.1) is observed in P6 when LAAPTOF measured the high fraction of sodium
salts particles (especially on August 29'). Specifically, from 9:00 to 23:53 on August 29", LAAPTOF and AMS tended to be
slightly anti-correlated (y=-0.3), due to a burst of sodium chloride rich particles, which are refractory and thus AMS is
unable to measure. Sodium chloride is a possible sub-class of sodium salts particles and will be discussed in a separate
study.

As shown in Fig. 6 (a), the mass ratio of LAAPTOF to AMS has its lower values during lower value in P3 and P5 when
the AMS organic mass concentration is higher than in most of the other periods. Although LAAPTOF data shows a good
correlation with the AMS data e.g. for period P5, it obviously misses a large mass fraction of most likely smaller organic
particles. The corresponding chemically-resolved size distributions of particles measured by AMS are given in Fig. S6. This
may be due to an insufficient representation of this kind of organic rich particles in the particles classes identified initially.
Even using reference spectra of organic particles it was not possible to identify a number of those particles sufficient to close
this gap. In addition, during the whole campaign the sulfate mass fraction measured by AMS is largest in P3 (cf. Fig. 6¢).
However, the LAAPTOF is not sensitive to some sulfate salts, e.g., pure ammonium sulfate (Shen et al., 2018), thus it is likely
that such particles were dominating in P3, which resulted in a weaker correlation between these two instruments. Relatively
pure ammonium sulfate was also suggested to be a “missing” particle type in the other SPMS field studies (Erisman et al.,
2001; Stolzenburg and Hering, 2000; Wenzel et al., 2003) and (Thomson et al., 1997) showed in a laboratory study that pure
ammonium sulfate particles were difficult to measure using LDI at various wavelengths. ”

5. The authors make many subjective statements that can be refuted by previously published literature, such as those
mentioned above (and others not listed here). | caution the authors from making such statements. For example, “SPMS is a
useful, albeit not fully quantitative tool” (Page 1, Line 14) and “SPMS data analysis has been proven difficult under real
world conditions” (Page 2, Lines 2-3). The authors state that “mass spectroscopic signatures do not necessarily reflect the
primary composition of the particles” (page 2, lines 7-8). However, many previous papers (e.g., Bhave et al. 2001, Environ.
Sci. Technol., Reinard et al., 2007, Atmos. Environ., Toner et al. 2008, Atmos. Environ., Pratt & Prather 2009, Environ. Sci.
Technol., Healy et al. 2010, Atmos. Chem. Phys., and others) have examined the SPMS source signatures of primary
particles and apportioned ambient particles according to these signatures, which is arguably one of the strengths of SPMS.

R5: We agree with your comment and tried to remove or rephrase all rather subjective statements, e.g. as follows:
“SPMS is a useful, albeit not fully quantitative tool” has been changed to “SPMS is a widely used tool ”

“SPMS data analysis has been proven difficult under real world conditions.” has been changed to “there are still
challenging issues related to large amounts of SPMS data analysis. ”

“Mass spectroscopic signatures do not necessarily reflect the primary composition of the particles” has been changed to

s

“some mass spectroscopic signature peaks do not necessarily reflect the primary composition of the particles.’

We agree with you about the strengths of SPMS for apportionment of the ambient particles according to the spectroscopic
signatures. However, there are still some signatures, which cannot be well distinguished. For example, potassium and
organics can both contribute to m/z 39. As mentioned in a resent SPMS study (Christopoulos et al., 2018), different primary
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aerosol particles may have similar marker peaks, e.g., fly ash, mineral dust, and biological aerosol particles can all have
phosphate makers (Zawadowicz et al., 2017) Therefore, many studies used specific ratios to refine the signatures, as well as
reference spectra in our previous work.

6. Page 3, Line 36-37: The authors state that the LAAPTOF has a size range of 70 to 2500 nm; however, Figure 1 shows that
the detection efficiencies of particles <400 nm and >1200 nm is extremely low (<1%), making this earlier statement seem
misleading.

R6: We agree that this was misleading. Therefore, we have changed the corresponding section as follows:

“In brief, aerosols are sampled with a flowrate of ~80 cm® min via an aerodynamic lens, focusing and accelerating
particles in a size range between 70 nm and 2500 nm d... Afterwards, they pass through the detection chamber with two
diode laser beams (4 = 405 nm). Particles smaller than 200 nm and larger than 2 xm are difficult to detect, due to weak
light scattering by the smaller particles and due to a larger particle beam divergence for the larger particles. ”

7. Section 2.2: The authors apply particle densities to each particle class and assume that all particles are spherical. Instead
the authors could consider applying measured individual particle effective densities (reducing assumptions) (e.g. Zelenyuk et
al. 2008, Analytical Chem., Spencer et al. 2007, Environ. Sci. Technol., Zhang et al. 2016, Atmos. Chem. Phys.), as has been
done in other SPMS studies converting to mass concentrations (e.g. Qin et al. (2012, Atmos. Environ.), Gunsch et al. (2018,
Atmos. Chem. Phys.), and May et al. (2018, Environ. Sci. Technol. Lett.).

R7: We have applied effective densities from the literature and explained this in the method section, as follows:
Section 2.2 (3" paragraph)

“In order to reduce the uncertainty induced by the assumption of a uniform density, we assigned specific effective densities
(derived from dva/dm) from literature data to each particle class. A density of 2.2 g cm™ was used for calcium nitrate rich
particles (Zelenyuk et al., 2005), 1.25 g cm™ for aged soot rich in ECOC-sulfate (Moffet et al., 2008; Spencer et al., 2007) ,
2.1 g cm? for sodium salts (Moffet et al., 2008; Zelenyuk et al., 2005), 1.7 g cm™ for secondary inorganic rich particles
(Zelenyuk et al., 2005; Zelenyuk et al., 2008), 2.0 g cm™ for aged biomass burning particles (Moffet et al., 2008), 2.6 g cm™3
for dust like particles (Bergametti and Forét, 2014; Hill et al., 2016). These densities were used for the individual particles
of each class without size dependence. Similar chemically-resolved densities have also been used in some previous studies
(Gunsch et al., 2018; May et al., 2018; Qin et al., 2006; Qin et al., 2012).”

8. Section 3.1: (1) This section does not provide any new information in terms of methods/technology; this is simply a
description of mass spectra particle types observed during the field study. | also have several concerns about particle type
identification, mostly with the respect to the attribution of nearly all particles as “dust-like”, which does not have support by
the m/z marker ions shown and described, as | note below. In fact, mass spectral markers supporting dust are only shown (in
Fig 2) and discussed here for Class 1 (5%, by number) and Class 7 (4.6%, by number), leaving >90% of the particle as non-
dust particles. Also, it would be useful to move Figure 4 and its discussion to this section, as that figure is useful and aids
with particle type classification.

R8 (1): Considering your suggestions we have revised the particle class labels as listed in the table below:

Table 1: Particle class numbers, names, and labels.

Class No. Name Label

1 Calcium rich and soil dust like particles Calcium-Sail

2 Aged soot like particles Aged soot

3 Sodium salts like particles Sodium salts

4 Secondary inorganics rich and amine containing particles Secondary inorganics-Amine

5 Aged biomass burning and soil dust like particles Biomass burning-Soil

6 Aged biomass burning and organosulfate containing particles Biomass burning-Organosulfate
7 Mixed/aged and dust like particles Mixed/aged-Dust
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In this section, we did use Fig 4 (Correlation diagram of fuzzy representative spectra and 36 laboratory-based reference
spectra; new Fig 5 in the revised version) to discuss particle type identification (page 6 linel0 and page 7 line 15 in the
manuscript submitted. For example, among the 7 classes, we attributed class 1, 5, 6 and 7 as “dust-like”, based on the
correlation diagram (cf. new Fig.5). We cannot rule out especially the soil dust contributions although there are not obvious
m/z marker ions showing. The weaker signal may be caused by a core-shell structure of the particles. In fact, previous
studies identified soil dust as the major particle type dominating the coarse particles sampled in the same region of the
upper Rhine valley (Faude and Goschnick, 1997; Goschnick et al., 1994). Goschnick et al. (1994) found a core-shell
structure in both submicron and coarse particles collected North of Karlsruhe city.

8 (2). Particle Class 4: The authors call these “Secondary inorganic and amine like particles” and discuss secondary markers
on lines 24-25 (page 6) and larger size (0.5-1 um) (line 27). Yet, the next sentences (lines 26-27) states “class 4 is relatively
“clean” with the fewest peaks, indicating that the particles might be relatively fresh.” There is no mass spectral support for
these as freshly emitted particles; in fact the authors say “secondary” in the naming of the particle class. This discrepancy
must be fixed.

R8 (2): Indeed, this was misleading. We think these particles are rather young secondary particles, formed not very long ago,
as they obviously had no time to uptake other species. We have changed this in the revised manuscript, as follows:

“Among all the representative mass spectra for seven particle classes, class 4 is relatively ‘clean’ with the fewest peaks (cf.
Fig. 2 and Fig. S3), indicating that these particles did not have had the time to uptake other components. Hence, most likely
they were formed not very long ago by conversion of their precursors.”

8 (3). Particle Class 5: The authors call these “Potassium rich and aromatics coated dust like particles”, with m/z 39 (K+),
aromatic marker peaks, and m/z 213 (K3SO4+). The authors note that these “particles might originate from biomass
burning”. No mass spectral support is provided for identification as dust. Based on other SPMS literature of biomass burning
studies, I believe this particle class should be labeled as “Biomass Burning”.

Particle Class 6: The authors call these “Organosulfate coated dust-like particles”, with organosulfate marker ions. Again, no
mass spectral marker ions are discussed to support identification as dust. Also, these particles seem very similar to Class 5
(with large K+, m/z 213, etc); could they correspond to more aged biomass burning particles?

R8 (3): As mentioned above, the reason for naming them as dust like particles were based on the correlation diagram,
showing good correlation between them and the dust particles, especially for class 5. However, we agree that it is more
reasonable to assign them to biomass burning particles, due to the strong maker ions of potassium mixed with sulfate. Given
the other features, such as strong nitrate marker and the good correlation with soil dust for class 5, and organosulfate
markers for class 6, we have labelled both of them as aged biomass burning particles. We have changed their labels to
“Biomass burning-Soil ” and “Biomass burning-Organosulfate ” and discussed this in the revised manuscript, as follows:

Section 3.1 (4" paragraph)

“Note that we also attributed this class as soil dust like based on the correlation diagram (Fig. 5), although there are no
obvious marker ions visible. It is correlated well (y>0.6) with reference spectra of dust particles, especially agricultural soil
dust. The weak spectral signal might due to a core-shell structure of the particles. In fact, previous studies identified soil dust
as the particle type dominating the coarse particles sampled in the same region (Faude and Goschnick, 1997; Goschnick et
al., 1994). Goschnick et al. (1994) found a core-shell structure in both submicron and coarse particles collected north of the
Karlsruhe city of Karlsruhe in the upper Rhine valley. This supports our hypothesis. In addition, similar as class 3, class 5
also has two modes in its size distribution centred at about 500 and 800 nm dy.. Such potential sub-classes will be further
analysed in the future.”

8 (4). Page 5, Line 41: m/z 24 (C2-) is attributed here to organics, which is possible for 193 nm at high laser pulse energy
(e.g., Zelenyuk et al. 2009, Int. J. Mass Spec.); however, it is also a common elemental carbon marker peak (e.g., Zelenyuk
et al. 2017, Int. J. Engine Res., Spencer et al. 2006, Aerosol Sci. Technol.).

R8 (4): Yes, you are right. We have pointed this out in the revised version, as follows:

“Besides, m/z 24 C, could also be related to elemental carbon (EC). In this case, m/z 24° should actually show a higher
intensity than m/z 267, and further EC markers (C*) should show up as well. ”

9. Page 6, Lines 6-8: | am quite confused by this statement. Does this mean that fuzzy classification does not separate
individual mass spectra into individual clusters? Or, if this isn’t the case, why are the authors using “similarity” to estimate
the number fraction of particles in each group? Why not simply count the number of mass spectra in a given group and then
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divide by the total number of particles sampled? Please clarify. Neutral networking algorithms used previously in SPMS (e.g.
Rebotier & Prather 2007, Analytical Chimica Acta) separate individual mass spectra (corresponding to individual particles)
into separate clusters such that it is simple to calculate number fractions.

R9: Actually, fuzzy c-means classification does not separate individual mass spectra into individual clusters. Instead, it
classifies the spectra according to their similarities, allowing one spectrum (particle) to belong to different particle classes!
This is explained in the method section. In the revised manuscript, we have added one paragraph in the introduction section
to clarify this classification method, as follows:

Section 1 (2" paragraph)

“Particle type identification, i.e., the assignment of every detected particle to one out of a set of particle types, which are
either predefined or deduced from the experimental data, is perhaps one of the most critical issues. Different data
classification methods, e.g., fuzzy k-means clustering algorithm, fuzzy c-means (modification of k-means), ART-2a neural
network, hierarchical clustering algorithms, and machine learning algorithms are applied to reduce the complexity and
highlight the core information of mass spectrometric data (Reitz, et al., 2016; Christopoulos et al., 2018). Reitz et al. (2016)
reviewed commonly used data classification methods in SPMS studies and pointed out the advantage of the fuzzy c-means
clustering approach, which allows individual particle to belong to different particle classes according to spectral similarities.
One recent classification approach applied machine learning algorithms and successfully distinguished SOA, mineral and
soil dust, as well as biological aerosols based on a known a priori data set (Christopoulos et al., 2018). In this study we used
the fuzzy c-means clustering approach which is embedded in the data analysis Igor software for our laser ablation aerosol
particle time-of-flight mass spectrometer (LAAPTOF, AeroMegt GmbH). Based on the data classification, averaged or
representative mass spectra of different particle classes can be obtained. ”

Furthermore we have added the following sentence to section 2.2:

“Thus, we can obtain similarity information for the whole data set rather than a single particle. One drawback is that the
individual particles are not directly assigned to individual particle classes, which hinders a direct class-dependent
quantification of particle mass. ”

10. Figure 2: | suggest raising the cut-off intensity for the mass spectra peak areas, as there is significant noise shown in all
mass spectra currently. Some labeled peaks also do not appear to be above the limits of detection; please check. Also, it
would be useful to add the particle type names, in addition to the numbers, to the labeling of the mass spectra. Please also
clarify what is meant by “background fragments that exist for every particle class”; do the authors mean common ions, or do
they mean that there is a chemical background somehow in the mass spectrometer?

R10: We have raised the cut-off intensity and removed some labelled peaks not above the detection limit, and added the
particle type names. The background fragments are the common ions observed in every particle class. We have updated
Figure 2 and clarified this in the caption.

11. Figure 3: (1) Given the large number fraction of EC particles (class 2) in Figure 2, why is this not reflected in Figure 3,
especially since the particle number concentration mode should be at less than 0.2 um? I’m concerned that there could be a
problem here in the application of the ODE to the “corrected number fractions” shown here. (2) Also, since the authors have
taken the time to convert to number and mass concentrations, it would be useful to show to chemically-resolved number and
mass concentration time series plots. (3) It would also be useful here and throughout to refer to particle classes chemically
(e.g. dust, EC, biomass burning, organic carbon-sulfate) rather than numbers that require the reader to refer regularly back to
Section 3.1.

R11: (1) Although the number fraction of aged soot particles (class 2) is large in the smaller size range between 200-400 nm
dva their contribution to the total number counts is only 4.3% (Figure 3a) or 7.3% (Figure 3b) after correction of the number
fraction. As shown in the figure below, the total number of particles counted for particle sizes below 500 nm is much smaller
than that for particles with sizes above 500 nm diameter. Therefore, the number fraction of the aged soot particles which
dominate the small particles is only a minor fraction of the total number of all particles which is dominated by the larger
particles. To illustrate this we have made a new Fig. 3 for section 3.1 combining the size dependent number fractions and
the total number counts measured during the campaign.
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Figure 3: (a) Size resolved number fraction for seven particle classes measured during the field campaign TRAMO1, based
on fuzzy classification according to fuzzy c-means clustering algorithm. (b) Overall size distribution for the particles
measured by LAAPTOF during the whole campaign.

Furthermore, we have added the following text to section 3.2:

“Please note that the aged soot particles (class 2), which dominate the number fraction for particles below 400 nm in the
fuzzy c-means analysis comprise only a minor fraction of the total number counts in Figure 4 because the total particle
number is dominated by particles larger than 500 nm (cf. Figure 3b).”

(2) We have added chemically-resolved number and mass concentration time series in the revised supporting information as
Fig. S4, as follows:
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Figure S4: Time series of the particle number, corrected number, and mass concentration of seven major particle classes
and the corresponding pie charts for total fractions. 7 fuzzy classes are class 1 “Calcium-Soil”’; class 2 “Aged soot”;
class3: “Sodium salts”’; class 4 “Secondary inorganics-Amine”; class 5 “Biomass-Soil”’; class 6 “Biomass-Organosulfate”;
and class 7: “Mixed/aged-Dust”. This figure is similar as Fig. 3, except with the absolute values. Another panel (b2) was
added in order to better visualize the time series of class 3 and 4, since their number fraction is small after correction.

(3) Wherever space allowed we have replaced particle class numbers by their names or labels.

12. Page 7, Lines 26-27: The authors state here “...there is no well-defined relationship between spectral signal and quantity.”
| disagree with this statement, as many SPMS (and LDI generally) papers have investigated this relationship, which is
governed by ionization energies of species. Based on the statements on Page 2, Lines 20-26, I’'m concerned that the authors
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may have some confusion about LDI, which is known to primarily result in neutral (rather than ion) formation. | encourage
the authors to read textbook or review literature on MALDI and LDI (e.g., Zenobi & Knochenmuss 1998, Mass Spec. Rev.,
“Ton Formation in MALDI Mass Spectrometry”). For example, in the positive ions, typically the largest ions correspond to
those with the lowest ionization energies (of those in the sample). SPMS data analysis methods to account for LDI matrix
effects are discussed by Hatch et al (2014, Aerosol Sci. Technol.). The authors do mention in the introduction that SPMS
relative sensitivity factors that account for differences in ionization energies are discussed by Gross et al. (2000, Analytical
Chem.). Woods et al. (2001, Analytical Chem., “Quantitative detection of aromatic compounds in single aerosol particle
mass spectrometry”) is another reference. Thomson et al. (1997, Aerosol Sci. Technol., “Thresholds for laser-induced ion
formation from aerosols in a vacuum using ultraviolet and vacuum-ultraviolet laser wavelengths”), Thomson & Murphy
(1993, Applied Optics, “Laser-induced ion formation thresholds of aerosol particles in a vacuum”), and Reinard & Johnson
(2007, J. Am. Soc. Mass Spec.) will likely also be useful to the authors. Other papers discussing relationships between
species quantities and SPMS ion signals are provided above in the comments about SMPS quantification and comparisons
with bulk measurements.

R12: (1) Indeed, several SPMS papers (mainly ATOFMS) have investigated the relationship between spectral signal and
quantity, such as the examples you mentioned. However, we don’t think that relationships between spectral signal and
quantity are well-defined especially considering field observations. What can be achieve is maybe demonstrated best by
Gross et al., 2000. For LAAPTOF no systematic work to determine this relationship has been done yet. In fact, our statement
you pointed out only refers to the LAAPTOF instrument. We have clarified this in the revised version, as follows:

Section 3.1 (2" last paragraph)

“We emphasize here that the expression “rich” as used in this study only indicates a strong signal in the mass-spectra
rather than a large fraction in mass, since there is no well-defined relationship between LAAPTOF spectral signal and the
corresponding quantity. The sensitivities of this instrument to different species have to be established in the future.”

(2) We revised our statement on Page 2, Lines 20-26 (former version), in order to make it more clearly:
Section 1 (4™ paragraph)

“...because laser ablation only allows an a priori unknown fraction (neutral species) of the single particle to be
vaporized/desorbed and then ionized (Murphy, 2007; Reinard and Johnston, 2008). In addition, matrix effects may obscure
the particle composition (Gemayel et al., 2017; Gross et al., 2000; Hatch et al., 2014).”

13. Sections 3.2 & 3.3: My comments about this section are primarily summarized above in my notes about previous work
producing mass concentrations from SPMS data. | want to add here two additional comments.

(1) Given the differences in typical detection efficiencies between the LAAPTOF and AMS, one would not expect good
correlations without examining only the size range of overlap, which | would encourage the authors to do. Figure 5 should be
revised accordingly. (2) I also encourage the authors to look at previous SPMS-AMS comparisons (see comments above) for
greater interpretation of their results and also for additional ways to conduct this analysis that have previously been
successful. (3) For individual ions (Page 8, Lines 22-34), | suggest the authors look at Hatch et al. (2014, Aerosol Sci.
Technol.) and Healy et al (2013, Atmos. Chem. Phys., “Quantitative determination of carbonaceous particle mixing state in
Paris using single-particle mass spectrometer and aerosol mass spectrometer measurements”). (4) The authors note that
sulfate salts may have been missed during P3. As such | suggest the authors consider the work of Wenzel et al. (2003, J.
Geophys. Res.), who developed a method to identify and quantify “missed” particles, consistent with pure ammonium sulfate.

R13: (1) Both instruments are equipped with a similar PM2 s aerodynamic lens, which allows focusing the particles between
70 and 2500 nm vacuum aerodynamic diameter for both. However, LAAPTOF can only detect particles by light scattering,
which are larger than about 200 nm mobility equivalent diameter (cf. Fig. 1). Therefore, the discrepancy between their
results could only be due to particles in this size range, which typically has only a minor influence on the mass
concentrations of the refractory components.

We have added the following sentences to sections 2.1 and 3.2, respectively:

“In brief, aerosols are sampled with a flowrate of ~80 c¢cm® min* via an aerodynamic lens, focusing and accelerating
particles in a size range between 70 nm and 2500 nm dva. Afterwards, they pass through the detection chamber with two
diode laser beams (1 = 405 nm). Particles smaller than 200 nm and larger than 2 um are difficult to detect, due to weak
light scattering by the smaller particles and due to a larger particle beam divergence for the larger particles.”
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“After correction of the number counts and estimation of the mass concentrations, we can compare the LAAPTOF result
with the quantitative instruments such as AMS in the overlapping size range of 200 to 2500 nm da.. A correction for the
particles in the size range between 70-200 nm considering mass concentrations may be negligible since they typically
contribute only a minor mass fraction.”

(2) Please refer also to our answers to previous comments. The main approach used in previous SPMS-AMS comparisons is
the field-based scaling approach, which relies on the availability of the reference instrument and typically assumes a
particle class independent detection efficiency, as well as a class independent relative sensitivity factor (RSF) for different
particulate species. Our laboratory-based method does not require a reference instrument during the field measurement and
accounts for particle class size dependent detection efficiencies. It is evident that both methods have different advantages
and disadvantages. To reflect this we have added the following to the introduction (please refer to our answers to previous
comments) and conclusions sections, as follows:

Section 4 (2" paragraph)

“...we applied a quantification method for single particles, employing size and particle class/chemically-resolved overall
detection efficiencies (ODE) for this instrument. In contrast to methods used in previous SPMS studies, our approach is
laboratory-based and doses not rely on the availability of a reference instrument in the field.”

(3) We have added these references to the introduction and discussion sections.

(4) We have included the work of Wentzel et al., 2003 to support our discussions on missing (sulfate) particles in Section.3.2
(3" paragraph). Please refer to our answer (R4) to previous comments.

14. Figures 6-8: (1) Due to matrix effects in LDI, peak areas of a given species will depend on the full matrix of a particle,
such that an ammonium peak area for a given quantity would be expected to be different on a dust particle vs an organic
carbon particle. As such, it is not advised to compare peak areas across all particle types together. Please see Hatch et al.
(2014, Aerosol Sci. Technol.). Also see Healy et al. (2013, Atmos. Chem. Phys.) for suggestions of how to compare SPMS
and AMS data, as they found agreement when the data are handled properly. (2) Bhave et al. (2002, Environ. Sci. Technol.)
may also be useful, as they compared ammonium and nitrate SPMS data to bulk filter data. For organics in particular, the
authors may consider Spencer & Prather 2006 (Aerosol. Sci. Technol., “Using ATOFMS to determine OC/EC mass fractions
in particles”) and Ferge et al. (2006, Environ. Sci. Technol.).

R14 (1): Indeed, the matrix effects have a strong impact on the peak areas and it is not advised to compare peak areas
across all particle types. To correct for the LDI matrix effect, Hatch et al., 2014, used m/z 36 Cs* as a pseudo-internal
standard to normalize the secondary inorganic and organic peak areas in organic rich particles, resulting in good
correlation with the independent AMS measurements. Hatch et al. (2014) suggested another method named normalized or
relative peak areas (RPAs) to account for LDI artifacts, such as shot-to-shot variability of laser intensities. However, matrix
effects cannot be completely overcome by pseudo-internal standards or a RPAs method.

Actually, instead of absolute peak area/ion intensities, we used relative ion intensities to correlate LAAPTOF and AMS data
(each ion peak intensity is normalized to the sum of all or selected ion signals. Positive and negative ions were analysed
separately). Variations of these correlations are caused by varying particle classes. This is actually similar to the method
used by Hatch et al. (2014).

We have shown that specific ratios such as org/(org+nitrate) are useful to determine the relationships of LAAPTOF ion
intensity and AMS mass concentration (cf. Fig. 6 and Fig. S4; which are modified and changed to new Fig. 7 and Fig. S7),
which will be applied for source apportionment in an upcoming publication, and to estimate mass concentrations in future
SPMS studies.

Actually, partially employing the LDI matrix effects the time series of relative intensities of maker peaks (Fig. 7 and 8; new
Fig. 8 and 9) allow at least for preliminary assignments of the bulk species from AMS to different particle types. This should
be useful in further source appointment.

(2) For comparison of ammonium, nitrate, and organic signals, we have cited Bhave et al. (2002), Spencer & Prather 2006,
and Ferge et al. (2006) in the introduction.

The corresponding revisions are in Section 1. Introduction (5" paragraph): please refer to our answers (R2) to previous
comments; Section 3.3 (1% paragraph): please refer to our answers (R1); and in Section 3.4 (2" paragraph), as follows:
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“Although, the LDI matrix effects cannot be completely overcome by using relative ion intensities, the time series of the
corresponding maker peaks (Fig. 8, Fig. 9, and Fig. S8) can still be used for preliminary assignments of the bulk species to
different particle types.”

The modified figures are shown as follows:
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Figure 7: Comparison of non-refractory compounds measured by LAAPTOF and AMS: (a) LAAPTOF organic cations and
NO™ fractions Org/(Org+NO), (b) organic anions and nitrate fractions Org/(Org+Nitrate), (c) organic anions and sulfate
fractions Org/(Org+Sulfate) to the corresponding AMS mass fractions. Each point is 10 min averaged data, and there are
4483 points in each scatter plot. Dashed line in panel (a) and (c) are used to guide the eyes, while the curve in panel (b) is
from the fitting result. Colour scale is related to the timeline, including periods 1 to 6, same as the ones in Fig.6. Further
comparison of Org/(Org+Nitrate) during 6 periods are in the scatter plots (b1) to (b6).
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Figure S7: Comparison of non-refractory compounds measured by LAAPTOF and AMS: The normalized intensity of (a) 30
NO™; (b) nitrate (46 NO2” + 62 NO3); (c) sulfate (32 S+64 SO + 80 SOz + 81HSO3™ + 96 SO4 + 97 HSO4 +177 SO3HSO4
+195 H,SO4HSOy); (d) sum of positive organic markers at m/z 43 CsH7/C,H30/CHNO™, 58 C,HsNHCH,*, 59 (CH3)sN*, 88
(C2Hs)2NO/C3HNO2*, 95 C7H11*, 104 CgHg*, 115 CoH;*, and 129 CsH;NO*and (e) sum of the negative organic markers at
m/z 24 Cy, 25 Cy;H", 26 C;H./CN, 42 C,;H,0/CNO", 45 COOH", 59 CH,COOH-, 71 CCH,COOH", 73 C,H4sCOOH", 85
C3sH4COOH-, and 89 (CO),00H" measured by LAAPTOF are plotted verses the mass concentration of ammonium, nitrate,
sulfate, and organics measured by AMS, respectively. Each point is 10 min averaged data, and there are 4483 points in each
scatter plot. Colour scale is related to the timeline, including periods 1 to 6.
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Abstract. Single particle mass spectrometry (SPMS) is a usefulalbeit-net-fully-guantitativewidely used tool to determine
chemical composition and mixing state of aerosol particles in the atmosphere. During a six-week field campaign in summer

2016 at a rural site in the upper Rhine valley near Karlsruhe city in southwest Germany, ~3.7 x 10° single particles were
analysed by a laser ablation aerosol particle time-of-flight mass spectrometer (LAAPTOF). Combining fuzzy classification,
marker peaks, typical peak ratios, and laboratory-based reference spectra, seven major particle classes were identified. With
the precise particle identification and well characterized laboratory-derived overall detection efficiency (ODE) for this
instrument, particle similarity can be transferred into corrected number fractions-and furthertransferred-inte-mass fractions.
Considering the entire measurement period, “Petassivm-richAged biomass burning and arematicscoatedsoil dust™(elass-5)
like particles” dominated the particle number (46.545.0% number fraction) and mass (36:031.8% mass fraction); “Sodium

salts like particles” {elass-3}-were the second lowest in number (3.54%), but the second dominating class in terms of particle

mass (25-330.1%). This difference demonstrates the crucial role of particle number counts correction for mass quantification

ferusing SPMS data. Using corrections for maximum—mean;size and minkmumchemically-resolved ODE, the total mass of
the guantified-particles measured by LAAPTOF accounts for =12%,=25%;-and=10423-68% of the total mass measured by
an aerosol mass spectrometer (AMS) with-a-celection-efficieney-ef-0.-5depending on the measurement periods. These two
mass spectrometers show a good correlation (correlation coefficient y > 0.6) regarding total mass for more than 79085% of the

measurement time, indicating non-refractory species measured by AMS mightmay originate from particles consisting of
internally mixed non-refractory and refractory components. In addition, specific relationships of LAAPTOF ion intensities
and AMS mass concentrations for non-refractory compounds were found for specific measurement periods:, especially for

the fraction of org/(org+nitrate). Furthermore, our approach allows for-thefirst-time-te-assignassigning the non-refractory
compounds measured by AMS to different particle classes. Overall AMS-nitrate was mainly arising from elass-3sodium salts

like particles, while elass-5-wasaged biomass burning particles were dominant during events rich-inwith high organic aerosol
particlesparticle concentrations.

1 Introduction
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Life times of ambient aerosol particles range from hours to a-few-weeksseveral days, except for newly formed particles (~3
to 5 nm), which have a predicted-shert-lifetime in the order of seconds (Pdschl, 2005). The atmospheric evolution of aerosol
particles can alter their internal and external mixing states, as well as their chemical and physical properties_on timescales of
several hours, e.g., they can acquire coatings of secondary inorganic (e.q. sulfates, nitrates, and ammonium) and secondary
organic compounds (Fuzzi et al., 2015). Hence, most aerosol particles are relatively complex mixtures, difficulinot easy to
distinguish and to trace to their primary source and/-or secondary formation pathway. Single particle mass spectrometry
(SPMS) has the capability of measuring most components of the particles in real time, thus it has been a widely used
technique to investigate mixing state and aging of aerosol particles for many years (Murphy, 2007; Noble and Prather, 2000;
Pratt and Prather, 2012). However, there are still challenging issues related to large amounts of SPMS data analysis-has-been

Particle type identification, i.e., the assignment of every detected particle to one out of a set of particle types, which are

either predefined or deduced from the experimental data, is perhaps one of the most critical issues. Different data

classification methods, e.q., fuzzy k-means clustering algorithm, fuzzy c-means (modification of k-means), ART-2a neural

network, hierarchical clustering algorithms, and machine learning algorithms are applied to reduce the complexity and

highlight the core information of mass spectrometric data (Reitz, et al., 2016; Christopoulos et al., 2018). Reitz et al. (2016)

reviewed commonly used data classification methods in SPMS studies and pointed out the advantage of the fuzzy c-means

clustering approach, which allows individual particle to belong to different particle classes according to spectral similarities.

One recent classification approach applied machine learning algorithms and successfully distinguished SOA, mineral and

soil dust, as well as biological aerosols based on a known a priori data set (Christopoulos et al., 2018). In this study we used

the fuzzy c-means clustering approach which is embedded in the data analysis Igor software for our laser ablation aerosol

particle time-of-flight mass spectrometer (LAAPTOF, AeroMegt GmbH). Based on the data classification, averaged or

representative mass spectra of different particle classes can be obtained.

Due to the relatively complex ablation-laser desorption and ionization (Decesari et al.) mechanisms, including charge and
proton transfer, as well as ion-molecule reactions that may occur in the plume with many collisions (Murphy, 2007; Reilly et
al., 2000; Reinard and Johnston, 2008; Zenobi and Knochenmuss, 1998), some mass spectroscopic sighaturessignature peaks
do not necessarily reflect the primary composition of the particles.-Several-particle-type-identification-methods-were reperted
n-previeds-studies: Gallavardin et al. (2008) used a pair of peak area ratios, such as Ca,O*/Ca* vs CaO*/Ca* and SiO/SiOy
vs SiO37/SiOy to differentiate calcium/silicon containing mineral dust. Normalized histograms of PO3 /PO, and CN/CNO-

ratios were used to identify primary biological aerosol particles (Zawadowicz et al., 2017). Setting thresholds for marker
peak signals can also help to classify and further identify specific particles (Kollner et al., 2017). Lu et al. (2018) used
natural silicon isotopic signatures to study the sources of airborne fine particulate matter (PMs), which shows how useful
isotopic signatures can be for particle identification. A combination of peak area and peak shift ratio, based on subtle
changes in ion arrival times in the mass spectrometer, was introduced by Marsden et al. (2018a) for the differentiation of
mineral phases in silicates. Ternary sub-composition systems, such as (Al+Si)*~K*~Na* and CI'-(CN+CNO)-SOg4,were
used to identify mineralogy and internal mixing state of ambient particles (Marsden et al., 2018b). In our previous study
(Shen et al., 2018), laboratory-based reference spectra were suggested to be a useful tool for particle identification. These
methods guide the way for improving the techniques to identify particle type and further identify individual aerosol particles.

An even more challenging issue is the quantitative analysis of individual particles’ mass and chemical composition,
which cannot be directly provided by SPMS measurements, because laser ablation only allows an a priori unknown fraction

(neutral species) of the single particle to be

vaporized/desorbed and then ionized (Murphy, 2007; Reinard and Johnston, 2008). In addition, matrix effects may obscure

the particle composition (Gemayel et al., 2017; Gross et al., 2000; Hatch et al., 2014). Our previous laboratory SPMS study

also verified the difficulty of particle quantification due to incomplete ionization, which could not be improved significantly
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by replacing the originally used nanosecond excimer laser with a femtosecond laser with higher laser power density and
shorter laser pulse length (Ramisetty et al., 2018). In the last two decades, great effort has been put into solving such
quantification issues by using specific scaling or normalization methods. Gress-et-al—(2000)Allen et al. (2006) developed an

explicit scaling method to quantify SPMS data, based on comparison with co-located more quantitative particle measurement.

This approach has been widely used to obtain continuous aerosol mass concentrations as a function of particle size (Allen et

al., 2006; Bein et al., 2006; Fergenson et al., 2001) and has been improved by a hit rate correction (Qin et al., 2006; Wenzel

et al., 2003). Recently, composition-dependent density corrections were applied to such scaling approaches to obtain

chemically-resolved mass concentrations (Gunsch et al., 2018; May et al., 2018; Qin et al., 2006; Qin et al., 2012). In these

studies, the scaled SPMS data showed good agreement with the results from reference instruments, e.g., micro-orifice

uniform deposition impactors (MOUDI), scanning mobility particle sizer (SMPS), aerodynamic particle sizer (APS), and

other independent gquantitative aerosol particle measurements, e.g., by a high-resolution time-of-flight aerosol mass

spectrometer (HR-ToF-AMS). With respect to particulate chemical compounds, Gross et al. (2000) reported relative

sensitivity factors (RSF) for ammonium and alkali metal cations in a SPMS-te-theirsingle particle mass spectrometer to

corresponding bulk concentrations and accurately determined the relative amounts of Na* and K* in sea-salt particles. By

ne#malmng%imen@eal«mten%ef—##z—gl 621843 —and-36' Maﬁa{e—nma%e—aiqqmemwn—epgameeamen—egea—and

particulate species from scaled single particle analysis. Healy et al. (2013) quantitatively determined the mass contribution of

different carbonaceous particle classes to total mass and estimated the mass fractions of different chemical species, i.e.,

sulphate, nitrate, ammonium, OC, EC, and potassium determined for each particle class, by using RSF. The resulting SPMS-

derived mass concentrations of these particulate species were comparable with the reference bulk data. Similar

methodologies have been used in other SPMS studies (Gemayel et al., 2017; Zhou et al., 2016). It should be noted that these

field-based scaling approaches (field-based overall detection efficiency, ODE) rely on the availability of a reference

instrument and their corrections are mainly class independent.

Many previous studies have also compared single particle classes and bulk species (Dall'Osto et al., 2012; Dall'Osto and
Harrison, 2012; Dall'Osto et al., 2009; Dall'Osto et al., 2013; Decesari et al., 2014; Decesari et al., 2011; Drewnick et al.,
2008; Gunsch et al., 2018; Pratt et al., 2010; Pratt et al., 2011; Pratt and Prather, 2012). Some studies compared ion
intensities from single particle data (Bhave et al., 2002) or specific ion ratios, such as nitrate/sulfate (Middlebrook et al.,
2003), OC/EC (Spencer and Prather, 2006), and EC/(EC+OC) (Ferge et al., 2006), carbonaceous/(carbonaceous+sulfate)
(Zheu _urp_hy et al.,

with the other bulk data. Hatch et al. (2014) used m/z 36 Cs* as a pseudo-internal standard to normalize the secondary

inorganic_and organic peak areas in_organic rich particles, resulting in good correlation with the independent AMS

measurements. Similarly, Ahern et al. (2016) used the peak area ratio of organic matter marker at m/z 28 CO* to EC markers

(C2-5) to account for laser shot-to-shot variability, and demonstrated a linear relationship between normalized organic
intensity and secondary organic aerosol (SOA) coating thickness on soot particles. 1e—the—best—ef—e%knewiedge,—au—the

comparison-with-reference-instrumentsA normalized or relative peak areas (RPAs) method was suggested by Hatch et al.

(2014) to account for shot-to-shot variability of laser intensities. Although the LDI matrix effects cannot be completely

overcome by the aforementioned method, some examples for good comparisons between single particle and bulk

measurements were shown.
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In this study; we aim to guantify mass contributions of different particle classes based on single particle measurements

only by employing overall detection efficiencies determined in systematic laboratory studies. As a test case ambient aerosol

particles were analysed in summer 2016 at a rural site in the upper Rhine valley of Germany, using a-taser-ablation-aeresol
particle-time-of-flight-mass—spectrometer{and LAAPTOF-AeroMegt-GmbH). and HR-ToF-AMS. Seven major particle

classes were foundidentified by a fuzzy c-means analysis among a total of ~3.7 x 10° measured single particles. \A/e

developed—a—semi-guantitative—method—to—estimateBased on laboratory determined size dependent overall detection

efficiencies (ODEs) of LAAPTOF for different reference particle types, mass contributions for individual aerosol particles:

In-addition—we-have-found-specific- could be estimated. Aerosol particle mass concentrations determined independently by
LAAPTOF and AMS are compared and potentially useful relationships of EAARTORspecific ion intensity and-AMS-mass

2 Methods

2.1 Measurement location and instrumentation

The measurements were made as part of the TRAMOL campaign at a greund-based-rural site in the upper Rhine valley from
July 15™ to September 1%, 2016 next to the tram line north of the village of Leopoldshafen, Germany (49°6°10.54” N,
8°24°26.07” E). This location is about 12 km north of the city of Karlsruhe eity-with 300 theusand000 inhabitants and
significant industry including a power plant and refineries (Hagemann et al., 2014).-Besides-it-is-located-in-the-upper Rhine

valley- Ambient particles were sampled for mass spectroscopic analysis with a flow rate of 1 m® h* through a PM_s inlet (SH

2.5 - 16, Comde-Derenda GmbH) and vertical stainless steel tubes. A total suspended particulates (TSP) inlet (Comde-
Derenda GmbH) was used for instruments for particle physical characterisation. Trace gases were sampled via an 8 mm PFA
sampling tube. All sampling inlets were positioned 1.5 m above a measurement container and 3.7 m above ground level. To
study the nature and to identify possible sources of the particles in this area, their number, size, chemical composition, and
associated trace gases, as well as meteorological conditions were measured using the following instruments: Condensation
particle counters (CPC3022A, CPC3772, TSI Inc.), optical particle counter (FIDAS, PALAS GmbH), aethalometer (AE33-7,
Magee Scientific), ozone monitor (O341M, Environment SA), SO, monitor (AF22M Environment SA), NO2 monitor
(AS32M, Environment SA), CO, monitor (NGA2000, Rosemont Inc.), and meteorology sensors (WS700 & WS300, Lufft
GmbH). From July 26" to August 31%, we-deployed-the following mass spectrometers were in operation, e.g., a high

resolution time-of-flight aerosol mass spectrometer (HR-ToF-AMS, Aerodyne Inc.), and a laser ablation aerosol particle
time-of-flight mass spectrometer (LAAPTOF, AeroMegt GmbH), providing real time information on size and mass spectral
patterns for bulk samples and individual particles, respectively.

The HR-ToF-AMS was-designred-te-yieldyields quantitative information (mass concentration) on size resolved particle
bulk chemical composition with high time resolution and high sensitivity (DeCarlo et al., 2006). Briefly, aerosols are
sampled with a flowrate of ~84 cm® min! via an aerodynamic lens, which focuses particles with sizes of 8070 to 2500 nm
(vacuum aerodynamic diameter, dvs) into a narrow beam. The particle beam passes through a sizing chamber where the
particles’ size is determined. Afterwards, particles encounter a 600 °C heater that vaporises the non-refractory species. The
vapour-isvapours are ionized by electron impact (electron energy: 70 eV). The generated positive ions are analysed by a
time-of-flight mass spectrometer. Particles can bounce off the heater/vaporizer, leading to an underestimation of ambient
mass concentrations measured by AMS-and-thus-a-collection-efficiency. Collection efficiencies (CE) are used to correct for

this (CE, the product of net particle transmission and detection efficiency)-<-1 (Canagaratna et al., 2007). It is important to
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note that the CE can vary depending on composition and phase of the particles (Bahreini et al., 2005). In this study, we
applied a CE value of 0.5;. This is in accordanceagreement with previous studies (Canagaratna et al., 2007; Middlebrook et

al., 2012)-and-in-a related paper by Huang et al. (2018), the composition dependen hoc-boopenionaodlo oo

close—value-to-0:5., and close to a composition dependent CE calculated for this measurement campaign by Huang et al.
(2018).

The LAAPTOF is a commercially available SPMS and has been described elsewhere (Ahern et al., 2016; Gemayel et al.,
2016; Marsden et al., 2016; Ramisetty et al., 2018; Reitz et al., 2016; Shen et al., 2018; Wonaschuetz et al., 2017). In brief,
aerosols are sampled with a flowrate of ~80 cm® min! via an aerodynamic lens-Particles-, focusing and accelerating particles
in a size range between 70 nm and 2500 nm dy.—are—focused-and-then—aceelerated.. Afterwards, they pass through the

detection chamber with two diode laser beams (A = 405 nm). Particles smaller than 200 nm and larger than 2 um are difficult

to detect, due to weak light scattering by the smaller particles and due to a larger particle beam divergence for the larger

particles. Once the single particle is coincidently detected by both of the detection lasers, its aerodynamic size is determined
and recorded, and an excimer laser (A = 193 nm) is fired for a one step desorption/ionization of the refractory and non-
refractory species of the particle. The resulting cations and anions are analysed by a bipolar time-of-flight mass spectrometer
with unit mass resolution. Thus, for each individual particle a-bipolarspectrum-is-generatedits size and a pair of positive and

negative mass spectra are measured.

2.2 Single particle identification and quantification methods for LAAPTOF data

The general data analysis procedures for particle spectral and size information —waswere described in full detail in our

previous study (Shen et al., 2018). Here, we extend this approach and-apphy-it-to quantify particle class mass contributions

using a large atmospheric sample as test case. We used the fuzzy c-means clustering algorithm embedded in the LAAPTOF
Data Analysis Igor software (Version 1.0.2, AeroMegt GmbH) to find the major particle classes and their corresponding
representative spectra, which were further correlated with laboratory-based reference spectra. The resulting correlations
together with marker peaks (characteristic peaks arising from the corresponding species) and some typical peak ratios (e.g.,
isotopic ratio of potassium) waswere used to identify the particle classes.

The fuzzy c-means clustering approach has the advantage of allowing particles to belong to multiple classes based on the

similarity of the mass spectra (Reitz et al., 2016), namelyfractiens-of attributing one spectrum (particle) to multiple clusters.

Thus, we can obtain similarity information for the whole data set rather than a single particle. One drawback is that the

individual particles are not directly assigned to gifferentindividual particle classes—A, which hinders a direct class-dependent
quantification of particle mass-is-therefore-net-pessible. In order to quantify particle mass, we first need to assign a particle

class to every individual particle, which is achieved by correlating the individual bipolar mass spectra with the representative
fuzzy class spectra using Pearson’s correlation coefficient (y). Since the positive LAAPTOF spectra are more characteristic
than the negative ones (Shen et al., 2018), the threshold value for the positive spectra correlation was set to ypes > 0.6, while

for the negative spectra yneg Was tuned with different-values varyanging from 0.3 to 0.8 (cf. Table S1). Individual particles

whese—yare assigned to the class for which the corresponding correlation coefficients for both spectra execeeds—pos 8R6-neg

exceed the threshold values. All corresponding

correlation coefficients (ypos and yneg) are listed in Table S1. This way, we can obtain time series of particle counts, which
hasve good (y > 0.6)/strong correlation (y > 0.8) with the fuzzy results.-and-the. The corresponding correlation coefficients
are also listed in Table S1; and typical examples are shown in Fig. S1. With this method, we were able to successfully
classify 96% of the measured particles. Once the class information for individual particles has been determined, we are able

to calculate single particle geometric size, volume and mass: as described in the following.

For simplicity, we assume the particles are spherical with a shape factor (y) of 1, thus particle geometric diameter (dy),
volume (Vp) and mass (my) can be obtained from the following equations:
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dya
dy= dm=€:——¥—pg—xﬁ¢(%;l—}@ X P, (x: 1; pp=pcﬂ.) (DeCarlo et al., 2004)
(1)
V, = L s x d’ 2
p- g TG 2
my = Vp=opo X p

@)

where dm is the electrical mobility diameter, dva is the vacuum aerodynamic diameter measured by LAAPTOF, p, is the
standard density (1g cm™®), and-p, is the particle density—Based-on-Eg—(1)-to—(3)—we-can-deduce—that-mp, and p . is
pmpemenal—teﬁé@f.—lileaseﬂet&that—the shape-factory-of-non-effective density. It should be noted that in some previous
studies, the particle shapes were also assumed as spherical particles-is-net-egqualand uniform particle densities ranging from
~1.2 to 1-¢-.9 g+ cm were applied for total aerosol particle mass quantificationy,  —302—26 (Wang-et-al-2010)(Allen

et al., 2006; Allen et al., 2000; Ault et al., 2009; Gemayel et al., 2017; Healy et al., 2013; Healy et al., 2012; Jeong et al.,

2011; Wenzel et al., 2003; Zhou et al., 2016)%W%AM%9&&I—2@13}41H&@&H&95&9+%%W—9#26%
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mixture-of ammonium-sulfate (1.77-g-cm®)-and-nitrate{(1.73-g-cm ) thus-we-assume-the-density-as1.75-g-em=>—. In our

study, we have determined an average density of 1.5 + 0.3 g cm™for all ambient particles, based on a comparison between

dva measured by AMS and dn measured by SMPS. However, the density for different types of ambient particles varies,

especially for fresh ones (Qin et al., 2006). Particle densities varied during the campaign (Fig. S2) and the representative

mass spectra of different particle classes indicate chemical inhomogeneity. In order to reduce the uncertainty induced by the

assumption of a uniform density, we assigned specific effective densities (derived from dv./dm) from literature data to each

particle class. A density of 2.2 g cm™ was used for calcium nitrate rich particles (Zelenyuk et al., 2005), 1.25 g cm™ for aged
soot rich in ECOC-sulfate (Moffet et al., 2008b; Spencer et al., 2007) , 2.1 g cm™ for sodium salts (Moffet et al., 2008b;
Zelenyuk et al., 2005), 1.7 g cm for secondary inorganic rich particles (Zelenyuk et al., 2005; Zelenyuk et al., 2008), 2.0 g

cm for aged biomass burning particles (Moffet et al., 2008b), 2.6 g cm™ for dust like particles (Bergametti and Forét, 2014;

Hill et al., 2016). These densities were used for the individual particles of each class without size dependence. Similar

chemically-resolved densities have also been used in some previous studies (Gunsch et al., 2018; May et al., 2018; Qin et al.,
2006; Qin et al., 2012).
Furthermore, the single particle identification allows for correcting the particle number counts by using the overall

detection efficiency-{, ODE);, which depends strongly on particle size and type (Shen et al., 2018). Given the fact that

ambient aerosol particles are complex mixtures, it is difficult to obtain a specific ODE for each particle class. H-we-used-the
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simplicity and in order to account for different types of ambient particles, we averaged the ODE determined for ammonium
nitrate, sodium chloride, PSL particles, and some other particles, e.g., agricultural soil dust, sea salt, organic acids, as well as
secondary organic aerosol particles measured in the lab. The mean ODE with uncertainties as a function of particle size is
shewn-in-Fig—Lare shown in Fig. 1. Using a mean ODE will obviously lead to some bias. For example, if we apply ODE

mean values to all the ambient particles, the number of ammonium nitrate rich particles will be overestimated due to the

higher ODE of ammonium nitrate, while the ammonium sulfate rich, sea salt particles, and some organic rich particles will

be underestimated. Therefore, we used reference particle ODE values to estimate the size dependent ODE values for the

particle classes observed in the field as follows. ODE values for ammonium nitrate and sodium chloride were used to fit

ODE curves for secondary inorganic rich and sodium salt like particles, respectively. The mean ODE values from all

reference particles was used for the class of aged soot particles since it showed best agreement with the reference soot

particles (cf. Fig. 1). The minimum ODE curve from all reference particles was used for all dust like particle classes. The

equations for correction and calculation of mass concentration are as follows:

COUNtS,orrected = I/Q'D'EE ODEsize and chemically—resolved
(4)

MasScorrected — countscorrectedxmp (5)
mass concentration = Total mass/(sample flowrate x time) (6)

where ODE,_ is the mean ODE that depends on dm; countsgyrrected @Nd Masscorrectea are the corrected particle number
counts and mass at each time point; the sample flowrate is ~80 cm™ mint. Furthermore;Using Eq. (4) to (6) we can calculate

the corrected number fractions-and mass fractions-ence-we-have-dene-the-caleulation-accerding-to-Eg—{(4)-t0-(6)-.

The aforementioned assumptions and the related uncertainties in particle mass are summarised as follows: 1) ambient

particles are spherical with a shape factor y=1. However, several ambient particle types are non-spherical with a shape factor

x not equal to 1, e.g., Y, =-1.02-1.26 (Wang et al., 2010) and ANH,NO3 = 0.8 (Williams et al., 2013). This can cause

uncertainties of 26% and 20% for the particle diameter and 100% and 50% for the particle mass of sodium chloride like and

ammonium nitrate like particles, respectively. For soot like particles, the shape caused uncertainty could be even larger, due

to their aggregate structures. Such an uncertainty is difficult to reduce, since we do not have particle shape information for

individual particles. However, using effective densities may at least partially compensate some of the particle shape related

uncertainties. 2) Particles in the same class have the same density, which is likely to vary and lead to an uncertainty hard to

estimate. 3) The variability of the ODE values (cf. Fig. 1) depends on particle size and type. It reaches values ranging from

+100% for 200 nm particles to +170% for 800 nm size particles.

Hence, the overall uncertainty in particle mass according to the assumptions is ~300% with the ODE caused uncertainty

being dominant. This is because: 1) ambient particles are more complex than particles generated in the laboratory, e.g.,
concerning morphology or optical properties. These factors have a strong impact on ODE Fhe-aforementioned-assumptions

20138):-3)-the ODE is-the
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being-dominant—; 2) instrumental aspects such as alignment and variance in particle-laser interaction lead to uncertainty in

ODE. They are included in the uncertainties given in Fig. 1 for which repeated measurements after various alignments were

used. The fluctuations of particle-laser interactions can be reduced by using a homogeneous laser desorption and ionization
beam (Wenzel and Prather, 2004) or delayed ion extraction. (Li et al., 2018; Vera et al., 2005; Wiley and Mclaren, 1955).

Note that we used the same sizing laser and desorption/ionization laser pulse energy (4 mJ) in the field as those used for

generating ODE, and aligned the instrument in the field with the similar procedures as we did in the lab. During our field
measurements we did calibrations of the LAAPTOF with PSL particles of 400, 500, 700, and 800 nm d, resulting in ODE

values with no significant difference compared to the ODE values determined in the laboratory. This finding reflects the

good stability of the LAAPTOF performance in the temperature controlled container. Actually, once the LAAPTOF

adjustments were optimized after transport no further adjustments were necessary during the 6 weeks of the campaign.

Moreover, it is important to note that the ODE curve applied herein should not be extrapolated to other LAAPTOF or SPMS

instruments without a standard check against e.g. PSL particles.

Noteworthy that the major difference between our quantification method and previous SPMS studies is that our ODE is

based on elaborate laboratory work, while previous studies typically used field-based scaling approaches (field-derived

ODE).

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

During the six-week measurement campaign, we obtained ~3.7 x 10° single—particles—bipolar LAAPTOF spectra were

generated—From-these—data,—seven—for single particles. Seven major particle classes were found using fuzzy c-means
classification—(Fable—1).. The corresponding representative spectra with marker peaks assignment are shown in Fig. 2.

Considering some weak but characteristic peaks, we show the spectra with a logarithmic scale. The linearly scaled spectra

(cf._Fig. andS3) are provided for comparison in the supporting information. Furthermore, Fig. 3 shows the size resolved
number fraction ef-for the seven particle classes are-shewn-in-Fig—2-measured during the field campaign TRAMO1, based on
fuzzy classification according to fuzzy c-means clustering algorithm as well as the overall size distribution for all particles

measured by LAAPTOF during the campaign. Signatures for organic and secondary inorganic compounds can be observed
in each class, i.e., for organics m/z 24 Cy, 25 C;H", 26 C,H2/CN-, and 42 C,H,O/CNO, for sulfate 32 S, 64 SO, 80 SOs,
81 HSO3, 97 HSOy', 177 SO3HSO, -and 195 HSO4H,SO4, for nitrate 30 NO*, 46 NO-’, and 62 NOs’, and for ammonium 18

NH4* and 30 NO*._Similar species were previously identified off-line in the same region (Faude and Goschnick, 1997;

Goschnick et al., 1994). Note that 30 NO* can not only originate from nitrate (majority), but also from ammonium (Murphy
et al., 2006; Shen et al., 2018). Besides, m/z 24 C," could also be related to elemental carbon (EC). In this case, m/z 24°

should actually show a higher intensity than m/z 26, and further EC markers (C,*) should show up as well. Although

different particle classes have similar fragments, they show characteristic patterns with several intensive marker peaks in the
corresponding spectra, which can also be identified with-the-help-ofusing reference spectra (Shen et al., 2018).
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After fuzzy classification each particle was tested for its similarity to the different particle classes. Although a similarity
is not equal to the number fraction, they are related. A higher similarity of the total aerosol particles to one class indicates
that a bigger number fraction of this class eeuldmay be expected once the individual particles are assigned to it. As shown in
Fig. 3a4a, the highest similarity (43.5% of all particles) is found to class 3, which is named “Sodium salts-like-particles” due
to its strong correlation (y > 0.8) with Na salts (cf. Fig. 45). The spectra of this class in our study feature marker peaks arising
from NaNOs (m/z 115 Na(NO2),,, 131 NaNO;NOg3", and 147 Na(NOs)2), NaSO. (m/z 165 Nas;S04*), and NaCl (m/z 81/83
Na,Cl*, 139/141 NasCl,*, 35/37 ClI-, and 93/95 NaCIz}) (cf Flg 2).Fhi

about1400-and-2000-hm-d %%%Ai@&ib—p&#ﬂ%l@p@p&&ﬂ%&m%@las& In the positive spectra of class 3, there is a

nitrogen containing organic compound marker at m/z 129 CsH;NO*, which could originate from the OH oxidation of volatile

organic compounds (VOCs) in the presence of NOyx on the seed particles, since the same peak was observed during
simulation chamber studies with OH radicals reacting with a-pinene and/or toluene in the presence of NOy. Besides, peaks at
m/z 149 C4H,0,NOs* and 181 C4sH;04NO3* are associated with organonitrates that can form from the oxidation of VOCs in
the presence of NOy (Perring et al., 2013) and are expected to increase the light absorbing capability of the particles

(Canagaratna et al., 2007). Huang et al. (2018) showed that organonitrates contributed to particle growth during night time at

this location. This class accounts for the largest fraction in the size range from 1000 to 2500 nm dy, (cf. Fig. $r-a-related
[ [ [ [ [ ioR-3). The

size distribution of class 3 particles was dominated by two modes centred at about 1400 and 2000 nm dy,, indicating two sub-

particle populations in this class. Goschnick et al. (1994) did off-line depth-resolved analysis of the aerosol particles

collected north of Karlsruhe in the upper Rhine valley, and observed sodium chloride in both fine and coarse particles, while

sodium nitrate was mainly enriched in the coarse mode. This hints to possible sub-classes assignments, which will be

discussed in a separate study.

Fhere-is-2-20.8% similarity-of the total particle population belongs to class 4 (“Secondary inerganic-and-aminetike
particlesinorganics-Amine™). This class has the most prominent secondary inorganic signature and strongest correlation with

the reference spectra for homogeneous mixtures of NH4NO3 and (NH4).SOa. In addition, it features marker peaks for amines
at m/z 58 C,HsNHCH,*, 59 (CHz)sN*, 86 (C2Hs):NCHy*, 88 (C2Hs):NO/C3HsNO-*, 118 (CoHs)oNCH,"*, which were also
identified by SPMS in the other field and lab studies (Angelino et al., 2001; Kéllner et al., 2017; Lin et al., 2017; Roth et al.,
2016; Schmidt et al., 2017). Among all the representative mass spectra for the seven particle classes, class 4 is relatively
“clean” with the fewest peaks; (cf. Fig. 2 and Fig. S3), indicating that these particles might-berelativelyfresh.did not have
had the time to uptake other components. Hence, most likely they were formed not very long ago by conversion of their

precursors. The cerrespondingsecondary inorganic amine particles have a rather narrow size distribution in the range is
between 500 toand 1000 nm dy,- (cf. Fig. 3).

ichAged biomass burning and

aromatics—coatedsoil dust like particles_(class 5: Biomass burning — Soil) comprise 16.1% of all particles according to

similarity of the mass spectra. It has the most prominent peak at m/z 39 K/CsHs*, aromatic marker peaks at 77 CsHg*, 85
C/Hs*, 91 C/H7*, 95 CyHu*, 104 CgHg*, 115 CoH7*—and-is—correlated{y=>0.6)-withreference—spectra—of-dust-particles;
especialhyragricuttural soil-dust.”. The ratio of m/z 39*/41* is ~11.6, which is similar to the value of (13.5 + 0.9) measured for

pure potassium containing inorganic samples—measured—particles (e.g. K;SO4) by our LAAPTOF in the lab—(13.5=
0-9)laboratory. The contribution of organic fragments is likely the reason for the slightly lower value, as this ratio was

determined to ~8 for humic acid and ~1.1 for a-pinene SOA (Shen et al., 2018). Hence, we assign the signal at m/z 39*
mainly to potassium. As suggested by previous studies, such potassium rich particles which-mightcan originate from biomass
burning; and are often mixed with sulfate (Lin et al., 2017; Moffet et al., 2008a; Roth et al., 2016; Schmidt et al., 2017)-TFhis
i K2SO4™-. This is also the
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case for class 5 particles that exhibit a characteristic peak at m/z 213 K3SO4*. Note that we also attributed this class as soil

dust like based on the correlation diagram (Fig. 5), although there are no obvious marker ions visible. It is correlated well

(y=0.6) with reference spectra of dust particles, especially agricultural soil dust. The weak spectral signal might due to a

core-shell structure of the particles. In fact, previous studies identified soil dust as the particle type dominating the coarse

particles sampled in the same region (Faude and Goschnick, 1997; Goschnick et al., 1994). Goschnick et al. (1994) found a

core-shell structure in both submicron and coarse particles collected north of the Karlsruhe city of Karlsruhe in the upper

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

centred at about 500 and 800 nm dva. Such potential sub-classes will be diseussedfurther analysed in an-upeeming-paperthe
future.

There-is-a-5-7%-similarity-toParticle class 6 with-a-size-range-contains 5.7% of all particles and they have sizes ranging
from 400 to 1000 nm dy,-. This class is named “Biomass burning-Organosulfate-ceated-dust-like™ short for “Aged biomass
burning and Organosulfate containing particles”. It also shows biomass burning markers such as K3SO,*, and features
organosulfate—marker—peaksorganosulfates at m/z 141 C;Hs0OSOy4, 155 C;H30,SO4, and 215 CsH1;0SO4, which are
consistent with signals from sulfate esters of glycolaldehyde/methylglyoxal, glyoxal/glycolic acid, and isoprene epoxydiols
(IEPOX), respectively, observed by other SPMS in field measurements (Froyd et al., 2010; Hatch et al., 2011a, b).

Unfortunately, we don’t have laboratory based reference spectra for organosulfate particles. Such reference could be very

useful for a further analysis. The ratio of m/z 39*/41* is ~6.7 is closer to organics rather than to potassium._However, we

cannot rule out a significant potassium contribution. In addition, this class features a specific pattern of m/z 39%, 41*, and 43*

(which have much higher intensities than their interstitial peaks at m/z 40* and 42*), and-hydrocarbon and oxygenated
organic fragments at m/z 53*, 55*, 63*, 65*, 67*, 69*, 71*, 73*, 81*, 83*, 85*, 95*, 97, and 99* likely from organic acids and
biogenic SOA (Shen et al., 2018)-Note-that for the-negative-spectra-we-onlyfind good-correlations-with-reference-spectrao

Class 1 (5.0% simiarity-of all particles) is identified as “Calcium-Soil” short for “Calcium rich,—metattie and soil dust
like particles”. It contains calcium related signatures at m/z 40 Ca*, 56 CaO"/Fe*, 57 CaOH*, 75 CaCl*, 96 Ca,O*, and 112

(Ca0),", as well as some other metals including Na,-Zn,-Cu-Basodium, zinc, copper, barium, and Pblead. This class shows a

strong correlation with nitrate and correlates well with all reference spectra of dust samples:, especially soil dust (cf. Fig. 5).
Class 2 (4.3% simitarity-of all particles), “Aged soot-tike-particles”, is predominantly located in the small size range (200 to
600 nm dya) and exhibits prominent elemental-carbon(EC) patterns in both positive and negative mass spectra (characteristic
Cn* progressions with up to n = 12). These mass spectra show a strong correlation to the reference spectra of soot particles,
especially diesel soot (y = ~1). Class 7 (4.6% simiarity-of all particles) is identified as “Mixed/aged-particles-Dust”, which

contains no obvious characteristic features, and is correlated with most of the reference spectra. It has a relatively even and

broad size distribution covering the whole size range that LAAPTOF is able to measure.

We observe intensive signals at m/z 138 Ba* and 154 BaO* in class 1, 5, 6 and 7, indicating a similar source of these
particle types, which all have a good correlation with mineral and soil dust particles (Fig. 45). Prominent lead markers at m/z
206" to 208* can be found in each class, except class 4, which is further evidence for these particles to be relatively
freshyoung. The marker peaks for lead appear broader because at higher m/z, we observe larger peak shifts that cannot be
wellcompletely corrected with the existing LAAPTOF software.-Some-peaks-{e.g—m/z78*in-class- 3, m/z 98" in-class 4-and
m/z- 161 -in-class-6)-we-were-not-able-to-identify. Note that even though we did not obtain spectra for pure ammonium
sulfate or pure biogenic SOA particles in ambient air, it is still possible for such particles to be present. However, laboratory
measurements show a very low sensitivity of the LAAPTOF to these types of particles, potentially due to their low
absorbance at 193 nm. ThisDue to this low instrument sensitivity for these types of particles is very difficult to getteachieve

reasonable quantitative estimates about their abundance based on LAAPTOF measurements alone.
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The aforementioned full and short names for seven classes are listed in Table 1. We emphasize here that the expression

“rich” as used in this study only indicates a strong signal in the mass-spectra rather than a large fraction in mass, since there

is no well-defined relationship between LAAPTOF spectral signal and the corresponding quantity. The sensitivities of theis

instrument to different species have yetto be established- in the future.
All the laboratory-based reference spectra used in this study are publicly available via the EUROCHAMP-2020 data base
(www.eurochamp.org). Information on newly added reference spectra can-befoundis given in Table S2.

3.2 Quantification of single particle mass and the external mixing

We estimate the different single particle mass is—based on the particle identification discussed above and on several
assumptions on particle density and shape (cf. Sect. 2.2). And-theThe fuzzy classification derived similarity (Fig. 3a4a) can
be transferred into corrected number fractions using size and chemically-resolved ODE (Fig. 3b4b) and further transferred
into mass fractions (Fig. 3e4c) of the seven externally-—mixed-particle classes. ObviousThe corresponding time series of

chemically-resolved number and mass concentrations can be found in Fig S4. Please note that the aged soot particles (class

2), which dominate the number fraction for particles below 400 nm in the fuzzy c-means analysis comprise only a minor

fraction of the total number counts in Figure 4 because the total particle number is dominated by particles larger than 500 nm
(cf. Figure 3b). Significant changes can be observed when-going—from—(a)between the similarity number fraction, the

corrected number fraction, and the resulting mass fractions (cf. Fig. 4a to {b} to {e)—eempared-withc). Compared to the
similarity fraction, the number fractions of class 3 and-4-“Sodium salts™ and class 4 “Secondary inorganics-Amine” decrease

dramatically;: “Sodium salts” particles changed from 43.5% (similarity) to 3.4% (corrected number fraction) and “Secondary

inorganics-Amine” dramatically decreased from 20.8% to 2.4%, while those of the other classes increase. This is because
class-3-and-4-have-higherfraction-in-the-bigger-sizerange-{classes 3 and 4 comprise mainly of larger particles (class 3: dva:
600-t0-2500-nm-and- peaks at ~1400 and 2000 nm corresponding to d, 466-t6~700 and 1000 nm.—+espeetively; class 4 peaks
at ~680 nm dy. and 400 nm d,) which eorrespends-tehave the highest ODE values. AndIn contrast the other classes have
bigger—fraction—n—the—comprise_mainly smaller size—+angeparticles (dva < 500 nm; dp, < 300 nm) (cf. Fig. 3), which
exhibitshave a relative-lower ODE (cf. Eig=2-and-Fig. 1). Class 5 “Biomass burning-Soil” accounts for the second highest

number fraction of the smaller particles and has a relatively high effective density. After correction, the number fraction of

particles attributed to this class has increased from 16.1% to 46.5%45.0%, corresponding to 31.8% mass fraction, and

beeomelt becomes the dominating class with regardsrespect to particle number and mass. Slass—3“Sodium salts” is the

seeendanother dominating class with respect to mass (30.1% mass fraction) due to their biggerrelatively large size,-the-cube
of-which-is-proportional-toparticle—velume-and-mass. These observations demonstrate the crucial role of the corrections
applied for particle mass quantification for SPMS data. Note that we can obtain similarly corrected number and mass
fractions by using minimum, mean, and maximum ODE, respectively (Table S3). The observed external mixing of aerosol
particles was-temperathy-gquite-variablevaried significantly with time, e.g., class 6 “Biomass burning-Organosulfate-coated
dust” dominated both particle number and mass at the beginning of the measurements until August 1%, while class 3

dominated the mass for August 5" to 10™, 21%t to 24™, and 29" to 30", and class 4 particles peaked twice on August 11" and

19" (cf. Fig. 4).

As discussed above, raw LAAPTOF data overestimate the particles with higher ODE, while the ones with lower ODE
will be underestimated. After correction of the number counts and furthersemi-guantification—in-estimation of the mass

concentrations, we can compare the LAAPTOF result with the ether—quantitative instruments such as AMS-_ in the

overlapping size range of 200 to 2500 nm dyva. A correction for the particles in the size range between 70-200 nm considering

mass concentrations may be negligible since they typically contribute only a minor mass fraction. It turns out that the total
mass of the guantified-particles measured by LAAPTOF is ~127+3% (with maximum ODE), =2516+6% (mean ODE), and
10460+24% (minimum ODE) and 45+16% (23-68% with chemically-resolved ODE) of the total AMS mass with—a

34


http://www.eurochamp.org/

10

15

20

25

30

35

40

collection—efficieney-of 0-5—tn-spitedepending on the measurement periods. Despite of this big-uneertaintysrelative large
differences in the average mass concentrations of LAAPTOF and AMS results-havethey show much better agreement in total

mass and also good correlations during semespecific periods (P), such as P2P1, 2, 4, and 5 (cf. Fig-4. 6 and Fig. S2S5),
covering ~7085% of the measurement time. Hence, the large differences in the average mass concentrations are caused by

larger deviations during some relatively short periods or events. Considering that AMS can only measure non-refractory

compounds, the good correlation between AMS and LAAPTOF gives us a hint that the species measured by AMS mightmay

mainly originate from the particles of complex mixtures of both refractory and non-refractory species. It is worth noting that

weakest correlation (y=-0.1) is observed in P6 when LAAPTOF measured the highest fraction of sodium salts particles

(especially sodium chloride) on August 29", while AMS is unable to measure refractory species such as sodium chloride.
Specifically, from 9:00 to 23:53 on August 29", LAAPTOF and AMS tended to be slightly anti-correlated (y=-0.3).

As shown in the-upperpanelef-Fig. 5,6 (a), the mass ratio of LAAPTOF to AMS has its lewest-valuelower values in P3
and P5 when the AMS organic mass concentration is higher than in most of the other periods. Fhis-is—in-tneAlthough

LAAPTOF data shows a good correlation with the fact-that-the LAARTOR-is-lesssensitive-to-pure AMS data e.g. for period
P5, it obviously misses a large mass fraction of most likely smaller organic species—such-as-oxakicpinic—and-cis-pinonic

d hepn-et-a 018} Howeve he-corre on-coe en es-between- LAAPTO nd-AM NP nd-P e guite
"

different—indicating—different-deminatingparticles. The corresponding chemically-resolved size distributions of particles
measured by AMS are given in Fig. S6. This may be due to an insufficient representation of this kind of organic fypes;-te

which-EAARTOF-might-have-different-sensitivities—t-is-worth-noting-that-rich particles in the particles classes identified

initially. Even using reference spectra of organic particles it was not possible to identify a number of those particles

sufficient to close this gap. In addition, during the whole campaign the sulfate mass fraction measured by AMS is largest in

P3 (cf. Fig. S36¢). However, the LAAPTOF is not sensitive to some sulfate salts, e.g., pure ammonium sulfate (Shen et al.,

2018), thus it is likely that such particles were dominating in P3, which resulted in a weaker correlation between these two

instruments. Relatively pure ammonium sulfate was also suggested to be a “missing” particle type in the other SPMS field
studies (Erisman et al., 2001; Stolzenburg and Hering, 2000; Wenzel et al., 2003) and (Thomson et al., 1997) showed in a

laboratory study that pure ammonium sulfate particles were difficult to measure using LDI at various wavelengths.

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

As-shown-in-Fig—6a;Considering the different capabilities of LAAPTOF and AMS, we did not apply the relative sensitivity
factors (RSF) method (Healy et al., 2013; Jeong et al., 2011). We analysed ourOur LAAPTOF and AMS data independently

and compared them thereafter. For LAAPTOF data, we used relative ion intensities (each ion peak intensity is normalised to

the sum of all or selected ion signals. Positive and negative ions were analysed separately), similar to the relative peak area
(RPA) method suggested by Hatch et al. (2014). As shown in Fig. S7 (a), m/z 30 NO* measured by LAAPTOF has a good

correlation (y = 0.6) with ammonium measured by AMS, but LAAPTOF m/z 18 NH4* doesn’t (y = 0.3, not shown in the
figure), which was also found by Murphy et al. (2006). For nitrate (panel b: sum of the marker peaks at m/z 46 NOz™ and m/z
62 NO3), sulfate (panel c: sum of-the-markerpeaks—at m/z 32 S, 64 SO, 80 SOsz, 81HSO3, 96 SO, 97 HSO4, 177
SO3HSO4, 195 H,SO4HSO4), and organics (cations in panel d: atsum of m/z 43 CsH7/C,H3;0/CHNO?, 58 C,HsNHCH:*, 59
(CH3)sN*, 88 (C2Hs)2NO/C3HsNO,*, 95 C7H11*, 104 CgHg*, 115 CgH7*, 129 CsH/NO*, and anions in panel e: sum of the
marker—peaks—at-miz 24 Cy, 25 CyH", 26 C,H./CN-, 42 C,H,O/CNO", 45 COOH", 59 CH,COOH", 71 CCH,COOH", 73
C>H4COOH", 85 C3H4COO", 89 (CO),00H"), there is a poor correlation (y < 0.4) between these two instruments if we

consider the entire measurement period. However, the fraction of LAAPTOF organic cations to the sum of ammonium and

organic cations, org/(org+ammonium), anion fraction of org/(org+sulfate}), and org/(org+nitrate), show better correlations
between these two instruments (panel-fto-hFig. 7), especially for org/(org+nitrate). As shown in panel{g);Fig. 7b, a scatter
plot of org/(org+nitrate) measured by LAAPTOF and AMS shows an exponential trend. A similar trend effor the ratio
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carbonaceous/(carbonaceous+sulfate) werewas observed by another single particle mass spectrometer (PALMS) compared
to AMS results for free tropospheric aerosol particles measured by Murphy et al. (2006).

Note that the aforementioned comparisons in this section are for the entire measurement period and demonstrate general
correlations between these two instruments. Considering the-different time periods, the correlations vary (Fig. 7). All
corresponding Pearson’s correlation coefficient (y) values for the comparisons of compounds measured by LAAPTOF and

AMS are summarized in Table S4. During period 4, most of the y values are above 0.6, suggesting good correlation, which is

comparable with the mass comparison results discussed in Sect. 3.2.2. In particular, for the comparison of the
org/(org+nitrate) comparisenratio, LAAPTOF and AMS show good/strong correlations for almost al-the complete
measurement time-perieds,—the. The corresponding scatter plots are shown in Fig. S4-—Peried7 (b1-b6). Periods 2 and 4,

covering =more than 50% of the measurement time, show similar exponential trends as the general fit in panel-{g)};Fig. 7b

while periods 1, 3, and 5 show a linear correlation (especially in periods 3 and 5). This implies different dominant particle
types. Consistent with the observations:—as shown in Fig. 3¢e4c, period 2 and 4 are dominated by elass-3-particles “Sodium

salts” and there are two elass4“Secondary inorganics-Amine” burst events, while period 3 and 5 are dominated by class

5“Biomass burning-Soil” particles containing more organics, which can also be validated by AMS results as shown in Fig. 5
and6-Fig=S3. Therefore, we conclude that the relationship between LAAPTOF-org/(org+nitrate) and AMS-org/(org+nitrate)
varies due to changing particle types.

Taken together, the correlations shown in Fig. 67 and Fig. S4—mightS7 may be usefuld to estimate the mass

concentrations of non-refractory compounds for LAAPTOF measurements without AMS in rural locations: ammonium mass

concentrations can be estimated from panel-Fig. S7(a), afterwards organic mass concentrations can be estimated by using Fig.

7(a), and then nitrate can be estimated from panel(f};-then-erganics-can-be-estimated-by-using-panel-{gFig. 7(b) and/or Fig.
S$37(b1 to b6) once the dominating particle types are determined, and finally the sulfate mass can be estimated from panel

{hFig. 7(c).

3.4 Particle sources of non-refractory components

The AMS can quantify the bulk particle mass of non-refractory species such as ammonium, nitrate, sulfate, and organics.
LAAPTOF measurements suggest that ambient aerosol particles at this location are often internal mixtures of ammonium,
nitrate, sulfate, organics, and other characteristic species such as metals. In order to find out the dominant particle
class/classes contributing to a certain non-refractory compound measured by AMS (namely compound donor class), we also
need the class information of the single particles, which can be achieved by the single particle identification method
described in Sect. 2.2, and assume that LAAPTOF has a similar sensitivity to the same components of different particle
classes. For nitrate measured by AMS, the dominating nitrate-donor particles with marker peaks at m/z 46 NO2 and 62 NOgz
in LAAPTOF varied in different periods (Fig. 7)—¢lass—38): “Sodium salts” was the dominating class for the whole

measurement campaign, but elass-4“Secondary inorganics-Amine” was dominant in its burst events (August 11" and 19%),

while elass-5“Biomass burning-Soil” was dominant from August 25™ to 29™. For ammonium measured by AMS, we have

observed a similar trend as for elass—4‘‘Secondary inorganics-Amine” particles, indicating that the ammonium AMS

measured mainly originated from this class. This can be reinforced by comparing with the time series of LAAPTOF marker
peaks for ammonium and amine at m/z 18 NH,4*, 30 NO*, 58 C,HsNHCH,", 59 (CH3)3sN*, and 88 (C2Hs)2NO/CsHsNO2* (Fig.
S5S8). For sulfate measured by AMS, we cannot infer the dominating donor class, since there is no comparable LAAPTOF
class and fragments. This indicates again that this instrument is-less-sensitive-er-insensitivehas a low sensitivity to some

sulfate containing particles, such as pure ammonium sulfate. For organic compounds measured by AMS, it is also hard to

find the comparable class and marker peaks in LAAPTOF data, probably due to two reasons: one is the same as that for
sulfate containing particles, and another one is that compared with AMS there are more fragments (cations and anions)

arising from organics in LAAPTOF mass spectra. Nevertheless, we have found that peaks at m/z 129 CsH;NOs* (arising
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from organonitrates) and 73 C,H4COO" (from organic acids) have a similar trend as the organics measured by AMS (Fig. 89

b and c). At the beginning of the LAAPTOF measurements, the dominating organic donor class is class 6 “Biomass burning-

Organosulfate” (mainly contributing organic acids to be measured by AMS), while at the end of the measurement period this
changed to ¢lass-3“Sodium salts ™ rich particles and 5 “Biomass burning-Soil”” (mainly contributing organonitrate and organic

acids, respectively). Apart from that, aromatic compounds mainly in elass-5“Biomass burning-Soil”” could also contribute to

the organic mass fraction measured by AMS, especially for the strongest organic burst event towards the end of the
measurement period (cf. Fig. 89 d and e).

Although, the LDI matrix effects cannot be completely overcome by using relative ion intensities, the time series of the

corresponding maker peaks (Fig. 8, Fig. 9, and Fig. S8) can still be used for preliminary assignments of the bulk species to

different particle types.

4 Conclusions and atmospheric implications

In this study, we used a combination of representative spectra obtained by fuzzy classification, laboratory based-reference

spectra, marker peaks, and typical peak ratios for the improved single aerosol particle identification at a rural site in the

upper Rhine valley near the city of Karlsruhe-city-i3, Germany. Seven major particle classes were identified among a total of

~3.7 x 10° single particles: elass—l—ISAQameeL“CaICIumﬂqeh—meG&MeéHst—He%paFHeles—elaﬁ% -Soil”; “Aged soot-tike
ticles™; 7. “Sodium saltsAﬂeraiﬁm—les’—elasst” “Secondary fe— > particles™

“inorganics-Amine”; “Biomass burning-Soil”; “Biomass

burning-Organosulfate-ceated-dust-tikeparticles”; and elass—7“Mixed/aged-particles-Dust”. All particles were internally
mixed with organic and secondary inorganic compounds, i.e., ammonium, sulfate, and nitrate. According to our observation,

these particles are expected to show a significant hygroscopicity due to their secondary inorganic contents (Fuzzi et al.,
2015), as well as the presence of organosulfates (Thalman et al., 2017). The light absorption of soot particles mightis
expected to be enhanced by mixing with non-absorbing species such as mest-ef-the-organic compounds that-can-reflect-the
Hghtte-thesoetpart(Bond et al., 2013). Organonitrates signatures found on elass-3“Sodium salts” particles are also expected

to increase their Ilght absorblng capablllty (Canagaratna et al., 2007)%5&5&%&&#%&%%@%%}&%59&%

aereselparticles: and to assist nocturnal particle growth. The good correlation of most of the particle classes and dust

signatures suggests that condensation processes and heterogeneous chemistry have modified the dust particles during their
transportation. For example, organosulfates coated dust could form from heterogeneous reactions of volatile organic
compounds (VOCs), such as glyoxal, on mineral dust particles aged by reaction with e.g. SO, (Shen et al., 2016). Since
organosulfates can form by heterogeneous reactions of IEPOX on acidic particles at low NOy level (Froyd et al., 2010;
Surratt et al., 2010), it is likely that they form also on acidified dust particles at the-similar conditions. Our general
observation of dominating aged and mixed aerosol particles is expected at a location about 2 hours downwind of nearest
major emission sources (12 km distance to Karlsruhe at an average daytime wind speed of 1.7 m/s).

Based on the precise identification for particle classes and individual particles, we developedapplied a semi-

quantification method for single particles—As-a—result—, employing size and particle class-3-/chemically-resolved overall

detection efficiencies (ODEs) for this instrument. In contrast to methods used in previous SPMS studies, our approach is

laboratory-based and doses not rely on the availability of a reference instrument in the field. The corresponding “corrections”

to the standard similarity classification result in substantial changes in the particle class abundancies: “Sodium salts”

particles changed from 43.5% (similarity) to 3.54% (corrected number fraction) corresponding to a mass fraction of

25.330.1%, becoming the second dominating class in mass; class4“Secondary inorganics-Amine” dramatically decreased

from 20.8% to 2.4% corresponding to a mass fraction of 3.6-5%; becoming the second least abundant class; class-5“Biomass
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burning-Soil” changed from 16.1% to 46-545.0% corresponding to a mass fraction of 3631.8%, becoming the dominating
class in number and mass. The big difference between number-based and mass-based SPMS results has enforced the
importance of particle mass quantification. Noteworthy, our semi-quantification approach requires several assumptions

mainly regarding particle shape and density, which might-cause~540%results in potential uncertainties of up to ~300% with
the dominant OBE-caused-one—Regardless-of-such-bigsource still the ODE values. Despite this large uncertainty, we-are-the

first-to-estimate-single-particle-mass-in-SPMS-studies—Thethe resulting total particle mass show good correlationsagreement
with the total mass of non-refractory compounds,—i-e—ammeonium,-nitrate,—sulfate,and-erganic-compounds measured by
AMS in different perlods covering ~#6%85% of the measurement time. Fhis-indicates-these-compeounds-might-mainly-be

guantification;However, some discrepancies still remain most likely due to the low sensitivity of LAAPTOF for small

particles as well as ammonium sulfate and organic rich particles. Furthermore, we have found specific relationships of
LAAPTOF ion intensityintensities ratios and AMS mass concentration results for non-refractory compounds-have-been

found, especially for the fraction of org/(org+nitrate). This will be applied for source apportionment in an upcoming

publication. The corresponding scatter plots mightmay be usefuld to estimate the-mass of-these-cempoundsconcentrations in
future LAARTOESPMS studies witheutas well.

We have shown how particle size, density, morphology (shape), and chemical composition have impact the ODE of the
LAAPTOEF. Therefore, these factors need to be taken into account for a reasonable quantitative instruments-tike-AMS:

interpretation of SPMS data. Considering a more precise correction and reduced quantification uncertainties, systematic

measurements on different types of standard samples are still wneeﬁe—helgeb{a#pm%eempmhenswe-sensﬂm%y—ef—mls

interpretation-of SPMS-dataneeded to obtain more comprehensive sensitivities for LAAPTOF.

Employing particle class information for individual particles and specific marker peaks with relative ion intensities, this

study is the-firstable to assign non-refractory compounds measured by AMS to different classes of particles measured by
SPMS. It turns out that nitrate measured by AMS was mainly from particle-class-3.sodium salts like particles. Ammonium

measured by AMS was mainly arising from particle-class-4secondary inorganics-amine particles. However, the dominating

donor particle classes varied in different time periods during the measurements. Organic compounds measured by AMS were
from organic acids (mainly on particle€class-5-and-6aged biomass burning particles), organonitrates (from elass-3sodium

salts), and aromatic compounds (from elass-5}-aged biomass burning particles). During the entire measurement;_campaign

the dominating particle classes changed with respect to particle number and mass, and the donor classes for non-refractory
compounds also varied substantially indicating changes of particles sources.
In spite of semesignificant uncertainties stemming from several assumptions and instrumental aspects, our study

provides a good example for identi identification and

quantitative interpretation of single particle data;—and-tegether. Together with the complimentary results from bulk
measurements by AMS, we have shown how a better understanding of the internal and external mixing state of ambient

aerosol particles can be achieved.

Data availability

LAAPTOF reference spectra are available upon request to the corresponding author and are available in electronic format via
the EUROCHAMP DATA CENTER - Library of Analytical Resources of the EU project EUROCHAMP-2020
(https://data.eurochamp.org/, EUROCHAMP, 20189).

38


https://data.eurochamp.org/

10

15

20

25

30

35

Author contributions

X.S. operated LAAPTOF and AMS during the whole field campaign, did the LAAPTOF data analysis, produced all figures,
and wrote the manuscript. H.S. organized the campaign, provided suggestions for the data anfalysis, interpretation, and
discussion. W.H. operated AMS during the whole campaign and did AMS data analysis. C.M. helped to operate the
instruments, provided suggestions for the data analysis, interpretation, and discussion. R.R. helped to operate LAAPTOF.

T.L. gave general advices and comments for this paper. All authors contributed to the final text.

Competing interests

The authors declare no conflict of interest.

Acknowledgements

The authors gratefully thank the AIDA staff at KIT for helpful discussions and technical support, and the China Scholarship
Council (CSC) for financial support of Xiaoli Shen and Wei Huang. Special thanks go to
Daniel Cziczo for discussions about particle identification and quantification methods, and-to Nsikanabasi Umo for
discussions about the coal fly ash sample, and to the Albtal-Verkehrs-Gesellschaft (AVG) for providing power and the

measurement location near the tram line.

References

Ahern, A. T., Subramanian, R., Saliba, G., Lipsky, E. M., Donahue, N. M., and Sullivan, R. C.: Effect of secondary organic
aerosol coating thickness on the real-time detection and characterization of biomass-burning soot by two particle mass
spectrometers, Atmos Meas Tech, 9, 6117-6137, 2016.

Allen, J. O., Bhave, P. V., Whiteaker, J. R., and Prather, K. A.: Instrument busy time and mass measurement using aerosol

time-of-flight mass spectrometry, Aerosol Sci Tech, 40, 615-626. 2006.
Allen, J. O., Fergenson, D. P., Gard, E. E., Hughes, L. S., Morrical, B. D., Kleeman, M. J., Gross, D. S., Galli, M. E., Prather,

K. A., and Cass, G. R.: Particle detection efficiencies of aerosol time of flight mass spectrometers under ambient
sampling conditions, Environ Sci Technol, 34, 211-217. 2000.

Angelino, S., Suess, D. T., and Prather, K. A.: Formation of aerosol particles from reactions of secondary and tertiary

alkylamines: Characterization by aerosol time-of-flight mass spectrometry, Environ Sci Technol, 35, 3130-3138, 2001.

Ault, A. P., Moore, M. J., Furutani, H., and Prather, K. A.: Impact of Emissions from the Los Angeles Port Region on San

Diego Air Quality during Regional Transport Events, Environ Sci Technol, 43, 3500-3506, 2009.
Bahreini, R., Keywood, M. D., Ng, N. L., Varutbangkul, V., Gao, S., Flagan, R. C., Seinfeld, J. H., Worsnop, D. R., and
Jimenez, J. L.: Measurements of secondary organic aerosol from oxidation of cycloalkenes, terpenes, and m-xylene using

an Aerodyne aerosol mass spectrometer, Environ Sci Technol, 39, 5674-5688, 2005.
Bein, K. J., Zhao, Y. J., Pekney, N. J., Davidson, C. I., Johnston, M. V., and Wexler, A. S.: Identification of sources of

atmospheric PM at the Pittsburgh Supersite - Part Il: Quantitative comparisons of single particle, particle number, and

particle mass measurements, Atmos Environ, 40, S424-S444, 2006.

Bergametti, G. and Forét, G.: Mineral Dust: a key player in the earth system. Chapter 8, p183, Springer, 2014.

Bond, T. C., Doherty, S. J., Fahey, D. W., Forster, P. M., Berntsen, T., DeAngelo, B. J., Flanner, M. G., Ghan, S., Karcher,
B., Koch, D., Kinne, S., Kondo, Y., Quinn, P. K., Sarofim, M. C., Schultz, M. G., Schulz, M., Venkataraman, C., Zhang,
H., Zhang, S., Bellouin, N., Guttikunda, S. K., Hopke, P. K., Jacobson, M. Z., Kaiser, J. W., Klimont, Z., Lohmann, U.,

39



10

15

20

25

30

35

40

Schwarz, J. P., Shindell, D., Storelvmo, T., Warren, S. G., and Zender, C. S.: Bounding the role of black carbon in the
climate system: A scientific assessment, J Geophys Res-Atmos, 118, 5380-5552, 2013.

Canagaratna, M. R., Jayne, J. T., Jimenez, J. L., Allan, J. D., Alfarra, M. R., Zhang, Q., Onasch, T. B., Drewnick, F., Coe, H.,
Middlebrook, A., Delia, A., Williams, L. R., Trimborn, A. M., Northway, M. J., DeCarlo, P. F., Kolb, C. E., Davidovits,
P., and Worsnop, D. R.: Chemical and microphysical characterization of ambient aerosols with the aerodyne aerosol
mass spectrometer, Mass Spectrom Rev, 26, 185-222, 2007.

Christopoulos, C. D., Garimella, S., Zawadowicz, M. A., Mohler, O., and Cziczo, D. J.: A machine learning approach to

aerosol classification for single-particle mass spectrometry, Atmos Meas Tech, 11, 5687-5699. 2018.

DeCarlo, P. F., Kimmel, J. R., Trimborn, A., Northway, M. J., Jayne, J. T., Aiken, A. C., Gonin, M., Fuhrer, K., Horvath, T,
Docherty, K. S., Worsnop, D. R., and Jimenez, J. L.: Field-deployable, high-resolution, time-of-flight aerosol mass
spectrometer, Anal Chem, 78, 8281-8289, 2006.

DeCarlo, P. F., Slowik, J. G., Worsnop, D. R., Davidovits, P., and Jimenez, J. L.; Particle morphology and density
characterization by combined mobility and aerodynamic diameter measurements. Part 1: Theory, Aerosol Sci Tech, 38,
1185-1205, 2004.

Decesari, S., Finessi, E., Rinaldi, M., Paglione, M., Fuzzi, S., Stephanou, E. G., Tziaras, T., Spyros, A., Ceburnis, D.,

O'Dowd, C., Dall'Osto, M., Harrison, R. M., Allan, J., Coe, H., and Facchini, M. C.: Primary and secondary marine

organic aerosols over the North Atlantic Ocean during the MAP experiment, J Geophys Res-Atmos, 116, 2011.

Erisman, J. W., Otjes, R., Hensen, A., Jongejan, P., van den Bulk, P., Khlystov, A., Mols, H., and Slanina, S.: Instrument

development and application in studies and monitoring of ambient ammonia, Atmos Environ, 35, 1913-1922. 2001.

Faude, F. and Goschnick, J.: XPS, SIMS and SNMS applied to a combined analysis of aerosol particles from a region of

considerable air pollution in the upper Rhine valley, Fresen J Anal Chem, 358, 67-72. 1997.

Fergenson, D. P., Song, X. H., Ramadan, Z., Allen, J. O., Hughes, L. S., Cass, G. R., Hopke, P. K., and Prather, K. A.:
Quantification of ATOFMS data by multivariate methods, Anal Chem, 73, 3535-3541, 2001.

Froyd, K. D., Murphy, S. M., Murphy, D. M., de Gouw, J. A., Eddingsaas, N. C., and Wennberg, P. O.: Contribution of
isoprene-derived organosulfates to free tropospheric aerosol mass, P Natl Acad Sci USA, 107, 21360-21365, 2010.

Fuzzi, S., Baltensperger, U., Carslaw, K., Decesari, S., van Der Gon, H. D., Facchini, M. C., Fowler, D., Koren, I., Langford,
B., Lohmann, U., Nemitz, E., Pandis, S., Riipinen, I., Rudich, Y., Schaap, M., Slowik, J. G., Spracklen, D. V., Vignati, E.,
Wild, M., Williams, M., and Gilardoni, S.: Particulate matter, air quality and climate: lessons learned and future needs,
Atmos Chem Phys, 15, 8217-8299, 2015.

Gallavardin, S., Lohmann, U., and Cziczo, D.: Analysis and differentiation of mineral dust by single particle laser mass
spectrometry, Int J Mass Spectrom, 274, 56—63, 2008.

Gemayel, R., Hellebust, S., Temime-Roussel, B., Hayeck, N., Van Elteren, J. T., Wortham, H., and Gligorovski, S.: The
performance and the characterization of laser ablation aerosol particle time-of-flight mass spectrometry (LAAP-ToF-MS),
Atmos Meas Tech, 9, 1947-1959, 2016.

Gemayel, R., Temime-Roussel, B., Hayeck, N., Gandolfo, A., Hellebust, S., Gligorovski, S., and Wortham, H.: Development
of an analytical methodology for obtaining quantitative mass concentrations from LAAP-ToF-MS measurements,
Talanta, 174, 715-724, 2017.

Goschnick, J., Schuricht, J., and Ache, H. J.: Depth-Structure of Airborne Microparticles Sampled Downwind from the City

of Karlsruhe in the River Rhine Valley, Fresen J Anal Chem, 350, 426-430, 1994.

Gross, D. S., Gélli, M. E., Silva, P. J., and Prather, K. A.: Relative sensitivity factors for alkali metal and ammonium cations
in single particle aerosol time-of-flight mass spectra, Anal Chem, 72, 416422, 2000.

40



10

15

20

25

30

35

40

Gunsch, M. J., May, N. W., Wen, M., Bottenus, C. L. H., Gardner, D. J., VanReken, T. M., Bertman, S. B., Hopke, P. K.,

Ault, A. P., and Pratt, K. A.: Ubiquitous influence of wildfire emissions and secondary organic aerosol on summertime

atmospheric aerosol in the forested Great Lakes region, Atmospheric Chemistry and Physics, 18, 3701-3715, 2018.

Hagemann, R., Corsmeier, U., Kottmeier, C., Rinke, R., Wieser, A., and Vogel, B.: Spatial variability of particle number
concentrations and NOX in the Karlsruhe (Germany) area obtained with the. mobile laboratory '"AERO-TRAM', Atmos
Environ, 94, 341-352, 2014.

Hatch, L. E., Creamean, J. M., Ault, A. P., Surratt, J. D., Chan, M. N., Seinfeld, J. H., Edgerton, E. S., Su, Y. X., and Prather,
K. A.: Measurements of Isoprene-Derived Organosulfates in Ambient Aerosols by Aerosol Time-of-Flight Mass
Spectrometry-Part 2: Temporal Variability and Formation Mechanisms, Environ Sci Technol, 45, 8648-8655, 2011a.

Hatch, L. E., Creamean, J. M., Ault, A. P., Surratt, J. D., Chan, M. N., Seinfeld, J. H., Edgerton, E. S., Su, Y. X., and Prather,
K. A.: Measurements of Isoprene-Derived Organosulfates in Ambient Aerosols by Aerosol Time-of-Flight Mass
Spectrometry - Part 1: Single Particle Atmospheric Observations in Atlanta, Environ Sci Technol, 45, 5105-5111, 2011b.

Hatch, L. E., Pratt, K. A., Huffman, J. A., Jimenez, J. L., and Prather, K. A.: Impacts of Aerosol Aging on Laser

Desorption/lonization in Single-Particle Mass Spectrometers, Aerosol Sci Tech, 48, 1050—-1058, 2014.
Healy, R. M., Sciare, J., Poulain, L., Crippa, M., Wiedensohler, A., Prevot, A. S. H., Baltensperger, U., Sarda-Esteve, R.,
McGuire, M. L., Jeong, C. H., McGillicuddy, E., O'Connor, I. P., Sodeau, J. R., Evans, G. J., and Wenger, J. C.:

Quantitative determination of carbonaceous particle mixing state in Paris using single-particle mass spectrometer and

aerosol mass spectrometer measurements, Atmos Chem Phys, 13, 9479-9496, 2013.

Healy, R. M., Sciare, J., Poulain, L., Kamili, K., Merkel, M., Muller, T., Wiedensohler, A., Eckhardt, S., Stohl, A., Sarda-

Esteve, R., McGillicuddy, E., O'Connor, |I. P., Sodeau, J. R., and Wenger, J. C.: Sources and mixing state of size-

resolved elemental carbon particles in a European megacity: Paris, Atmospheric Chemistry and Physics, 12, 1681-1700,
2012,
Hill, T. C. J., DeMott, P. J., Tobo, Y., Froehlich-Nowoisky, J., Moffett, B. F., Franc, G. D., and Kreidenweis, S. M.: Sources

of organic ice nucleating particles in soils, Atmospheric Chemistry and Physics, 16, 7195-7211, 2016.

Huang, W., Saathoff, H., Shen, X. L., Ramakrishna, R., Leisner, T., and Mohr, C.: Chemical characterization of highly
functionalized organonitrates contributing to high night-time organic aerosol mass loadings and particle growth, Environ
Sci Technol, te-be-submitteddoi: 10.1021/acs.est.8b05826, 2018.

Jeong, C. H., McGuire, M. L., Godri, K. J., Slowik, J. G., Rehbein, P. J. G., and Evans, G. J.: Quantification of aerosol

chemical composition using continuous single particle measurements, Atmos Chem Phys, 11, 7027-7044, 2011.

Kollner, F., Schneider, J., Willis, M. D., Klimach, T., Helleis, F., Bozem, H., Kunkel, D., Hoor, P., Burkart, J., Leaitch, W.
R., Aliabadi, A. A., Abbatt, J. P. D., Herber, A. B., and Borrmann, S.: Particulate trimethylamine in the summertime
Canadian high Arctic lower troposphere, Atmos Chem Phys, 17, 13747-13766, 2017.

Li, L., Liu, L., Xu, L., Li, M., Li, X., Gao, W., Huang, Z. X., and Cheng, P.: Improvement in the Mass Resolution of Single

Particle Mass Spectrometry Using Delayed lon Extraction, J Am Soc Mass Spectr, 29, 2105-2109, 2018.

Lin, Q. H., Zhang, G. H., Peng, L., Bi, X. H., Wang, X. M., Brechtel, F. J., Li, M., Chen, D. H., Peng, P. A., Sheng, G. Y.,
and Zhou, Z.: In situ chemical composition measurement of individual cloud residue particles at a mountain site,
southern China, Atmos Chem Phys, 17, 8473-8488, 2017.

Lu, D. W,, Liu, Q., Yu, M, Yang, X. Z., Fu, Q., Zhang, X. S., Mu, Y. J., and Jiang, G. B.: Natural Silicon Isotopic
Signatures Reveal the Sources of Airborne Fine Particulate Matter, Environ Sci Technol, 52, 1088—1095, 2018.

Marsden, N. A., Flynn, M. J., Allan, J. D., and Coe, H.: Online dfferentiation of mineral phase in aerosol particles by ion

formation mechanism using a LAAP-TOF single-particle mass spectrometer, Atmos Meas Tech, 11, 195-213, 2018a.

41



10

15

20

25

30

35

40

Marsden, N. A., Flynn, M. J., Taylor, J. W., Allan, J. D., and Coe, H.: Evaluating the influence of laser wavelength and
detection stage geometry on optical detection efficiency in a single-particle mass spectrometer, Atmos Meas Tech, 9,
6051-6068, 2016.

Marsden, N. A., Ullrich, R., Méhler, O., Hammer, S. E., Kandler, K., Cui, Z., Williams, P. I., Flynn, M. J., Liu, D., Allan, J.
D., and Coe, H.: Mineralogy and mixing state of North African mineral dust by on-line single-particle mass spectrometry,
Atmos Chem Phys Discuss, https://doi.org/10.5194/acp-2018-725, 2018b.

May, N. W., Gunsch, M. J., Olson, N. E., Bondy, A. L., Kirpes, R. M., Bertman, S. B., China, S., Laskin, A., Hopke, P. K.,

Ault, A. P., and Pratt, K. A.: Unexpected Contributions of Sea Spray and Lake Spray Aerosol to Inland Particulate
Matter, Environ Sci Tech Let, 5, 405-412, 2018.

Middlebrook, A. M., Bahreini, R., Jimenez, J. L., and Canagaratna, M. R.: Evaluation of composition-dependent collection
efficiencies for the aerodyne aerosol mass spectrometer using field data, Aerosol Sci Tech, 46, 258-271, 2012.

Moffet, R. C., de Foy, B., Molina, L. T., Molina, M. J., and Prather, K. A.: Measurement of ambient aerosols in northern

Mexico City by single particle mass spectrometry, Atmos Chem Phys, &8, 4499-4516, 2008a.

Moffet, R. C., Qin, X. Y., Rebotier, T., Furutani, H., and Prather, K. A.: Chemically segregated optical and microphysical

properties of ambient aerosols measured in a single-particle mass spectrometer, J Geophys Res-Atmos, 113, 2008b.

Murphy, D. M.: The design of single particle laser mass spectrometers, Mass Spectrom Rev, 26, 150-165, 2007.

Murphy, D. M., Cziczo, D. J., Froyd, K. D., Hudson, P. K., Matthew, B. M., Middlebrook, A. M., Peltier, R. E., Sullivan, A.,
Thomson, D. S., and Weber, R. J.: Single-particle mass spectrometry of tropospheric aerosol particles, J Geophys Res-
Atmos, 111, D23S32, doi: 10.1029/2006jd007340, 2006.

Noble, C. A. and Prather, K. A.: Real-time single particle mass spectrometry: a historical review of a quarter century of the
chemical analysis of aerosols, Mass Spectrom Rev, 19, 248-274, 2000.

Perring, A. E., Pusede, S. E., and Cohen, R. C.: An observational perspective on the atmospheric impacts of alkyl and
multifunctional nitrates on ozone and secondary organic aerosol, Chem Rev, 113, 5848-5870, 2013.

Pdschl, U.: Atmospheric aerosols: Composition, transformation, climate and health effects, Angew Chem Int Edit, 44, 7520—
7540, 2005.

Pratt, K. A. and Prather, K. A.: Mass spectrometry of atmospheric aerosols-Recent developments and applications. Part II:
On-line mass spectrometry techniques, Mass Spectrom Rev, 31, 17-48, 2012.

Qin, X. Y., Bhave, P. V., and Prather, K. A.: Comparison of two methods for obtaining quantitative mass concentrations

from aerosol time-of-flight mass spectrometry measurements, Anal Chem, 78, 6169—6178. 2006.

Qin, X. Y., Pratt, K. A., Shields, L. G., Toner, S. M., and Prather, K. A.: Seasonal comparisons of single-particle chemical

mixing state in Riverside, CA, Atmos Environ, 59, 587-596, 2012.

Ramisetty, R., Abdelmonem, A., Shen, X. L., Saathoff, H., Leisner, T., and Mobhr, C.: Exploring femtosecond laser ablation
in single-particle aerosol mass spectrometry, Atmos Meas Tech, 11, 4345-4360, 2018.
Reilly, P. T. A., Lazar, A. C., Gieray, R. A., Whitten, W. B., and Ramsey, J. M.: The elucidation of charge-transfer-induced

matrix_effects in_environmental aerosols via real-time aerosol mass spectral analysis of individual airborne particles,
Aerosol Sci Tech, 33, 135-152. 2000.

Reinard, M. S. and Johnston, M. V.: lon formation mechanism in laser desorption ionization of individual nanoparticles, J
Am Soc Mass Spectr, 19, 389-399, 2008.

Reitz, P., Zorn, S. R., Trimborn, S. H., and Trimborn, A. M.: A new, powerful technique to analyze single particle aerosol
mass spectra using a combination of OPTICS and the fuzzy c-means algorithm, J Aerosol Sci, 98, 1-14, 2016.

Roth, A., Schneider, J., Klimach, T., Mertes, S., van Pinxteren, D., Herrmann, H., and Borrmann, S.: Aerosol properties,
source identification, and cloud processing in orographic clouds measured by single particle mass spectrometry on a
central European mountain site during HCCT-2010, Atmos Chem Phys, 16, 505-524, 2016.

42


https://doi.org/10.5194/acp-2018-725

10

15

20

25

30

35

40

Schmidt, S., Schneider, J., Klimach, T., Mertes, S., Schenk, L. P., Curtius, J., and Borrmann, S.: Online single particle
analysis of ice particle residuals from mountain-top mixed-phase clouds using laboratory derived particle type
assignment, Atmos Chem Phys, 17, 575-594, 2017.

Shen, X. L., Ramisetty, R., Mohr, C., Huang, W., Leisner, T., and Saathoff, H.: Laser ablation aerosol particle time-of-flight
mass spectrometer (LAAPTOF): performance, reference spectra and classification of atmospheric samples, Atmos Meas
Tech, 11, 2325-2343, 2018.

Shen, X. L., Wu, H. H., Zhao, Y., Huang, D., Huang, L. B., and Chen, Z. M.: Heterogeneous reactions of glyoxal on mineral
particles: A new avenue for oligomers and organosulfate formation, Atmos Environ, 131, 133-140, 2016.

Spencer, M. T., Shields, L. G., and Prather, K. A.: Simultaneous measurement of the effective density and chemical

composition of ambient aerosol particles, Environ Sci Technol, 41, 1303—-1309, 2007.

Stolzenburg, M. R. and Hering, S. V.: Method for the automated measurement of fine particle nitrate in the atmosphere,
Environ Sci Technol, 34, 907-914, 2000.

Surratt, J. D., Chan, A. W. H., Eddingsaas, N. C., Chan, M. N., Loza, C. L., Kwan, A. J., Hersey, S. P., Flagan, R. C.,
Wennberg, P. O., and Seinfeld, J. H.: Reactive intermediates revealed in secondary organic aerosol formation from
isoprene, P Natl Acad Sci USA, 107, 6640-6645, 2010.

Thalman, R., de Sa, S. S., Palm, B. B., Barbosa, H. M. J., Pohlker, M. L., Alexander, M. L., Brito, J., Carbone, S., Castillo,
P., Day, D. A,, Kuang, C. G., Manzi, A., Ng, N. L., Sedlacek, A. J., Souza, R., Springston, S., Watson, T., Pohlker, C.,
Poschl, U., Andreae, M. O., Artaxo, P., Jimenez, J. L., Martin, S. T., and Wang, J.: CCN activity and organic

hygroscopicity of aerosols downwind of an urban region in central Amazonia: seasonal and diel variations and impact of
anthropogenic emissions, Atmos Chem Phys, 17, 11779-11801, 2017.

Thomson, D. S., Middlebrook, A. M., and Murphy, D. M.: Thresholds for laser-induced ion formation from aerosols in a

vacuum using ultraviolet and vacuum-ultraviolet laser wavelengths, Aerosol Sci Tech, 26, 544-559, 1997.

Vera, C. C., Trimborn, A., Hinz, K. P., and Spengler, B.: Initial velocity distributions of ions generated by in-flight laser

desorption/ionization of individual polystyrene latex microparticles as studied by the delayed ion extraction method,
Rapid Commun Mass Sp, 19, 133-146. 2005.

Wang, Z., King, S. M., Freney, E., Rosenoern, T., Smith, M. L., Chen, Q., Kuwata, M., Lewis, E. R., Poschl, U., Wang, W.,
Buseck, P. R., and Martin, S. T.: The dynamic shapefactor of sodium chloride nanoparticles as regulated by drying rate,
Aerosol Sci Tech, 44, 939-953, 2010.

Wenzel, R. J., Liu, D. Y., Edgerton, E. S., and Prather, K. A.: Aerosol time-of-flight mass spectrometry during the Atlanta

Supersite Experiment: 2. Scaling procedures, J Geophys Res-Atmos, 108, 2003.

Wenzel, R. J. and Prather, K. A.: Improvements in ion signal reproducibility obtained using a homogeneous laser beam for

on-line laser desorption/ionization of single particles, Rapid Commun Mass Sp, 18, 1525-1533, 2004.

Wiley, W. C. and Mclaren, I. H.: Time-of-Flight Mass Spectrometer with Improved Resolution, Rev Sci Instrum, 26, 1150—
1157, 1955.

Williams, L. R., Gonzalez, L. A., Peck, J., Trimborn, D., Mclnnis, J., Farrar, M. R., Moore, K. D., Jayne, J. T., Robinson, W.
A., Lewis, D. K., Onasch, T. B., Canagaratna, M. R., Trimborn, A., Timko, M. T., Magoon, G., Deng, R., Tang, D.,

Blanco, E. D. L. R., Prévét, A. S. H., Smith, K. A., and Worsnop, D. R.: Characterization of an aerodynamic lens for

transmitting particles greater than 1 micrometer in diameter into the Aerodyne aerosol mass spectrometer, Atmos Meas
Tech, 6, 3271-3280, 2013.
Wonaschuetz, A., Kallinger, P., Szymanski, W., and Hitzenberger, R.: Chemical composition of radiolytically formed

particles using single-particle mass spectrometry, J Aerosol Sci, 113, 242-249, 2017.

43



Zawadowicz, M. A., Froyd, K. D., Murphy, D., and Cziczo, D. J.: Improved identification of primary biological aerosol
particles using single particle mass spectrometry, Atmos Chem Phys, 17, 7193-7212, 2017.

Zelenyuk, A., Cai, Y., Chieffo, L., and Imre, D.: High precision density measurements of single particles: The density of
metastable phases, Aerosol Sci Tech, 39, 972-986, 2005.

5 Zelenyuk, A., Imre, D., Han, J. H., and Oatis, S.: Simultaneous measurements of individual ambient particle size,

composition, effective density, and hygroscopicity, Anal Chem, 80, 1401-1407, 2008.

Zenobi, R. and Knochenmuss, R.: lon formation in MALDI mass spectrometry, Mass Spectrom Rev, 17, 337-366. 1998.
Zhou, Y., Huang, X. H. H., Griffith, S. M., Li, M., Li, L., Zhou, Z., Wu, C., Meng, J. W., Chan, C. K., Louie, P. K. K., and

Yu, J. Z.: A field measurement based scaling approach for quantification of major ions, organic carbon, and elemental

10 carbon using a single particle acrosol mass spectrometer, Atmos Environ, 143, 300-312, 2016.

44



Table 1: Particle fuzzy-class aumber,symbolcelourandnumbers, names:, and labels.

Class No. Name Label
1 Calcium rich and soil dust like particles Calcium-Soil
2 Aqged soot like particles Aged soot
3 Sodium salts like particles Sodium salts
4 Secondary inorganics rich and amine containing particles Secondary inorganics-Amine
5 Aged biomass burning and soil dust like particles Biomass burning-Soil
6 Aqged biomass burning and organosulfate containing particles Biomass burning-Organosulfate
7 Mixed/aged and dust like particles Mixed/aged-Dust

Note that “rich” used in the names stands for the strong spectral signal rather than the real mass fraction. Class 7 is named “mixed/aged
particles” because particles in this class have almost all the marker peaks from the other classes.
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Figure 1: Overall detection efficiency-(OBE)} of LAAPTOF for different types of particles as a function of the mobility diameter
(dm), adapted from Shen et al. (2018)-_and extended. Dashed lines are fitting curves for maximum, mean and minimum values of
ODE. For other organic particles (green), ODE at 400 nm is the data from secondary organic aerosol (SOA) particles from a-
pinene ozonolysis, ODE at 500 nm is the data from humic acid, and ODE at 800 nm is data from humic acid (1.9 £ 0.3%), oxalic
acid (0.3 £ 0.1%), pinic acid (1.6 £ 0.1%0), and cis-pinonic acid (1.9 + 0.7%). SOA particles were formed in the Aerosol Preparation
and Characterization (APC) chamber and then transferred into the AIDA chamber. Agricultural soil dust (brown_symbol) were
dispersed by a rotating brush generator and injected via cyclones into the AIDA chamber. Sea salt particles (purple) were also
sampled from AlBA-chamberthe AIDA chamber. Soot particles from incomplete combustion of propane were generated with a
propane burner (RSG miniCAST; Jing Ltd.), and then injected into and sampled from a stainless steel cylinder of ~0.2 m? volume.
SiO2 particles were directly sampled from the headspace of their reservoirs. The other aerosol particles shown in this figure were
generated from a nebulizer and size-selected by a DMA. Note that there is uncertainty with respect to particle size due to the
particle generation method. The nebulized and DMA sized samples have relative smaller standard deviation (SD) from Gaussian
fitting to the measured particle sizes. PSL size has the smallest size SD (averaged value is 20 nm) and the corresponding relative
SD (RSD = SD divided by the corresponding size) is ~6%, since the original samples are with certain sizes. The other nebulized
samples have standard deviations ranging from 70 to 120 nm SD and 3 to 23% RSD. Particles sampled from AIDA chamber have
much bigger size SD: ~70 nm for SOA (17% RSD), ~2100 nm for agricultural soil dust (~6683% RSD},) and ~180 nm for sea salt
particles (~34% RSD). Considering this uncertainty, we have chosen size segment of 100 nm (x50 nm) for correction, e.g., particles
with size of 450 to 550 nm will use the ODE at 500 nm particle number correction.
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Figure 2: Representative mass spectra and-size-reselved-number-fraction-forof seven particle classes measured during the field
campaign TRAMOL1, based on fuzzy classification according to fuzzy c-means clustering algorithm, and averaged spectrum of total

~3.7 x 10° single particles measured. The percentage in each pair of spectra gives us information about the similarity of the total
aerosol particles to different classes. The red, blue, and orange labels represent the signatures for sulfate (32 S, 64 SO2", 80 SOs',
81 HSOs3", 97 HSO4', 177 SO3HSO4, and 195 HSO4H2SOy), nitrate (30 NO*, 46 NO2", and 62 NOs") and ammonium (18 NH4* and
30 NO*). The green labels represent the organic compounds (26 C2H2/CN- and 42 C2H2O/CNO"). Grey labels represent the
background fragments (common ions) that exist for every particle class, while the black ones are the signatures for different

classes.
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5 LAAPTOF during the whole campaign.
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Note that, the correction shown here is based on a chemically or particle class resolved ODE. The seven classes are class 1
“Calcium-Soil”; class 2 “Aged soot”; class3: “Sodium salts”; class 4 “Secondary inorganics-Amine”; class 5 “Biomass burning-
Soil”; class 6 “Biomass burning-Organosulfate”; and class 7 “Mixed/aged-Dust™.
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Figure 45: Correlation diagram of fuzzy classification results (7 classes, C1 to C7) and 36 laboratory-based reference spectra.
Correlation results for the positive and negative spectra (e.g., for C1) are in the separated rows (e.g., C1+ and C1-). PAH is short
for poly(allylamine hydrochloride), B SOA is short for biogenic SOA (u-pinene SOA in this study), A SOA is short for
anthropogenic SOA (toluene SOA in this study), biomass burning soot is the lignocellulosic char from Chestnut wood. Note that,
the strong and good correlations mentioned in the paper stand for Pearson’s correlation coefficient y> 0.8 and y> 0.6, respectively.
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The seven classes are class 1 “Calcium-Soil”; class 2 “Aged soot”; class3: “Sodium salts”; class 4 “Secondary inorganics-Amine”;
class 5 “Biomass burning-Soil”; class 6 “Biomass burning-Organosulfate”; and class 7 “Mixed/aged-Dust”.
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Figure 67: Comparison of non-refractory compounds measured by LAAPTOF and AMS: The-nermalized-intensity-of{a)-30-NO*;
(b)nitrate—(46-NOy—~+-62-NO3);—{c)-sulfate{32-5+64-SO—+80-SOs —~+81HSOs—+96-SO, —+-97-HSO, —~+177-SOsHSOs +195

H.SO4/HSO4):

sHACH:O/CHNO* 58 CoHsNHCH*—59—{(CH3)sN*—88

éGgHs)zNQ#GgHeNQz OECol el B O d 00 ORI apel lo) su ol dhe pegntive ocgapiepo e s m/z 2
G 25-CoH- —2—6—GgHz/-GN —4—2—GQHQQ¢GNQ —45—G©QH —SQ—GHzGQQH —7—1—GGHQGQQH —73—@2H4G©OH —85—@3H4GQQH —and—gg

{£6).00H

measu#ed—by—AMS—Fespeetwely—Gempansen—ef(_) LAAPTOF organlc catlons and NO+ fractlons (Org/(Org+NO) (_)_organlc

(c) organic anions and Aitratesulfate fractions

anions and sulfatenitrate fractions,—as—well—as— Org/(Org+Nitrate),

Org/(Org+Sulfate) to the corresponding AMS mass fractions

. Each point is 10 min

averaged data, and there are 4483 points in each scatter plot. Dashed line in panel (fa) and (h_) are used to guide the eyes, while
the curve in panel (gb) is from the fitting result. Colour scale is related to the timeline, including periods 1 to 6-, same as the ones in
Fig.6. Further comparison of Org/(Org+Nitrate) during 6 periods are in the scatter plots (b1) to (b6).
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Figure 9: Time serles of orqanlc species measured bv AI\/IS in mass concentratlon and LAAPTOF |n normalized ion intensities,
ies. In LAAPTOF spectra,

peaksthe Qeak at m/z 129 CsH7NOs" is ansmg from epganem#ateorqanomtrates m/z 73 C2H4COO" from organic acids, and m/z
95 C7Hu* and-as well as m/z 115 CgH7* are from aromatic compounds. The seven classes are class 1 “Calcium- Soil”; class 2 “Aged
soot”; class3: “Sodium salts”; class 4 “Secondary inorganics-Amine”; class 5 “Biomass burning-Seil”; class 6 “Biomass burning-

Organosulfate”; and class 7 “Mixed/aged-Dust”.
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