Response to anonymous Referee #1 comments

The paper of Vodicka et al. aimed at elucidating particulate matter and their gaseous precursor
sources by interpreting results of isotope analysis. The study is based on a year-round data set and,
therefore, trying to discern seasonal differences and processes taking place in different seasons. The
analytical approach to the measurement results is highly commendable where authors try to make
sense of various relationships between the variables. By large the interpretations are justified
although several of them are highly speculative and aiming to fit the data or simply shallow. Graphics
of the paper is very well prepared and clear utilising three or four dimensions in 2D graph. The paper
is certainly recommended for publication in Atmospheric Chemistry and Physics, but additional work
is required by removing ambiguities, speculations and making the interpretations more coherent.

Response: Firstly, we would like to thank the referee for his positive criticism and valuable review
which has enabled us to improve our paper. Based on the reviewer comments, we thought about
different views of the issue and we also re-wrote some parts of the manuscript. Answers for reviewer's
comments are following below.

Major comments

The major comment is the lack of coherent interpretation arising from unified approach to isotope
effect and fractionation processes. Physico-chemical properties are the result of quantum mechanical
effects with heavier isotopes (like C13 and N15) possessing lower vibrational energy levels and making
stronger bonds and vice versa for lighter isotopes. Also, lighter isotope species have lower vapour
pressures resulting in faster phase transitions. Condensation of isotope-light species would make the
product of lower isotope ratio while evaporation would make it higher. Formation/evaporation of
ammonium nitrate is, indeed, a reversible reaction, but not necessarily in equilibrium from isotope
point of view because of competition effect with sulfate for ammonium. Particulate matter products,
like ammonium sulfate or nitrate only consume a small fraction of their respective gaseous species
pool (1-10%) with a possible exception of nitric acid (which is a product itself). Hence, isotope-heavy
product does not necessarily involve heavy precursors, but instead isotope-heavy fraction of gaseous
precursors due to the above considerations.

Response: Thank you for this comment. It provides some general information that were missing in our
manuscript. Based on this, we decided to extend the Introduction chapter to the following paragraph:
“Isotopes are furthermore altered mainly by kinetic and/or equilibrium fractionation processes. Kinetic
isotope effects (KIE) occur mainly during unidirectional (irreversible) reactions but also diffusion or
during reversible reactions that are not yet at equilibrium (Gensch et al., 2014). Owing to KIE, reaction
products (both gasses and particles) are depleted in the heavy isotope relatively to the reactants, and
this effect is generally observed in organic compounds (Irei et al., 2006). If the partitioning between
phases is caused by non-equilibrium processes (such as e.g. absorption), the isotopic fractionation is
small and lower than that caused by chemical reactions (Rahn and Eiler, 2001). Equilibrium isotope
effects occur in reversible chemical reactions or phase changes if the system is in equilibrium. Under
such conditions, the heavier isotope is bound into the compounds where the total energy of the system
is minimized and the most stable. Equilibrium effects are typical for inorganic species and usually
temperature dependent.”



Particles of different size ranges do not induce isotope effects, but are rather a result of chemical
transformations or being produced by different emission sources, e.g. traffic produces mainly
nanoparticles, while solid fuel combustion produce wide range of particle depending on the size of
the source (industrial scale versus domestic).

Response: We agree with the reviewer that just different particle size itself does not induce isotope
effects on these particles, and we even do not say such statement in the paper so we are sorry if some
part of text sounds so. We also agree with reviewer that in first round different emission sources have
effect both on particle size and isotopic composition, which is valid especially for §3C values. But
moreover, size of particles has an effect on different reactivity of these particles — e.g. compounds in
small particles react more often than bigger one because their effective surface for reactions is larger.
Submicron particles of accumulation mode also persist longer time in atmosphere so isotopic effects
also take longer time than on coarse particles and may differ in the resulting isotope composition. The
above implies that even if the same isotope effects occur on the particles, the indirect properties
resulting from the particle size can lead to a different isotopic composition during particle
chemical/physical transformations. And this is what we try to describe in the article.

For details, see answer for specific comment related to line 275 to effect of size on nitrogen isotope
contents, and answer for specific comment related to line 366 due to carbon.

It would very useful to consider isotope mixing approach in interpreting the results which would
eliminate unnecessary associations, e.g. dC13 and EC (which is a relatively small fraction of TC). The
authors, indeed, consider isotope mixing in few cases which is encouraged to do more frequently.

Response: Regarding to associations between 63C and EC we answered in specific comment related
to line 454 (see below).

Regarding to multi-isotope approach, we extended Introduction chapter about examples of studies
using multi isotope analyses — see following text:

“Recently, the multiple isotope approach was applied in several studies by using 63C and 6N
measurements. Specifically, the §3C and 6N composition of aerosol (along with other supporting
data) was used to identify the sources and processes on marine sites in Asia (Bikkina et al., 2016;
Kunwar et al., 2016; Miyazaki et al., 2011; Xiao et al., 2018). Same isotopes were used to determine
the contribution of biomass burning to organic aerosols in India (Boreddy et al., 2018) and in Tanzania
(Mkoma et al., 2014), or to unravel the sources of aerosol contamination at Cuban rural and urban
coastal sites (Morera-Gdmez et al., 2018). These studies show the potential advantages of 6**C and
6%N isotope ratios to characterize aerosol types and to reveal the underlying chemical processes that
take place in them.”

Lastly, not all of the observations or measurement results should be strictly interpreted as some may
be spurious or based on small subset of data and highly uncertain. Insignificant correlations should
not even be noted with numbers, they are meaningless.



Response: Thank you for this comment. Actually, we had much bigger correlation matrix and we
choose only correlations which were somehow interesting and also make sense for following
interpretations. These value are summarized in Tables 2 and 3.

Regarding statistical significance/insignificance, this is determined based on p-value. Results are
statistically significant if p-value is less than 0.05 in case of our study, and how it is used in case of
many similar studies. However, the significance level of 0.05 is just a convention, and it is not entirely
appropriate to omit the results of insignificant correlations just based on p-value. In fact, applying this
discriminatory value is the subject of many disputations between statisticians, and using of p-value
was even banned in some scientific journals (e.g. Siegfried, 2015, on-line).

In some cases, the difference between statistically significant and insignificant correlation can be very
small - see for example the correlation of §3C with winter temperature (-0.35, p=0.0328 => significant)
and autumn temperature (-0.33, p=0.1063 => insignificant) (Table 3). In other cases, this difference
can be much greater, and comparison of such differences has meaning. We agree it is not necessary
to comment insignificant correlations and in this sense we removed all insignificant correlations from
text. However, we would like to keep these values in Tables 2 and 3 because it can be interesting for
some readers, and it can be a good compromise of this situation.

Minor comments

Line 12. A study of stable carbon...

Response: Reworded

Line 15. 146 daily samples suggest 40% data coverage which is rather low for continuous sampling.
Response: We agree that the original formulation could be confusing. Sampling was performed every
second day with 24-h time resolution and in this sense we changed this part of sentence from
"...collected on a daily basis at a rural background site..." to "...collected every two days with a 24 h
sampling period at a rural background site... ".

Line 17. Autumn and spring were transition periods...(use past tense as the study refers to the past).

Response: Changed

Line 18. changing sources instead of different.

Response: Changed

Line 21. "Controls" can be used when processes are exactly known. “A comparative analysis with ....
has revealed major associations which enlightened about certain processes affecting isotopic

composition”.

Response: The sentence was reformulated in sense of comment to the following text:



“A comparative analysis with water-soluble ions, organic carbon, elemental carbon, trace gases and
meteorological parameters (mainly ambient temperature) has shown major associations with the
isotopic compositions, which enlightened the affecting processes.”

Line 32. “...of nitrogen species.”, instead of “on nitrogen level”.

Response: Changed

Line 36. The winter event has occurred in prevailing southeast air masses.

Response: Reformulated

Line 43. “Aerosols have a strong impact on key processes in the atmosphere associated with climate
change, air quality, rain patterns and visibility”.

Response: First sentence of introduction was reformulated in sense of comment. Thank you.

Line 47. Unique insights instead of information.
Response: Changed

Line 49. Is atmospheric history any different from physical and chemical processes in the atmosphere?
What is meant specifically by history?

Response: We didn't mean different chemical and physical processes during history of atmosphere
but different chemical origin of chemical compounds in atmosphere which is "signed" e.g. by changes
of 8N of NO3 in ice cores (see cited paper Dean et. al, 2014).

In this sense we changed end of sentence to: “atmospheric composition in history”.

Line 51. altered instead of influenced.

Response: Changed

Line 52. Delete "in case of nitrogen" and "in the case of carbon".

Response: These phrases were removed during rewriting of Introduction chapter.

Line 60. Americas or North&South America.

Response: Changed to “Americas”



Line 63. focusing on seasonality.

Response: Changed

Line 85. ...and to reveal undergoing chemical processes.

Response: Changed

Line 86. to broaden the approach over the European....

Response: Changed

Line 89. First study in the location or region? Surely authors must be certain about their
location/station.

Response: We meant Central European region, so we changed word "location" to "region”.

Line 95. ...observatory is a key station of the Czech..., focusing on air quality and environmental
monitoring.

Response: Reformulated. Thank you.

Line 99. with very low traffic density.

Response: Changed

Line 110-112. Were 146 samples obtained as a result of continuous or strategic sampling? Unclear
sampling strategy or low data coverage. Please explain. Perhaps “Some temporal gaps were caused
by sampler maintenance or power outages resulting in 146 samples during a year-long study”.

Response: We are sorry that our text was little bit confusing. Sampling was not made continuously
day by day but every second day (it means 24 h of sampling followed by 24 h gap). Such kind of
sampling was made based on strategic decision before starting of campaign. Even so we had three
bigger gaps caused by sampler maintenance or power outages.

We reformulated sentences on lines 110-112 to make a text clearer. Instead of “Aerosol samples (n =
146) were collected for 24 h every two days from September...” we used “Aerosol samples were
collected two days for 24 h from September...”.

The sentence “Some gaps in sampling were caused by outages and maintenance to the sampler.” was
changed to “Some temporal gaps were caused by sampler maintenance or power outages resulting in
146 samples during the almost year-long study.”.



Line 113. sampled at a flow rate of 2.3 m3/h.

Response: Changed to: “...operated at the flow rate at a 2.3 m3/h.”

Line 119. The PM1 mass was measured gravimetrically with a microbalance (....) in a controlled
environment (....).

Response: The paragraph was rephrased and shortened in a sense of comment. Thank you.

Line 135. Thermo Electron Corp.

Response: Corrected

Line 136. ...for calculating TC, TN and their isotope values.
Response: Reformulated
Line 152. measured, not detected.

Response: Changed

Line 175. ...instrument response without filter exposure.

Response: Reformulated

Line 184. ...for the annual dataset (139) and separately for each season and winter event.

Response: Corrected

Line 186. ...for the correlation analysis as their distinctly high concentrations and isotopic values might
have affected the results.

Response: Sentence was completed in a sense of comment. Thank you.

Line 193. Statistically, 146 sample may be sufficient, indeed, but specific season(s) may not be typical,
unless known to be such from previous studies.

Response: Seasonal comparison with other years provide e.g. work of Mbengue et al. (2018) (also
cited in our work), which is published 4 years survey of EC/OC together with other variables (e.g.



temperature) between years 2013-2016 directly at the Kosetice station. It shows that a period from
this work is not seasonally atypical during last years of observation.

Line 203. ..., but the relationship split during high concentration events due to divergent sources.

Response: Reformulated. Thank youl!

Line 208. ...and characteristic of significant shift in chemical composition.

Response: End of sentence was changed in terms of comment.

Line 211. Use past tense as the study has been conducted in the past.
Response: Sentence changed to past tense

Line 209-211. Little difference does provide information on sources and quite contrary suggest that
they were similar throughout the year in terms of BC production. The split contribution in each season
may be different as suggested by isotope ratios, but overall the mixture of the sources seems to
produce a steady trend.

Response: Station KoSetice is a background site where the aerosol is more homogeneous than e.g. at
an urban site, which can be reason for little seasonal differences of TC/TN ratio. However, previous
studies from this station (Mbengue et al., 2018; Schwarz et al., 2016; Vodicka et al., 2015) show that
long-term concentrations of EC (and thus BC) are different in winter and summer, and sources are not
similar throughout the year in terms of EC production. Different summer EC sources are consistent
with a slightly higher summer TC/TN ratio than other seasons. In this sense, we changed the text to
following:

“As seen in Table 1, the seasonal averages of TC/TN ratios fluctuate, but their medians have similar
values for autumn, winter and spring. The summer TC/TN value is higher (3.45) and characteristic of a
significant shift in chemical composition, which is in line with previous studies at the site (Schwarz et
al., 2016). However, seasonal differences in the TC/TN ratios were not as large as those in other works
(e.qg., Agnihotri et al., 2011), and thus, this ratio itself did not provide much information about aerosol
sources.”

Line 215. Do not report what was insignificant as it may mislead readers. “This result highlights
significant shift in carbonaceous matter sources and corresponding isotope values in spring while
during other seasons the sources were rather stable”.

Response: Thank you for this comment. Instead of original sentence we used above suggested one by
the reviewer. We also deleted values of insignificant correlation coefficients in text.

Original sentence

“However, there is a statistically significant correlation for spring only (-0.54), while in other seasons,
correlations are statistically insignificant (autumn: -0.29, winter: -0.11 and summer: 0.07). This result



shows that significant and related changes in the isotopic composition of nitrogen together with
carbon occur especially in spring, while there are stable sources of particles during winter and summer.”
was changed to

“However, there is a statistically significant correlation for spring only (-0.54), while in other seasons,
correlations are statistically insignificant. This result highlights a significant shift in the sources of
carbonaceous aerosols and their isotope values in spring while the sources were rather stable during
other seasons.”

Line 217. Lack of correlation during particular season is due to stability of sources while the variability
between samples is similar in all seasons. Authors may look at the fractional variability of isotope
ratios in each season as it seems that relative variability of dC13 is a lot larger than dN15.

Response: We agree with the review that lack of correlations during seasons is due to stability of
sources in this period, and in this sense we also changed the sentence on line 215 (see previous
comment).

In case of reviewer suggestion related to fractional variability of isotope ratios, we are not sure by its
meaning because variability of §©°N is larger than variability of §13C.

Line 224. ...which increased by an average of 13permile.

Response: We changed original word "deviated" to "showed" instead of reviewer proposed "increase"
because change is from 15 to 13%o. Whole sentence is following: “The §°N values are stable in winter
at approximately 15%o., with an exception of the winter Event, which showed by an average of 13%o.”

Line 232. What is the purpose of the formula if not solved for fractions (which is impossible given one
equation and at least two unknowns).

Response: The reason for showing this formula is to give readers an idea before discussion about
contribution of different nitrogen compounds to 8°N of TN and also to discussion about results
presented in Fig. 3. However, because it is an equation with general information character, we decided
to move this equation to the Introduction chapter.

Line 236. What does it mean similarly balanced if NO3 was higher in winter?

Response: The original sentence was: “...higher in winter, similarly balanced in spring and autumn,
and very low in summer...”. We wrote that similarly balanced were values in spring and autumn, not
in spring and winter. However, we split this text to two following sentences to make this part of
document clearer.

“..the highest in winter, and somewhat lower in spring and autumn. In summer when the dissociation
of NH,NOs plays an important role the NOs content is very low and its nitrogen is partitioned from the
aerosol phase to gas phase.”



Line 258. (a) changes in NOx emissions

Response: Changed

Line 262. “Considering our study, it was most likely that all of the factors contributed to a certain
extent to isotopic composition throughout the year”.

Response: Original sentence was changed as follows: “In our study, it is most likely that all these
factors contributed, to a certain extent, to the nitrogen isotopic composition of NOs throughout the
year.”

Line 266. In summary,.... If enrichment of N15 occurs during lowest NO3 contribution it can be inferred
that NO3 is depleted in N15. Is this inference consistent through the year?

Response: In our study, we observed the highest enrichment of §°N in TN during summer when NOs
concentrations are lowest. However, during winter Event when NOs contribution was also on the
lowest level, 8N in TN was contrariwise most depleted (see Figs.3 and 4). This Event shows that that
exceptions may occur and we can’t generalize. So, in our study, the inference, which you are proposing
in comment, is not consistent throughout whole measurement campaign.

Line 275. Size fraction has no impact if the most of nitrogen containing particles reside in submicron
range. Life-time has no impact either if coarse particles do not contain appreciable amount of nitrogen.
If they do, what compounds that would be and how did they end up in coarse particles. If those
compounds appeared in coarse particles by condensation then nitrogen was mainly concentrated on
the surface and consequently coarse particles would be as reactive as fine ones.

Response: Nitrogen from NOs is contained in sufficient amounts both in fine and coarse fractions (e.g.
Ondracek et al., 2011; Pakkanen, 1996; Schwarz et al.,, 2012), not only in submicron range. As
summarized by e.g. Kundu et al. (2010), coarse mode contains predominantly non-volatile nitrogen in
a form of NaNOs or Ca(NOs),, whereas fine mode consists mainly from semi-volatile nitrogen from
NH4NOs and also in form of ammonium sulfate and bisulfate. If we have non-volatile nitrates in coarse
fraction and predominantly NH4sNOs in fine fraction, where dissociation of NH4sNOs play an important
role in enrichment of nitrogen, so it leads to some effect on the isotope composition depending on
the particle size fraction. Yeatman et al. (2001) proposed presence of two different size-shift
processes: dissociation/gas scavenging and dissolution/coagulation. Dissolution/coagulation
processes appear to exhibit negative isotopic enrichment of nitrogen and shift both NHs* and NOs to
the coarse mode, whereas dissociation/gas scavenging processes appear to exhibit positive
enrichment factors. All this is supported also by the works of Mkoma et al. (2014) and Freyer (1991)
who observed a higher enrichment of °N in the fine fraction of the aerosol in comparison with coarse
one. Last but not least, fine aerosol has larger particle surface/volume ratio than coarse one which
can suggest higher reactivity of smaller particles.

Above arguments lead us to the fact that we have in this case the opposite view than reviewer.



Line 277. Aitken mode contributes negligibly to PM1 mass making this argument very weak. Unless
authors can quantitatively prove it otherwise.

Response: Thank you for this notice. We made a mistake in this part. Instead of Aitken mode, we
should write Accumulation mode there because this mode contributes by a main part to PM1 mass
and also persist the longest time in the atmosphere. In text, we changed word "Aitken" to
"accumulation".

Line 303. Not all of gaseous precursor mass is ending up in NH4NO3, but preferentially heavier part.
Authors must consider kinetic fractionation, otherwise conclusions are biased or unfounded.

Response: It is clear that during incorporation of nitrogen from gas phase to aerosol phase play a role
both equilibrium and kinetic fractionation. Equilibrium fractionation is related to bond stability of
nitrogen isotope whereas kinetic fractionation is related to the "speed" of isotope. First time, nitrogen
incorporation is probably driven by kinetic fractionation because lighter isotopes react faster, but later
heavier isotopes form a more stable bonds during equilibrium fractionation. In fine fraction of aerosol,
we have nitrates almost exclusively in a form of NHsNOs which undergo to dissociation to NHs* and
NOs in water — this state is reversible and equilibrium fractionation is preferred in such system.
Nevertheless, Ciezka et al. (2016) suggested a possible kinetic exchange reactions between NH; and
NHs* as one of three possible processes affecting nitrogen isotopic composition, especially for fossil
fuels combustions during the heating season. Also Deng et al. (2018) reported the kinetic nitrogen
fractionation factors between gaseous and aqueous ammonia with statement that, when the removal
of degassed ammonia is not efficient, ammonia may dissolve back to the fluid, which may significantly
shift the nitrogen isotope behavior from kinetic isotope fractionation toward equilibrium isotope
fractionation. Indeed, all this suggests that kinetic fractionation is likely to affect the isotopic
composition of fresh particles from combustion having lower 8N than in spring or summer, and
before they are affected by equilibrium fractionation.

Originally, on line 303, we did not present equilibrium fractionation as a dominant process, but we
only compared known values of the isotopic composition of nitrogen oxides for different sources.
Since it is difficult to determine exact contribution of these fractionations to the final value of the
heavier isotope in the aerosol, we do not discuss exactly, however, we added following two sentences
to consider an influence of kinetic fractionation in a first steps of gas-aerosol transformation: “Because
of the only slight difference between above reported 6*°N of nitrogen oxides and our 8N of TN during
maximal NOs™ events, the isotope composition is probably influenced by the process of kinetic isotopic
fractionation in fossil fuel combustion samples during heating season as referred by Ciezka et al. (2016)
as one of three possible processes.”

Line 317. If ratio goes up during evaporation, NHANO3 must have had lower ratio which makes sense
for highly volatile compound. One could hypothesize that ammonium N15 ratio is the same in
ammonium sulfate and ammonium nitrate, but as compounds are of different volatility that is unlikely,
because volatile particulate compounds originate from lighter (more depleted) precursors than less
volatile compounds which originate from heavier precursors.

Response: We agree with the reviewer that ammonium N ratio is NOT same in ammonium sulfate
and ammonium nitrate and we didn't hypothesized opposite view in paper. On line 317 we wrote
'...the dissociation process of NHsNOs can cause an increase in **N in TN during a period of higher
ambient temperatures..." which is supposed to be okay, because evaporation of more volatile



ammonia from NH4sNOs; comes more easily during the higher temperature and the lighter isotope is
released into the gaseous phase with a higher probability.

Line 332. “Thus it can be considered...

Response: Changed to “considered”.

Line 342. more depleted, not "smaller".

Response: This part of text was removed during revisions.

Line 349. What does it mean "smaller"? Lower, more negative? That is not because of overlap, but
source specific ratios which in case of organic carbon are largely negative.

Response: We are sorry for a confused formulation that may imply that we compare the negative
values of 8'3C in comparison with §°N. However, it is not so because we know that strongly negative
53C values originate from chosen carbon standard (PDB). Originally, we wanted to say that the range
of TC 623C values is significantly smaller than a range of TN 8%°N values.

Based on this, we changed original sentence: “The 6%3C values are significantly smaller than those of
6°N...” to "The range of TC 6*3C values is significantly narrower than that of TN 6©°N..."

Line 366. Wrong conclusion as mentioned in major comments. Fine particle sources are different from
coarse particle sources. The ratio can only become more depleted in the atmosphere due to
condensation of depleted precursors and even then condensation prefers heavier molecules, not
lighter.

Response: The conclusion on line 366 that fine particles have lower §'3C values than coarse particles
was consistent with the Masalaite et al. (2015) and Skipityteé et al. (2016) studies referred in the same
sentence on line 367, but is probably inappropriately formulated. We agree with reviewer that aerosol
sizes itself cannot induce isotope effect and differences are caused e.g. by different aerosol sources.
In this sense, we changed the sentence on line 366 from the original “..relatively low 6*C values in
our range (up to -28.9%o) are caused by not only sources of TC but also a fact that fine particles are
more 3C depleted in comparison with coarse particles (e.g., Masalaite et al., 2015, Skipityté et al.,
2016).” to the following: “relatively low §*3C values in our range (up to -28.9%o) are caused because
fine particles have lower 63C values in comparison with coarse particles probably due to different
sources of TC. (e.g., Masalaite et al., 2015; Skipityte et al., 2016).”

Line 389. “The aforementioned studies concluded that the isotope equilibrium exchange...

Response: Changed.



Line 397. resulting relationship, not final.

Response: Changed

Line 401. Very narrow temperature range can produce unreliable relationships. The temperature
range in this study is far more impressive.

Response: Thank you, we agree that temperature range is one of benefit of our study. (min. in winter
-9.8°C to max. in summer +25.5°C results in A 35.3°C). It is visible that if we account data from whole
year (and so we take the full temperature range) we have stronger correlation between 8N and
temperature than just for individual seasons.

In cases of statistically significant seasonal correlations during autumn and spring we have following
temperature ranges and correlations: autumn AT=15.8°C, r=0.58; spring AT=17.2°C, r=0.52. Pavuluri
et al. (2010), whose work we compare, observed a strong correlation (r?> = 0.58) for a temperature
range of AT=6.1°C, which is a stronger correlation for a narrower temperature range than in our case.
This gives an assumption that even during the narrower temperature range in the work of Pavuluri et
al. (2010), we can get a relationship which is reliable for our comparison.

We did not make any revisions in MS related to this comment.

Line 413. What is the actual process of aging? Isn’t it just the production of ammonium sulfate? Sure,
production is two step: first bisulfate, than sulfate. It is obvious that decreasing molar ratio
corresponds to lower nitrate, because ammonium nitrate can only be produced if at least bisulfate
has been produced. When nitrate is not competing for ammonium due to higher temperature, sulfate
can become fully neutralized.

Response: We don't guess that process of aging is just production of ammonium sulfate without its
further modifications. Surely, formation of sulfate through bisulfate is a major way, however, changes
are not stopped after formation of sulfate. First, when the ammonium sulfate is in a solution the ions
do not bond each other but they are in a form of NH4* and SO,42. At the same time, NHs from gas phase
is absorbed into the droplet. During evaporation of water and part of ammonia, the lighter ammonia
is evaporated more and aerosol is enriched by heavier NH,*. It implies, the older the aerosol the more
15N in ammonium sulfate. Second, as shown by recent research (Weber et al., 2016) sulfate is probably
not a definitive compound that is not undergo to further changes in time. There probably exist an
equilibrium between sulfate and bisulfate which can also affect subsequent changes in gas/particle
partitioning of ammonia. Based on this, we added following sentences to related paragraph in
subsection 3.3:

“Finally, summer values of NH4'/SO4* molar ratio below 2 indicate that SO, in aerosol particles at
high summer temperatures may not be completely saturated with ammonium but it can be composed
from mixture of (NH4),SO4 and NH,HSO, (Weber et al., 2016). The equilibrium reaction between these
two forms of ammonium sulfates related to temperature oscillation during a day and due to vertical
mixing of the atmosphere is a probable factor which leads to increased values of 8N in early summer.”

Line 436. Oxidation by ozone indeed makes organic matter enriched in heavier carbon, because ozone
attacks unsaturated bonds and those involving lighter carbon are preferentially broken releasing
"light" CH3 fragments making the bulk matter heavier.



Response: Thank you for this supportive comment. At the end of sentence we added new following
reference related to enrichment of 3C by photochemical processing of aqueous aerosols — see
Pavuluri and Kawamura (2016) in references — and we also modified the sentence to following: “As
seen in Table 3, summertime positive correlations of 6*C with ozone (r=0.66) and temperature (0.39)
indicate oxidation processes that can indirectly lead to an enrichment of *3C in organic aerosols that
are enriched with oxalic acid (Pavuluri and Kawamura, 2016).”

Line 444. “...depleted products in summer”. Is this contradictory to the above paragraph?

Response: It seems in contradictory to the above paragraph, however, these are two different things.
Even if summer 3C is most depleted compared to other seasons (probably due to different sources)
there is a possible indirect oxidation process for their enrichment. Based on correlation analysis, this
process is relevant only in summer, however, this enrichment is not strong enough to reach average
813C values during other seasons. The time series in Fig. 1 show the lowest §'3C values in a mid of June
and slowly increasing enrichment of 3C during rest of summer, which also support this process.

We did not make any revisions in MS related to this comment.

Line 454. EC is a minor fraction of TC, so correlations are a bit pointless as EC isotope content
contributes little to the TC isotope content.

Response: It is true that EC is a minor fraction of TC, however, in case of our data EC contributes by
19% on average during all seasons, which is not negligible. Interpretations of the results related to EC
are supported also by other correlations, namely between §**C and NO,, NOs™ and EC/TC ratio, so we
believe that it is not pointless. However, it is possible that these results can be biased by lower content
of EC in TC thus we modified part of last sentence at the end of related paragraph as follows: “This
result can be biased by the fact that EC constitutes on average 19% of TC during all seasons. However,
it is consistent with positive correlations between §3C and gaseous NO,, as well as particulate nitrate,
which is also significant in autumn to spring. This result is also supported by the negative correlation
between §3C and EC/TC ratio (r=-0.51), which is significant only in summer.”

Line 476. Sulfate cannot be emitted, reword.

Response: Changed to “formation of sulfates”

Line 507. Dry deposition of fine particulate matter is negligible making this assertion pure speculation.
Dry deposition of ammonia can only occur on surfaces - were these frosted surfaces? Confusing
interpretation, please reword.

Response: Thank you for this comment. It is right that dry deposition of fine particulate matter is
negligible, however, in mentioned part of text we discussed possible dry deposition of gaseous
ammonia. Moreover, given sentence is a reference to observations of Savard et al. (2017). Throughout
the Event, the temperature was below 0°C (see Fig.9), so frosted surfaces could be possible on the
ground surface, which can support deposition but also decrease fluxes of ammonia from e.g. water
surfaces or soil. Also the results indicate that during the Event gradually rose deficit of ammonia and



after some time the main source of ammonia were probably agricultural emissions from farms whose
emissions of NH3 are not as affected by low temperatures. Nevertheless, because we did not measure
ammonia fluxes during the campaign, the conclusions on dry deposition heavier isotope of ammonia
may sound little bit speculative (as the reviewer mentioned). In this sense we changed text in
subsection 3.4 and in Conclusions.

New text in subsection 3.4. (original lines 507-511): “They interpreted the result as a preferential dry
deposition of heavier isotopic ©°’NHs species during the cold period, whereas lighter *NH3 species
preferentially remains in the atmosphere. However, cold weather can also lead to a decline of
ammonia fluxes from aerosol water surfaces, soil, etc. (Roelle and Aneja, 2002), which generally result
in a deficit of ammonia in the atmosphere. Emissions from farms are not as limited by low temperature
and are thus a main source of ammonia in this deficiency state. The removal of NHs leads to a non-
equilibrium state between the gas and aerosol phases.”

New text in Conclusions (original lines 577-582): “The winter Event characterized by >N depletion was
probably caused by preferential unidirectional reactions between isotopically light ammonia,
originated mainly from agriculture emissions, and sulfuric acid, resulting in (NH4),SO4 and NH4HSO.,.
This process was probably supported by long-term cold weather leading to a deficiency of ammonia in
the atmosphere (due to dry deposition and/or low fluxes), and subsequent suppression of nitrate to
partitioning in aerosol.”

Table 2&3. Omit insignificant correlation as they are meaningless.

Response: We would like to keep all the values in Tables 2 and 3, however, we removed insignificant
correlations from the text - see our responses for major comments in more details.
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Response to anonymous Referee #2 comments

This paper presents seasonal variations of d15N and d13C in ambient aerosol collected in Kosetice
(Central Europe) between 27 September 2013 and 9 August 2014. The authors show an impressive
series of measurements aiming to investigate sources and processing of the fine fraction of aerosol at
a rural background site. This study using two-isotope analysis is very suitable for this goal.

The use of multiple isotope ratios for the study of atmospheric pollution and the chemistry of organic
compounds in the atmosphere is a newly emerging tool. The manuscript contributes to scientific
progress within the scope of the journal; therefore, it is suitable to be published for discussions in ACP.
Both description and discussion of measurements are well founded. Unfortunately, the presentation
is not on the same level, therefore it needs to be substantially improved before publishing.

Response: We would like to thank the reviewer for his valuable and helpful comments. Based on this,
we have changed a part of the manuscript which led to an improvement in the final text. Responses
to specific comments are below.

General comments:

1) The authors discuss the benefits of using isotopes in the atmospheric research. These can give some
hints to information, which is not available from concentration measurements, such as the impact of
sources vs. processing on measured delta values. | miss though a discussion on the current limitations
of using isotope ratio measurements for the above mentioned purpose. This omission might be the
reason why the interpretation sounds sometimes so futile.

Example: Lines262-263 ’In the case of our data, mixing of all of these factors probably had an influence
on the nitrate isotopic composition during different parts of the year.’

Reformulate!

Response: Thank you for this comment. We added following text referring to the current limitations
of using isotope ratio measurements in first paragraph of Introduction chapter.

“However, studies based on single isotope analysis have their limitations (Meier-Augenstein and Kemp,
2012). Those include an uncertainty when multiple sources or different processes are present, whose
measured delta values may overlap (typically in the narrower 63C range). Another factor are isotope
fractionation processes which may constrain the accuracy of source identification (Xue et al., 2009).
Using isotope analysis on multiple phases (gas and particulate matter) or multiple isotope analysis can
overcome these problems and may be useful to constrain the potential sources/processes.”

Specific text on lines 262-263 were changed to the following sentence: “In our study, it is most likely
that all these factors contributed, to a certain extent, to the nitrogen isotopic composition of NOs
throughout the year.”

2) The introduction should make the reader aware of the importance of using multiple isotopes
(literature sources are required), e.g. for constraining potential sources. The sentence on the Lines 85-
86 is too late and too less. A proper foreword would bring more structure in the discussion from
Lines59-83. Here the authors must clearly differentiate between single and multiple isotope analyses.



Response: We extended Introduction chapter about examples of studies using multi isotope analyses.
The sentence from the lines 85-86 we slightly modified and moved at the end of this paragraph. New
text related to studies with multiple isotope measurements in Introduction chapter is following:

“Recently, the multiple isotope approach was applied in several studies by using 63C and 6N
measurements. Specifically, the §3C and 6N composition of aerosol (along with other supporting
data) was used to identify the sources and processes on marine sites in Asia (Bikkina et al., 2016;
Kunwar et al., 2016; Miyazaki et al., 2011; Xiao et al., 2018). Same isotopes were used to determine
the contribution of biomass burning to organic aerosols in India (Boreddy et al., 2018) and in Tanzania
(Mkoma et al., 2014), or to unravel the sources of aerosol contamination at Cuban rural and urban
coastal sites (Morera-Gémez et al., 2018). These studies show the potential advantages of 63C and
6%N isotope ratios to characterize aerosol types and to reveal the underlying chemical processes that
take place in them.”

We also added data on other isotope analyzes (if were performed) to distinguish single- and multi-
isotope studies in paragraph related to European studies

3) Separate Spearman from Pearson correlation coefficients. For that purpose, label them for each
use (e.g. in Line203).

Response: Thank you for this comment. We identified in text few Pearson's correlation coefficients
(connected with Figures 2, 3 and 7) instead of Spearman's ones. Although each of these coefficients
provides different information (Pearson benchmarks linear relationship, Spearman benchmarks
monotonic relationship), the values in our work are same or similar (e.g. for TCvs.TN is r(P): 0.70 and
r(S): 0.71). Based on this, we decided to use only Spearman correlation coefficients in this work.
Changes were made in Figures 2, 3 and 7, and related text (original lines 203, 213). Currently,
Spearman's correlations are used throughout the document so there is no need to differentiate it from
Pearson's correlations.

4) Name the described variables throughout the manuscript!

Some examples: Line122: Replace '‘Determination of TC, TN and their stable isotopes’
by ‘Determination of TC, TN concentrations and their stable isotope ratios’

Line123: Replace ‘For the TC and TN analyses’ by ’ For the TC and TN concentration
and isotopic ratio measurements’

Response: For a text clarification, there were changed variables description on following lines: 122,
123, 202, 205, 290, 545,

5) Vague statements should be replaced by precise explanations throughout the paper.
An example: Line382: specify the secondary processes’

Response: We are sorry for vague statements. We rephrased the text as below.



Statement on line 382 was based on work of Widory (2007). We changed the previous sentence to
following: “Similarly, the contradictory dependence between §°N and TN in summer and winter was
observed by Widory (2007) in PM10 samples from Paris. Widory (2007) connected this result with
different primary nitrogen origin (road-traffic emissions in summer and no specific source in winter)
and following secondary processes associated with isotope fractionation during degradation of
atmospheric NOx leading to two distinct pathways for *°N enrichment (summer) and depletion
(winter).”

R: 6) Generally: swap the negative numbers in ranges. The lower numbers stay first.
Examples: Line520 -40 to -28permil and Line522 -38 to -22permil

Response: Ranges of negative numbers were swapped on original lines 338, 520, 522 and 533. Thank
you for your notice.

Specific comments:

Lines54-57: Reformulate! The OC/EC ratios are very different in aerosol, depending on its sources.
Moreover, make more sentences of this single one. Differentiate between equilibrium and kinetic
isotopic effect. Guide the reader through that by giving some information on corresponding
fractionation (non-equilibrium partitioning causes much lower fractionation than chemical reactions.
Contrarily, equilibrium fractionation might be significant).

Response: We changed the Introduction chapter with the text related to isotopes in carbonaceous
aerosols and we also inserted a new paragraph on isotope fractionation:

New text related to carbonaceous aerosols:

“Total carbon in aerosol is usually divided into elemental carbon (EC) and organic carbon (OC), where
OC forms the major part of TC (e.g., Mbengue et al., 2018). Although EC is more or less inert to chemical
changes, slightly different 6*3C in EC originating from primary emissions are described (Kawashima
and Haneishi, 2012). OC represents a wide variety of organic compounds which can originate from
different sources with different 3C content resulting in different 63C values in bulk of emissions.
Changes in isotopic ratio of §3C in OC (and thus also TC) can subsequently affect chemical reactions
where isotope fractionations via the kinetic isotope effect (KIE) usually dominate the partitioning
between gas and aerosol (liquid/solid) phases (e.g. Zhang et al., 2016).”

New paragraph related to isotope fractionation:

“Isotopes are furthermore altered mainly by kinetic and/or equilibrium fractionation processes. Kinetic
isotope effects (KIE) occur mainly during unidirectional (irreversible) reactions but also diffusion or
during reversible reactions that are not yet at equilibrium (Gensch et al., 2014). Owing to KIE, reaction
products (both gasses and particles) are depleted in the heavy isotope relatively to the reactants, and
this effect is generally observed in organic compounds (Irei et al., 2006). If the partitioning between
phases is caused by non-equilibrium processes (such as e.g. absorption), the isotopic fractionation is
small and lower than that caused by chemical reactions (Rahn and Eiler, 2001). Equilibrium isotope
effects occur in reversible chemical reactions or phase changes if the system is in equilibrium. Under
such conditions, the heavier isotope is bound into the compounds where the total energy of the system



is minimized and the most stable. Equilibrium effects are typical for inorganic species and usually
temperature dependent.”

Line87: No need to introduce TC and TN. It happened already in Lines12-13

Response: Edited and only shortcuts were kept.

Linel27: I don’t understand. Is the oven temperature 1000 C? How can the marble burn, if that needs
1400- C?

Response: Theory is that burning tin should locally increase temperature around the sample to
approximately 1400°C, however, this is not so important and it can be also confusing so we deleted
temperature 1400°C from the MS.

Linel31: What does ’'parts’ means? Give the approximate fraction in %.

Response: At this point, there is an auto-dilution system on the ConFlo IV interface, which is applied
to each gas species matching sample and reference gas intensities. This dilution is automatic and the
device dynamically reacts to the sample volume. Therefore, it is not possible to specify the exact part
of the sample. For this reason, we decided to shorten the sentence to the following form:

“Parts-of CO, and N, were then transferred into an isotope ratio mass spectrometer (IRMS; Delta V,
Thermo Fisher Scientific) through a ConFlo IV interface to monitor > N/*N and *C/**C ratios.”

Lines135-139: Mention that the final delta values are expressed relatively to the international
standards and not to the 'working’ standard.

Response: That's a good point. Sentence before equations was extended to following form:

‘Subsequently, 5N of TN and 6*3C of TC were calculated using the following equations and the final &
values are expressed in relation to the international standards.’

Linel46: The loads on the quartz filter are meant here of course.

Response: Yes, you are right that the loads on quartz filters was analyzed. The sentence was changed
in this sense.

Lines198-200: Move these sentences to the first paragraph, they don’t belong to Fig.1.

Response: You are right, these sentences belong to Table 1 so we just changed link to Fig.1 to Tab.1
at the end of this paragraph.

Lines218-219: Reformulate: ‘but they are still in line with the linear fitting of all annual data’. This is
not appropriate.



Response: The sentence was reworded to the following: “The winter Event measurements show the
highest 6*3C and the lowest 6°N, but a linear fit does not show a significant differences as compared
to rest of the data (Fig. 2, right).”

Lines290-291: Reformulate! Either state that the samples containing the highest NO3- concentration
show a d15N of..., or fit a histogram plot showing a peak of measurements with NO3- concentrations
higher than... at a delta value of 14+/-1 permil.

Response: Thank you for this comment. You are right that statement on lines 290-291 "The 6*°N shows
a peak at approximately 14+1%o...." is not exact, and is the result of estimation based on exponential
curves in Figure 4. So newly, we took samples with NOs™ concentrations higher than 6 ug/m? (n=5) and
we calculated an average 6'°N value from these samples. It results in new value of >N (13.3+0.7%o),
we used this calculated value instead of 14+1%o in whole text.

New text on lines 290-291 is following: “Samples with the highest NOs concentrations (>6 g/m? n=5)
show an average 6N of 13.320.7%o.”

Lines300-307: The paragraph should be moved upward to Fig. 3.

Response: The paragraph on lines 300-307 relates to the previous one, where the results in Figure 4
are commented. For this reason, we would like keep this paragraph in the current position.

Lines338-349: Completely rearrange! Suggestion: start with a statement 'The measured TC d13C
ranged between.... These values are ... (in which part?) situated in the reported ranges... (here give an
overall range. for that take the information from e.g. the review by Gensch et al. 2014). This broad
range can be explained by... (plants, marine, combustion sources... whatever). (At this point bring the
similarity to other european reported values).’

Response: Thank you for this suggestion. Based on this, paragraph was rearranged as below:

“The 6™3C of TC ranged from -28.9 to -25.4%o (Fig. 6) and the lowest 63C we observed in field blank
samples (mean -29.2%o, n=7), indicating that the lowest summer values in particulate matter were
close to gas phase values. Our §3C values are within the range reported for particulate TC (-29%o to -
15%0) as summarized by Gensch et al. (2014). The lowest values are associated with fine particles after
combustion and transport (Ancelet et al., 2011; Widory, 2006) while the highest values are associated
with the coarse fraction and carbonate contribution (Kawamura et al., 2004). This broad range can be
explained by the influence of marine aerosols (Ceburnis et al., 2016), different anthropogenic sources
(e.g., Widory et al., 2004), as well as different distributions of C3 and C4 plants (Martinelli et al., 2002)
resulting in different §*3C values in the northern and southern hemispheres (Cachier, 1989). The 6*3C
values at the Kosetice site fall within the range common to other European sites. For example, a rural
background site in Vavihill (southern Sweden, range -26.7 to -25.6%o., Martinsson et al. (2017)), urban
Wroclaw (Poland, range -27.6 to -25.3%o, Gorka et al. (2014)), different sites (urban, coastal, forest) in
Lithuania (East Europe, Masalaite et al., 2015, 2017), as well as urban Zurich (Switzerland, Fisseha et
al. (2009)).”



Line349: Replace ‘The d13C values are significantly smaller than those of d15N due to’ by ‘The range
of TC d13C values is significantly smaller than that of TN d15N due to’

Response: The sentence was changed based on the comment as bellow: “The range of TC §3C values
is significantly narrower than that of TN §*°N due to...”

Lines358-359: This comparison is confusing: what do you mean? Similar to what? Do you refer the
first or the second sentence?

Response: The comparison was between first and third sentence. Second sentence was moved to first
paragraph of section 3.2, so now it should be clearer. See first paragraph of subsection 3.2 in the
revised MS.

Lines365-370: Change the order of these two sentences. Describe first the observations and then give
the explanation.

Response: The order of sentences was changed. See end paragraph of subsection 3.2 in the revised
MS.

Line 375: Replace 'these isotopes’ with ‘isotope distributions’.

Response: Replaced

Lines379-380: Not the changes in aerosol chemistry are different, but the chemistry itself.

Response: Word “changes” was deleted.

Lines386-391: Change the order of the first two sentences. The third one describes the first not the
second one.

Response: The order of sentences was changed.

Lines415-422: Lack of clarity! Reformulate, by bringing some structure in it: starting at high NH4/S04
down to 2 and lower than 2! For each range: particle components, processes (e.g. NH3 deficit in gas
phase at ratios <2), seasonal dependence.

Response: Thank you for your suggestion. Based on this comment, we decided to completely change
this paragraph to the following:

“Figure 8 shows an enrichment of ©°N as a function of the molar ratio of NH4+'/SO4*. The highest
NH;*/SO4* ratios, showing an ammonia rich atmosphere, were observed during winter, late autumn
and early spring along with high abundance of NOs that is related to favorable thermodynamic
conditions during heating season and enough ammonia in the atmosphere. Gradual decreasing molar
ratios of NH.*/SO4* during spring indicate a gradual increase of ambient temperatures and therefore
worsened thermodynamic conditions for NOs formation in aerosol phase, which was accompanied by



a visible decrease in the nitrate content in aerosols (Fig. 8). The increase of temperatures finally leads
to the NH4*/SO4* ratio reaching 2 at the turn of spring and summer. Finally, summer values of
NH4*/SO4# molar ratio below 2 indicate that SO in aerosol particles at high summer temperatures
may not be completely saturated with ammonium but it can be composed from mixture of (NH4).SO,
and NH,HSO, (Weber et al., 2016). The equilibrium reaction between these two forms of ammonium
sulfates related to temperature oscillation during a day and due to vertical mixing of the atmosphere
is a probable factor which leads to increased values of 5*°N in early summer. Ammonia measurements,
that were carried out at the KoSetice site until 2001, showed that NHs concentrations in summer were
slightly higher than in winter
(http://portal.chmi.cz/files/portal/docs/uoco/isko/tab _roc/2000 enh/CZE/kap 18/kap 18 026.html
), which supports temperature as a main factor influencing NH;*/SO4% ratio at Kosetice. In this context,
we noticed that 25 out of 33 summer samples have molar ratios of NH4+'/SO below 2, and the
remaining samples are approximately 2, and the relative abundance of NOs in PM1 in those samples
is very low (ca. 1.7 %).”

Lines429-434: Too abrupt! Start with the observation of similar gaseous NH3 in summer and winter.
Describe what a thermodynamic equilibrium would mean for the particles and how would this be
reflected in the delta values. Measurements show a different situation -> more organics in summer...

Response: Thank you for this notice. We moved the sentence, about similar gaseous NH;
concentrations in summer and winter at the Kosetice site, to paragraph above (see response to
previous comment). The lines have been reformulated into the following form:

,» In thermodynamic equilibrium, partitioning between gas (NHs) and aerosol (NH4*) phases should
result in even larger 6N values of particles in summer, however, measurements show a different
situation. Summer &8N values are highest but further enrichment was stopped. Moreover, we
observed a positive (and significant) correlation between temperature and &C (r=0.39) only in
summer, whereas the correlation coefficient of 6N vs. temperature is statistically insignificant,
suggesting that while values of 8N reached their maxima, the §*3C can still grow with even higher
temperatures due to the influence of organics in summer season.”

Lines482-484: Very confuse sentence. Reformulate!

Response: The sentence is reworded to the following: “During the Event, 8©°N correlates positively
with NOs (r=0.96) and NOs-N/TN (0.98). Before the Event, we also observed the highest values of §©°N
at approximately 13.3%o, which we previously interpreted by the emissions from domestic heating via
coal and/or biomass burning.”

Lines570-574: The winter observation should stay before the summer ones. In that way, the flow is
more coherent (e.g. no need to explain lower values of TN d15N when there are high fraction of
nitrates.).

Response: In summary and conclusions, we wanted to discuss all seasons for the first time. After
summary related to seasonal data follow conclusions related to winter Event. This is reason why the
winter data are discussed after summer data. It seems more logic to us if the winter Event summary



follows winter data than to discuss first about winter, then continue about summer season, and after
that return to discuss about the winter Event. So we prefer not to move this paragraph.

Editorial revisions:

The used English is not optimal. | do not give any editorial advises! My only suggestion is that this
manuscript MUST be carefully revised by a native speaker. The work is too good to risk to make the
reader hostile due to the language.

Response: We are sorry for inconvenience with English. In fact, the text was checked by the
professional language service before the first submission so we expected it should be alright. As the
final step after this review process, we sent again the manuscript for English corrections to Sean Mark
Miller who is a native speaker and professional corrector.

The manuscript is ‘peppered’ with:
1) Wrong prepositions

- Lines43-44 'Key processes in the atmosphere, which are involved WITH climate changes, air quality,
rain events (Fuzzi et al., 2015) or visibility (Hyslop, 2009), are strongly influenced by aerosols. ’ —

Lines391-392 ’ Although Savard et al. (2017) reported a similar negative d15N in NH4+ dependence
AT temperatures in Alberta (Canada),...” Also the word order is wrong.

Response: Text with above mentioned prepositions was changed.

Lines43-44: “Aerosols have a strong impact on key processes in the atmosphere associated with
climate change...”

Lines391-392: “Although Savard et al. (2017) reported a similar negative temperature dependence for
6N in NH4* in Alberta (Canada), ...”

2) Unhandy expressions

- Lines325-328:’ During the domestic heating season with the highest concentrations of NO3and NH4+,
we can observe a significant increase in OrgN with 615N again at approximately 14%o0 which implies
that the isotopic composition of OrgN is determined by the same process during maximal NO3-
concentrations, that is, emissions from domestic heating.’

Response: Sentence on lines325-328 was shortened to: “During the domestic heating season with the
highest concentrations of NOs and NH.*, we can observe a significant increase in OrgN with 6**N again
at approximately 13.3%o0, which implies that the isotopic composition of OrgN is determined by the
same source.”

3) Long, confusing sentences
Lines361-365 or Lines391-396. In these cases it helps to divide into more clear sentences.

Response: We divided above mentioned long sentences and also others in the revised MS.



Newly for line 361-365: “Similarly, at the KoSetice station, different carbonaceous aerosols were
observed during the heating season (Oct.—Apr.) than in summer (Mbengue et al., 2018; Vodicka et al.,
2015). Moreover, winter aerosols at the KoSetice site were probably affected by not only biomass
burning but also coal burning (Schwarz et al., 2016), which can result in higher carbon contents and
more *3C enriched particles (Widory, 2006).”

Newly for lines 391-396: “Although Savard et al. (2017) reported a similar negative temperature
dependence for 8N of NH4" in Alberta (Canada), most studies reported a positive temperature
dependence for 5*°N of NH,* that is stronger than that for 5*°N of NOs (e.g., Kawashima and Kurahashi,
2011; Kundu et al., 2010). The reason is that NHs; gas concentrations are higher during warmer
conditions, and thus the isotopic equilibrium exchange reaction, i.e., NHs(g) <> NHs*(p), which leads
to ©°N enrichment in particles, is more intensive.”

References:

Ancelet, T., Davy, P.K.,, Trompetter, W.J., Markwitz, A., Weatherburn, D.C., 2011. Carbonaceous
aerosols in an urban tunnel. Atmos. Environ. 45, 4463-4469.
doi:10.1016/j.atmosenv.2011.05.032

Bikkina, S., Kawamura, K., Sarin, M., 2016. Stable carbon and nitrogen isotopic composition of fine
mode aerosols (PM2.5) over the Bay of Bengal: impact of continental sources. Tellus B Chem.
Phys. Meteorol. 68, 31518. doi:10.3402/tellusb.v68.31518

Boreddy, S.K.R., Parvin, F., Kawamura, K., Zhu, C., Lee, C. Te, 2018. Stable carbon and nitrogen isotopic
compositions of fine aerosols (PM2.5) during an intensive biomass burning over Southeast Asia:
Influence of SOA and aging. Atmos. Environ. 191, 478-489. doi:10.1016/j.atmosenv.2018.08.034

Cachier, H., 1989. Isotopic characterization of carbonaceous aerosols. Aerosol Sci. Technol. 10, 379—
385. doi:10.1080/02786828908959276

Ceburnis, D., Masalaite, A., Ovadnevaite, J., Garbaras, A., Remeikis, V., Maenhaut, W., Claeys, M.,
Sciare, J., Baisnée, D., O’'Dowd, C.D., 2016. Stable isotopes measurements reveal dual carbon
pools contributing to organic matter enrichment in marine aerosol. Sci. Rep. 6, 1-6.
doi:10.1038/srep36675

Fisseha, R., Saurer, M., Jaggi, M., Siegwolf, R.T.W., Dommen, J., Szidat, S., Samburova, V.,
Baltensperger, U., 2009. Determination of primary and secondary sources of organic acids and
carbonaceous aerosols using stable carbon isotopes. Atmos. Environ. 43, 431-437.
doi:10.1016/j.atmosenv.2008.08.041

Gensch, 1., Kiendler-Scharr, A., Rudolph, J., 2014. Isotope ratio studies of atmospheric organic
compounds: Principles, methods, applications and potential. Int. J. Mass Spectrom. 365—-366,
206-221. doi:10.1016/j.ijms.2014.02.004

Goérka, M., Rybicki, M., Simoneit, B.R.T., Marynowski, L., 2014. Determination of multiple organic
matter sources in aerosol PM10 from Wroctaw, Poland using molecular and stable carbon
isotope compositions. Atmos. Environ. 89, 739-748. doi:10.1016/j.atmosenv.2014.02.064

Irei, S., Huang, L., Collin, F., Zhang, W., Hastie, D., Rudolph, J., 2006. Flow reactor studies of the stable
carbon isotope composition of secondary particulate organic matter generated by OH-radical-
induced reactions of toluene. Atmos. Environ. 40, 5858-5867.
doi:10.1016/j.atmosenv.2006.05.001

Kawamura, K., Kobayashi, M., Tsubonuma, N., Mochida, M., Watanabe, T., Lee, M., 2004. Organic and



inorganic compositions of marine aerosols from East Asia: Seasonal variations of water-soluble
dicarboxylic acids, major ions, total carbon and nitrogen, and stable Cand N isotopic composition.
Geochemical Soc. Spec. Publ. 9, 243-265. doi:10.1016/51873-9881(04)80019-1

Kawashima, H., Haneishi, Y., 2012. Effects of combustion emissions from the Eurasian continent in
winter on seasonal §13C of elemental carbon in aerosols in Japan. Atmos. Environ. 46, 568-579.
doi:10.1016/j.atmosenv.2011.05.015

Kawashima, H., Kurahashi, T., 2011. Inorganic ion and nitrogen isotopic compositions of atmospheric
aerosols at Yurihonjo, Japan: Implications for nitrogen sources. Atmos. Environ. 45, 6309—-6316.
doi:10.1016/j.atmosenv.2011.08.057

Kundu, S., Kawamura, K., Lee, M., 2010. Seasonal variation of the concentrations of nitrogenous
species and their nitrogen isotopic ratios in aerosols at Gosan, Jeju Island: Implications for
atmospheric processing and source changes of aerosols. J. Geophys. Res. Atmos. 115, 1-19.
doi:10.1029/2009)D013323

Kunwar, B., Kawamura, K., Zhu, C., 2016. Stable carbon and nitrogen isotopic compositions of ambient
aerosols collected from Okinawa Island in the western North Pacific Rim, an outflow region of
Asian dusts and pollutants. Atmos. Environ. 131, 243-253. doi:10.1016/j.atmosenv.2016.01.035

Martinelli, L.A., Camargo, P.B., Lara, L.B.L.S., Victoria, R.L., Artaxo, P., 2002. Stable carbon and nitrogen
isotopic composition of bulk aerosol particles in a C4 plant landscape of southeast Brazil. Atmos.
Environ. 36, 2427-2432. d0i:10.1016/51352-2310(01)00454-X

Martinsson, J., Andersson, A., Sporre, M.K., Friberg, J., Kristensson, A., Swietlicki, E., Olsson, P.A.,
Stenstrom, K.E., 2017. Evaluation of 613C in carbonaceous aerosol source apportionment at a
rural measurement site. Aerosol Air Qual. Res. 17, 2081-2094. doi:10.4209/aaqr.2016.09.0392

Masalaite, A., Holzinger, R., Remeikis, V., Rockmann, T., Dusek, U., 2017. Characteristics, sources and
evolution of fine aerosol (PM1) at urban, coastal and forest background sites in Lithuania. Atmos.
Environ. 148, 62-76. doi:10.1016/j.atmosenv.2016.10.038

Masalaite, A., Remeikis, V., Garbaras, A., Dudoitis, V., Ulevicius, V., Ceburnis, D., 2015. Elucidating
carbonaceous aerosol sources by the stable carbon §13CTC ratio in size-segregated particles.
Atmos. Res. 158-159, 1-12. doi:10.1016/j.atmosres.2015.01.014

Mbengue, S., Fusek, M., Schwarz, J., Voditka, P., Smejkalova, A.H., Holoubek, I., 2018. Four years of
highly time resolved measurements of elemental and organic carbon at a rural background site
in Central Europe. Atmos. Environ. 182, 335—-346. doi:10.1016/j.atmosenv.2018.03.056

Meier-Augenstein, W., Kemp, H.F., 2012. Stable Isotope Analysis: General Principles and Limitations,
in:  Wiley  Encyclopedia of Forensic Science.  American  Cancer  Society.
doi:10.1002/9780470061589.fsa1041

Miyazaki, Y., Kawamura, K., Jung, J., Furutani, H., Uematsu, M., 2011. Latitudinal distributions of
organic nitrogen and organic carbon in marine aerosols over the western North Pacific. Atmos.
Chem. Phys. 11, 3037-3049. doi:10.5194/acp-11-3037-2011

Mkoma, S., Kawamura, K., Tachibana, E., Fu, P., 2014. Stable carbon and nitrogen isotopic
compositions of tropical atmospheric aerosols: sources and contribution from burning of C3 and
C4 plants to organic aerosols. Tellus B 66, 20176. doi:10.3402/tellusb.v66.20176

Morera-Gémez, Y., Santamaria, J.M., Elustondo, D., Alonso-Hernandez, C.M., Widory, D., 2018.
Carbon and nitrogen isotopes unravels sources of aerosol contamination at Caribbean rural and
urban coastal sites. Sci. Total Environ. 642, 723—732. doi:10.1016/j.scitotenv.2018.06.106



Rahn, T., Eiler, J.M., 2001. Experimental constraints on the fractionation of C-13/C-12 and 0-18/0-16
ratios due to adsorption of CO2 on mineral substrates at conditions relevant to the surface of
Mars. Geochim. Cosmochim. Acta 65, 839—-846.

Savard, M.M., Cole, A., Smirnoff, A., Vet, R., 2017. 615N values of atmospheric N species
simultaneously collected using sector-based samplers distant from sources — Isotopic inheritance
and fractionation. Atmos. Environ. 162, 11-22. doi:10.1016/j.atmosenv.2017.05.010

Schwarz, J., Cusack, M., Karban, J., Chalupni¢kova, E., Havranek, V., Smolik, J., Zdimal, V., 2016. PM2.5
chemical composition at a rural background site in Central Europe, including correlation and air
mass back trajectory analysis. Atmos. Res. 176-177, 108-120.
doi:10.1016/j.atmosres.2016.02.017

Vodigka, P., Schwarz, J., Cusack, M., Zdimal, V., 2015. Detailed comparison of OC/EC aerosol at an
urban and a rural Czech background site during summer and winter. Sci. Total Environ. 518-519,
424-433. doi:10.1016/j.scitotenv.2015.03.029

Weber, R.J., Guo, H., Russell, A.G., Nenes, A., 2016. High aerosol acidity despite declining atmospheric
sulfate concentrations over the past 15 years. Nat. Geosci. 9, 282-285. doi:10.1038/nge02665

Widory, D., 2007. Nitrogen isotopes: Tracers of origin and processes affecting PM10 in the atmosphere
of Paris. Atmos. Environ. 41, 2382-2390. doi:10.1016/j.atmosenv.2006.11.009

Widory, D., 2006. Combustibles, fuels and their combustion products: A view through carbon isotopes.
Combust. Theory Model. 10, 831-841. doi:10.1080/13647830600720264

Widory, D., Roy, S., Le Moullec, Y., Goupil, G., Cocherie, A., Guerrot, C., 2004. The origin of atmospheric
particles in Paris: A view through carbon and lead isotopes. Atmos. Environ. 38, 953-961.
doi:10.1016/j.atmosenv.2003.11.001

Xiao, H.-W., Xiao, H.-Y., Luo, L., Zhang, Z.-Y., Huang, Q.-W., Sun, Q.-B., Zeng, Z., 2018. Stable carbon
and nitrogen isotope compositions of bulk aerosol samples over the South China Sea. Atmos.
Environ. 193, 1-10. doi:https://doi.org/10.1016/j.atmosenv.2018.09.006

Xue, D., Botte, J., Baets, B. De, Accoe, F., Nestler, A., Taylor, P., Cleemput, O. Van, Berglund, M., Boeckx,
P., 2009. Present limitations and future prospects of stable isotope methods for nitrate source
identification in  surface- and groundwater. Water Res. 43, 1159-1170.
doi:https://doi.org/10.1016/j.watres.2008.12.048

Zhang, Y.L.,, Kawamura, K., Cao, F., Lee, M., 2016. Stable carbon isotopic compositions of low-
molecular-weight dicarboxylic acids, oxocarboxylic acids, ??-dicarbonyls, and fatty acids:
Implications for atmospheric processing of organic aerosols. J. Geophys. Res. Atmos. 121, 3707—
3717. doi:10.1002/2015JD024081



O 00 N O U1 & W N

[
= O

W W W W W W W N N N NNNNNDNNNRPRP P P R R R R
O 00 DN W N P O O 0 N O U1 B W N P O WO W N O U b W N

Seasonal study of stable carbon and nitrogen isot@pcomposition

in fine aerosols at a Central European rural backgound station

Petr Vodekal?, Kimitaka Kawamurg Jaroslav Schwafz Bhagawati Kunwar Vladimir
ZdimaP

1 Chubu Institute for Advanced Studies, Chubu Ursitgr 1200 Matsumoto-cho, Kasugai 487-8501, Japan
2|nstitute of Chemical Process Fundamentals of ttexi Academy of Science, Rozvojova 2/135, 165 Gyure
6, Czech Republic

Correspondence to: vodicka@icpf.cas.cz (P. Vaika), kkawamura@isc.chubu.ac.jp (K. Kawamura)

Abstract. A studybeterminationsf the stable carboisotope ratiosdC) of total carbon (TC) and
thenitrogen isotope ratio$'°N) of total nitrogen (TN) were carried out for finerosol particles (PM1)
collectedevery two days withea24 h sampling pericddaily-bassa rural background site in Ko3etice
(Central Europejrombetween2BeptembeR7,2013 to-and-9August9, 2014 (n=146). We found a
seasonal pattern for bai®*C and3!*N. The seasonal variation N wascharacterized by lowermore

pronounced—with™N-depletedvalues (av. 13.1+4.5%0) in winter arfdgher*N-enriched values
(25.0£1.6%0) in summer. Autumn and springreareransition periods when the isotopic composition

gradually changed due tbe changingdifferensources and the ambient temperature. The seasonal
variation in3!*C was less pronounced but more depletédGrin summer (-27.8+0.4%&scompared
to winter (-26.7+0.5%o).

Abojersentelcetihe

eomparative analysis with water-
soluble ions, organic carbon, elemental carborretigases and meteorological parameters (mainly

ambient temperatuyéas shown major associations with the isotoprommsitions, which enlightened

the affecting processesA.comparison 06N with NOz', NHs" and organic nitrogen (OrgN) revealed
that although a higher content of Bi@as associated with a decreasthab'®N ofvaluesinTN, NHs*
and OrgNcaused increases-had-the-epposite-influerides highest concentrations of nitrate, mainly
represented by NINIOs, related to-eriginated-froftihe emissions from biomass burning, leadingrto
averagelowerd™N of TN (13.3%o)values—of-approximately—14%a winter. During spring, the
percentage of N©in PM1 decreasedAn—and**N enrichmentof *°N was probably driven byhe
equilibrium exchange between the gas and aerosslgsh(NH(g) «» NH4*(p)), which isjasupported

by the increased ambient temperature. This equifibwas suppressed in early summer when the

NH//SA*-molar ratiosof NH,*/SO,* reached 2, anthe nitrate partitioning in aerosol was negligible

&xithe increased

8N values wereamongseme-ofhe highestebserved,prebablguggesting the aging of ammonium
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sulfate and OrgN aerosols. Such aged aerosolsecendbed by organics in whiétC enrichment takes
place bythephotooxidation process. This result was supporyestiepositive correlation o3°C with
ambienttemperature and ozone, as observed in the sunaasors.

During winter, we observed an event with the lowé3t and highes$**C values. The winteEvent
occurred inwas-cennected-withevailing southeastir masseswind#Althoughthe higherd®*C values
probably originated from biomass burning partictes, lowes®%*N values wergrobablyassociated
with agriculture emissions of NHinder low temperature conditiofsthat-were-belevd°C).-

1. Introduction

Aerosols have a strong impact on keyKgcesses in the atmosphessociated—which-are-invelved

with climatechangeehangesair quality, rainpatterns and visibilityeven{&uzzi et al., 2015; Hyslop,
2009)-{Fuzzi-et-al—20 or-visibility (Hyslop0@9) —are-strongly-influenced by aeros@ecause
these processes are still insufficiently understtioely are studied intensively. One approach téoesp
chemical processes taking place in atmospherisakrds the application of stable carbé®C) and
nitrogen 6'°N) isotope ratios. These isotopes can provide unigsightinfermationon source
emissionsalongtegethewith physical and chemical processes in the atimargp(Gensch et al., 2014;
Kawamura et al., 2004), as well as atmosphasicposition inhistory (Dean et al., 2014However,

studies based on single isotope analysis have ltheiations (Meier-Augenstein and Kemp, 2012).

Those include an uncertainty when multiple souocasifferent processes are present, whose measured

delta values may overlap (typically in the narrow/é€ range). Another factor are isotope fractionation

processes which may constrain the accuracy of eddentification (Xue et al., 2009). Using isotope

analysis on multiple phases (gas and particulateem@r multiple isotope analysis can overcomsé¢he

problems and may be useful to constrain the patliesdiurces/processes.

Generally, isotopietsetepicomposition is affected by both primary emissi¢ag., Heaton, 1990;
Widory, 2006) and secondary processes (e.g., Fisstedl., 2009b; Walters et al., 2013adtopes are

furthermore altered mainly by kinetic and/or edprilim fractionation processes. Kinetic isotope @fe

(KIE) occur mainly during unidirectional (irreveld®) reactions but also diffusion or during revielesi
reactions that are not yet at equilibrivmBeétHC—ands*N-values—are-influenced-bykinetic-and

a m olopne ala ‘aVa N a Nlaicadne mosphare a a¥a allia N aVaisly
CHo i N

qGensch et al., 2014Pwing to KIE,
reaction products (both gasses and particles)aniedd in the heavy isotope relatively to the taats,




73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109

and this effect is generally observed in organmpounds (Irei et al., 2006). If the partitioninduween

phases is caused by non-equilibrium processes @si€hg. absorption), the isotopic fractionation is

small and lower than that caused by chemical re@et{Rahn and Eiler, 2001). Equilibrium isotope

effects occur in reversible chemical reactionsmase changes if the system is in equilibrium. Under

such conditions, the heavier isotope is boundtimocompounds where the total energy of the system

is minimized and the most stable. Equilibrium eféeare typical for inorganic species and usually

temperature dependent.

Regarding to the isotopic distribution in individuzhases®N is generally depleted in gas phase

precursors (ammonia, nitrogen oxides) but is momcked in ions (N, NOz) in rainfall and the

most enriched in particulate matter and dry deosifHeaton et al., 1997; Ti et al., 2018). Total

nitrogen usually consists of the three main comptsmeNQ, NH," and/or organic nitrogen (OrgN),

and thus, the final*>N value in TN can be formulated by the followinguation:

NN = 8 Nnos*f nog + 8 Nnpa*f na + 3 Norgn*f orgn

where fio3 + fnna + forgy = 1 and f represents the fractions of nitrogemfitdOs, NH," and OrgN in

TN, respectively.
Total carbon in aerosol is usually divided intoneémtal carbon (EC) and organic carbon (OC), where

OC forms the major part of TC (e.g., Mbengue et 2018). Although EC is more or less inert to

chemical changes, slightly differeft3C in EC originating from primary emissions are dis

(Kawashima and Haneishi, 2012). OC represents & wadiety of organic compounds which can

originate from different sources with differéd€ content resulting in differeit3C values in bulk of

emissionsChanges in isotopic ratio 6#°C in OC (and thus also TC) can subsequently affeemical

reactions where isotope fractionations via the tkinesotope effect (KIE) usually dominate the

partitioning between gas and aerosol (liguid/sagbldases (e.q. Zhang et al., 2016).

Many studies have been conductedst€ ands!®N in particulate matter (PM) in Asia (e.g., Kundu e
al., 2010; Pavuluri et al., 2015b; Pavuluri and lKawra, 2017) anthe AmericasAwmericde.g.,
Martinelli et al., 2002; Savard et al., 201Recently, the multiple isotope approach was apghed

several studies by usid®C ands™N measurements. Specifically, tfC andd'®N composition of

aerosol (along with other supporting data) was ueddentify the sources and processes on marine
sites in Asia (Bikkina et al., 2016; Kunwar et 2016; Miyazaki et al., 2011; Xiao et al., 2018n&

isotopes were used to determine the contributiobiomass burning to organic aerosols in India

(Boreddy et al., 2018) and in Tanzania (Mkoma et 2014), or to unravel the sources of aerosol

contamination at Cuban rural and urban coasta filerera-Goémez et al., 2018). These studies show

the potential advantages &fC andd'®N isotope ratios to characterize aerosol typestamdveal the

underlying chemical processes that take placegmth
OnlyHeweveronhfew studieon §°C andd'®N isotope ratiohave been performed in Eurqpehich

are moreover often based on single—Europisatiopestudies-on-aerosoels-mainly-involve-thmalysis
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Regarding the isotopexf nitrogens**N-in-NOs—and/or-NH*: Widory (2007) published a broad study
on &N in TN in PM10 samples from Paris, focusingsmasonalityseasoifwinter vs. summer) with
some specific sources. Freyer (1991) reportedeheanal variation ithe 3*°N of nitrate in aerosols
and rainwater as well as gaseous HND a moderately polluted urban area in Jilich f@ey).
Yeatman et al. (2001a, 2001b) conducted analys&$ifin NOs and NH* at two coastal sites from
Weybourne, England, and Mace Head, Ireland, fogusim the effects ofhe possible sources and
aerosol size segregation on their formation preeasd isotopic enrichment. More recentlyZ&a

et al. (2016) reported one-year observationg"¥ in NH,* and ions in precipitation at an urban site
in Wroclaw, Poland, whereas Beyn et al. (2015) riggbseasonal changesdtiN in NOs™ in wet and
dry deposition at a coastal and an urban site rm@ey to evaluatéhe nitrogen pollution levels.
Studies ord**C at European sites have been focused more on agsasols. Fisseha et al. (2009) used

stable carbon isotoped the different carbonaceous aerosol fractions, (Al@ck carbon, and water

soluble and insoluble OCio determine the sources of urbaarbenaceeusmerosols in Zurich,
Switzerland, during winter and summer. Similarlyiddty et al. (2004) useit*C of TC,alongtegether

with an analysis of lead isotopes, to study thgiorof aerosol particles in Paris (France). Géitkal.e

(2014) used**C in TCin conjunctiontegethewith PAH analyses for the determinationtiof sources

of PM10 organic matter in Wroclaw, Poland, duriregetative and heating seasons. Masalaite et al.
(2015) used an analysis&fC in TC on size-segregated urban aerosols to elteechrbonaceous PM
sources in Vilnius, Lithuania. Fewer studies haserbconducted a3t*C in aerosols in rural and remote
areas of Europe. In the 1990s, Pichimayer et 8§l conducted multiplearisotope analysisf 5°C

in OC,8%N in NOs” and&*S in SQ% in snow and air samples for the characterizatfgpobiutants at

high-alpine sites in Central Europe. Recently, Magon et al. (2017) published seasonal obsenstion
of 81°C in TC_along with the"/C/*?C isotope ratimf PM10 at a rural background station in Vavihill

southern Sweden based on 25 weekly samples.

Theses*C-ands™N

so-setentoletheseisetesecstoizenereselbses—ond (he

i-thEonbroadenthe multiplethisisotope approach over the
European continent, we present seasonal variatiob$’C of tetal-carben-TC) and 6N of tetal
nitrogen-TN) in the PM1 fraction of atmospheric aerosols atralackground site in Central Europe.
To the best of our knowledge, this is the firstseeml study of these isotopes in thegiontecation

and it is one of the most comprehensive isotopdietwof a fine fraction of aerosols.

2. Materials and methods

2.1. Measurement site



145  The KoSetice observatory dskey stationthe-specialized-workplaafahe Czech Hydrometeorological

146 Institute (CHMI),focusingwhich-isfecusednair quality and environmentatonitoringthe-guatity-of
147 the-envirenmen(Vana and Dvorska, 2014). The site is located in thec8Highlands (49°34'24.13"

148 N, 15°4'49.67" E, 534 m ASL) and is surrounded lagricultural landscape and forests, out of range

149  of major sources of pollution withvery lowfregueney-otraffic density The observatory is officially
150 classified as a Central European rural backgroitagdwhich is part of the EMEP, ACTRIS, and GAW

151  networks. A characterization of the station in tewhthe chemical composition of fine aerosols myri
152  different seasons and air masses is presentediwyaBcet al. (2016) and longtime trends by Mbengue
153  etal. (2018) and Pokorna et al. (2018). As pa# wionitoring network operated by the CHMI, the sit
154  is equipped with an automated monitoring systerhphavides meteorological data (wind speed and
155 direction, relative humidity, temperature, presswaed solar radiation) and the concentrations of
156  gaseous pollutants (SACO, NO, NG, NO, and Q).

157

158 2.2. Sampling and weighing
159

160  Aerosol samplegr=146jwere collecteder24-hevery two daydor 24 hfrom September 27, 2013,
161  to August 9, 2014, using a Leckel sequential san§#e47/50 equipped with a PM1 sampling inlet.
162  Sometemporalgapsin-samplingwere caused bgamplereutages-anmdaintenancer power outages
163  resulting in 146 samples durirgttealmost year-long studysampldihe sampler was loaded with pre-
164  baked (3 h, 800°C) quartz fiber filters (Tissuedmapall, 47 mm), andperated at-atiftow rate of 2.3

165  m’h-was-usedIn addition, field blanks (n = 7) were also takenan analysis of the contribution of

166  absorbable organic vapors.

167

168 ThemassofPM1 was measuregravimetrically (by-gravimetric-analysis-ehchguarizfilter before
169  and after the samplingvith a microbalance that had +1 g sensitivityr{@&aus M5P, Sartorius AG,
170  Géttingen, Germanyin a controlled environment-—Fhe—-weighing—angples—was—performed at
171 201 °C and 50+3 % relative humidity aftéter equilibration for 24 h-

172

173 2.3. Determination of TC, TN concentrationsand their stable isotopes
174

175  For themeasurements of total carbdiQ) andnitrogen TN) and their stable isotope ratios-analyses

176  small filter discs (area 0.5 &.13 cri or 2.01 cr) were placed in a pre-cleaned tin cup, shaped into
177  a small marble using a pair of tweezers, and inited into the elemental analyzer (EA; Flash 2000,
178  Thermo Fisher Scientific) using an autosampleidmshe EA, samples were first oxidized in a quartz
179  column heated at 1000°C, in whithe tin marble burng=1480°C)and oxidizes althe carbon and

180  nitrogen species to G@nd nitrogen oxides, respectively. In the secaraitg column, heated to 750°C,

5



181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196

197
198
|199
200
201
|202
203
204
205
206
207
208
209
210
211
|212
213
|214
215
216

nitrogen oxides were reduced te.NEvolved CQ and N were subsequently separated on a gas
chromatographic column, which was installed in BAJ measured with a thermal conductivity detector
for TC and TN.RartsofCO, and N were then transferred into an isotope ratio masstsometer
(IRMS; Delta V, Thermo Fisher Scientific) througiCanFlo IV interface to monitor théN/**N and
BCA2C ratios.

An acetanilide external standard (from Ther&lectron Corp-electren-cofpwas used to determine
the calibration curves before every set of measengenforcalculating-the—caledtation-ef-the—right
values-of TC, TN and theiisotope valuesisetopic+atiofhe5°N ands**C values of the acetanilide
standard were 11.89%o (relative to the atmosphétriegen) and -27.26%o (relative to Vienna Pee Dee
Belemnite standard), respectively. Subsequent®g*iN of TN andd**C of TC were calculated using

the following equationand the finab values are expressed in relation to the internatistandards

815N (%0) = [(15N/14N)sample/(lsN/MN)standard— 1]*1000
8130 (%0) = [(13(:/1 ZC)sampIe/ (13(:/1 2C)standard— l]*lOOO

2.4.  lon chromatography

The loads on the quartzQuafilters waswerefurther analyzed by using a Dionex ICS-5000 (Therm

Scientific, USA) ion chromatograph (IC). The sanspleere extracted using ultrapure water with

conductivity below 0.08 uS/m (Ultrapur, Watrex Lt@zech Rep.) for 0.5 h using an ultrasonic bath
and 1 h using a shaker. The solution was filteredugh a Millipore syringe filter with 0.22um
porosity. The filtered extracts were then analyfredoth anions (S&, NOs, CI, NO, and oxalate)
and cations (Na NH,", K*, Ca&* and Md@") in parallel. The anions were analyzed using aoraself-
regenerating suppressor (ASRS 300) and an lonPad-A& (2 x 250 mm) analytical column and
measureddetectewith a Dionex conductivity detector. For catiores, cation self-regenerating
suppressor (CSRS ULTRA II) and an lonPac CS18 2280 mm) analytical column were usied
conjunctiontegethawith a Dionex conductivity detector. The sepamatibanions was conducted using
25 mM KOH as an eluent at a flow rate of 0.38 miynaind the separation of cations was conducted

using 25 mM methanesulfonic acid at 0.25 ml/min.

The sum of nitrate and ammonium nitroggrowed awas-igood agreement witthe measured TN
(Fig. S1 in Supplementary Information (Sl)), anddxhon the results of TN, NGand NH*, organic
nitrogen (OrgN) was also calculated usihg following equation (Wang et al., 2010): OrgN = TN
14*[NO5/62 + NH,*/18].
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2.5. EC/OC analysis

Online measurements of organic and elemental caf®ahand EC) in aerosols were provided in
parallel to the aerosol collection on quartz fdtenentioned above by a fiekdmi-onlinesemiontine
OC/EC analyzer (Sunset Laboratory Inc., USA) coteteto a PM1 inlet. The instrument was equipped
with a carbon parallel-plate denuder (Sunset Labremove volatile organic compounds to avoid a
positive bias in the measured OC. Samples weratakd h intervals, including the thermal-optical
analysis, which lasts approximately 15 min. Thdysiswas performed using the shortened EUSAAR2
protocol: step [gas] temperature [°C]/duration f#& 200/90, He 300/90, He 450/90, He 650/135, He-
Ox. 500/60, He-Ox. 550/60, He-Ox. 700/60, He-Ox0/8B0 (Cavalli et al., 2010). Automatic optical
corrections for charring were made during each oreasent, and a split point between EC and OC
was detected automatically (software: RTCalc52@s8tulLab.). Instrument blanks were measured once
per day at midnight, and they represent only a dpacknd instrumentesponsesighalithout filter
exposureany—reflection-en-concentratio@ontrol calibrations using a sucrose solutionemerade
before each change of the filter (ca. evelveek) to check the stability of instruments. THe2
averages with identical measuring times, such aguantz filters, were calculated froime acquired 4

h data. The sum of EC and OC provided TC concentrations, which were consistent with TC
values measured by EA (see Fig. S2 in Sl).

2.6. Spearman correlation calculations

Spearman correlation coefficients (r) were caladatising R statistical software (ver. 3.3.ILhe
correlationsCerrelationwere calculated for the annual datasetl@9 and-samples)separately for
each season (autumn 25, winter— 38, spring— 43, and summer 33-sample} andthe winter
evenkvent (7-samplek Data from the winteEvent were excluded from the annual and winter datasets

for the correlation analysias their distinctly high concentrations and isatogalues might have

affected the resultsCorrelations with p-values over 0.05 were takeatasstically insignificant.

3. Results and discussion

The time series of TN, TC and their isotope ratid3N andd*3C) for the whole measurement campaign
are depicted in Fig. Some samplingSamplingapswere causeth autumn and at the end of spring
are-causely servicing or outages of the sampldowever-hoeweverl46 of the samplédsombetween
September 27, 2018and August 9, 2014aresufficienteneugtfor a seasonal study. In Fig. 1, the
winter Event is highlighted, which has divergent values, esgbcfor §'°N, and is discussed in detail

in section 3.4.
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Table 1 summarizes the results fbefour seasons: autumn (SegNov.),); winter (Dec—Feh),);
spring (Mar—May) and summer (Jur-Aug.).»: The higher TN concentrations were observed in
spring (max. 7.59 pugN #), while the higher TC concentrations were obtaidedng the winteEvent

(max. 13.6 pgC ). Conversely, the lowest TN and TC concentratimese observed in summer

(Tabkig 1).

Figure 2 showshe relationships betweetme TC and TNconcentrationgnd their stable isotopes for
one year. The correlation between TC and TN isifsogimt (r=0.7179), butthe relationship splduring
highhigherconcentration eventsthis-dependence—can-be-sglite todivergent sourcesthe-different
origins—of-these—componentThe highest correlations between TC and TN wdrined during
transition periods in autumn (0.85) and spring@.8orrelations between TC and TN in winter (0.43)

and summer (0.37) were weaker but still statidiicailgnificant (p<0.05). As seen in Table 1, the

seasonal averages of TC/TN ratios fluctuate, lrit thedians have similar values for autumn, winter

and spring. The summer TC/TN value is higher (3.48) characteristic of a significant shift in

chemical composition, which is in line with prengstudies at the site (Schwarz et al., 2016). Mewe

aiat as large
as those in other works (e.g., Agnihotri et al120 and thus, this ratio itselfddeesnot provide much

information about aerosol sources.

The correlation betweeit*C and3!*N (Fig. 2, right) is also significant but negativ@.6971). However,
there is a statistically significant correlatiom épring only (-0.54), while in other seasons, efations

are statistically insignificanffautomn—0-29,-winter—0-11-and-summer—0.0his resulthighlights
ashews-thasignificant shiftand-related-changan the sources of carbonaceous aerosols and their
isotope values-isetopic-composition-of-hitrogeretbgrwith-carbon-oceur-especiaityspring while

the sources were ratherthere atablesources—ofparticleduring other seasons-winter-and-summer.
The winterEvent measurements show the high#8€ valuesandthelowests!®N values, butithey-are
stitbinline-with-thelinearfit does not show a significant differences as carad to rest of thefitting
ofallannualdata (Fig. 2, right).

3.1. Total nitrogen and its '°N
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Thed'™N values are stable in winter at approximately 159th antheexception othewinter Event,
which showeddeviated-ban average of 13%.. In summer, 8teN shows strong enrichment BN in
comparison with winter, resulting in an averageuegabf 25%.. During the spring period, we
observedebserva slow increase ia®N from April to June (Fig. 1), indicating a gradudlange in
nitrogen chemistry in the atmosphere. During autuangradual change is not obvious because of a
lack of data in a continuous time seri€se range cfYearround'>N wasrangedrom 0.6%o to 28.%o
year round-%oSuch awidelargerange mayriseerigiratdrom athelimited number ohitrogen-main
cempouhdgontainingspecies and/or componentsnaitrogeaerosols, whichreisspecifically present
in the formsfermof NOs, NH,* and/or organic nitrogen (OrgNand-thus—the-final**N-value-in-TN
son-botermulniod borthetellawingconnton:

SN =—=3"Nyofro 8" NuntFruu—+=8"Nogiforgn
wherefor+fu—+rfop—-and-frepresentsthefractions-efnitrogemife; =NH —and-Orgh-n
Fil—respectivel). The highest portion of nitrogen is contained in4NKb4 % of TN year-round),
followed by OrgN (27 %) and NO(19 %).AlthoughWhitethe NH;" content in TN is seasonally stable
(51-58 %, Table 1), the NOcontent is seasonally dependettie highest—highein winter, and
somewhat lowersimitarhbalanedd spring and autumnin—and—verylow-insummey when the

dissociation of NENOs plays an important roléhe NQ content is very low-and its nitrogen is

partitioned from the aerosol phasetie gas phase (Stelson et al., 1979).

The seasonal trend 6N ofin TN, with the lowest values in winter and highessummer, has been
observed in other studies from urban Paris (Wid20@7), rural Brazil (Martinelli et al., 2002), Eas
Asian Jeju Island (Kundu et al., 2010) and ruratimyeong Island (Park et al., 2018) sites in Korea
However, different seasonal trendss&N ofin TN in Seoul (Park et al., 2018) show that suclsseal

variation does not always occur.

Figure 3 shows changes 3N values as a function of the main nitrogen compté TN, with
different colors for different days. There are tvisible trends for a type of nitrogen. AlthoutiN is
more depleted with increasing contents ofsN@® TN, the opposite is true for NHand OrgN. The
strongest dependentef mostef-thebulk data is expressed by a strong negative etioel between
8N and thefractionsharef NOs in TN (Fig. 3). In all cases, the dependence dytfe winterEvent
is completely opposite to the rest of the bulk d&tg. 3, suggesting the presence-ef)-shevdifterent

processegoren 5°N valuesfermation which is characterizedhighlightetly a-very strong positive
correlation betwees™N and NQ-N/TN (0.98). This point will be discussed in seati3.4.

Considering the individual nitrogen components,esalvstudies (Freyer, 1991; Kundu et al., 2010;
Yeatman et al., 2001showedshevseasonal trends 6f°N of NOs, with the lowes®°N in summer

and the highest in winteGavard et al. (2017 and references therein)Sataid{@017andreferences
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therein)summarized four possible reasons for this seasspmdild°N ofin NOs; namely-thatis (i)
changes ilNOx emissionsstrength (ii) influence of wind directions in the relativ®ntributions from
sources with different isotopicompositionseempesition(iii) the effect of temperature on isotopic
fractionation and (iv) chemical transformationsni@fogen oxides over time with a lower intensity of
sunlight, which can lead to high&¥N values of atmospheric nitrate during winter mentiis shown
by Walters et al. (2015a). bfe—ease—obur study, it is most likely that-data;—mixirg-afl ef-these

factorscontributed, to a certain extent, to the nitrogebpbly-had-an-influenrce-on-the-nitregetopic
compositionof NOs™ throughoutduring-different-parts tife year.

Conversely, Kundu et al. (2010) reported high'€N values of NH'in summer than in winter and
generallyreported higheb™N valuesofin NH4* thanin-NOgs,” except for winteiseasonin sum, the
contribution of NH* to 6N overwhelmsthatthecontributiorof NO;.+6-8*N. Additionally, TN is
composed of Nit, NOs and OrgN. InFigureFig.3, we can obsenantheenrichment of°N in TN in
summer when the lowest N@ontribution occurs. Thus, high&®N values of**N-ir-TN in summer

are mainly caused hkyigher abundances dfH4* originating from (NH).SQ,, OrgN and ammonium

salts of organic acids.

Furthermorein-summerwe observed one of the largest enrichment&\bbfin TN in summererosols
as compared to previousin-compariseon-with-ostadies (Kundu et al., 2010 and references thegrein
which may beexplained bydue-tgseveral reasons. First, thecvious studieswerks-mentioned-above
mainly focused onstudietbtal suspended particles (TS9Rxeresolshowever, wdocusedfecu®n the

fine PMifraction(PM1), whose surface-whidhould be more reactivkie to a larger surface area per

unit of aerosol maghan the coarse fraction and consequently resalhigher abundance 6N during
the gas/particle portioningetweerelNHsz and NH*. Secondthefine accumulatioraeresel-fraction of
the-Aitkenmodepatrticles havepersistsfarlongeresidenceperied-dime in the atmosphere than the
coarsemodefraction, which is also a factdinat results in anleading-to-highak enrichmentof N.
Indeed, Mkoma et al. (2014) reported average higHer ofin TN in fine aeroselg17.4%., PM2.5)
thanin-comparisen-witboarse aerosols (12.1%., PN 39andFreyer (1991) also reported highéiN

ofth NOs™ (4.2%o0 to 8%o) in fine aerosols (< 3.5 um) in comgan with the coarse mode (-1.4%o to
5.5%0). Third, a shorter samplingterval of ourtime—inr—thisvork (24 h) leads tonore chance to
collectthe-collection-ef samples-wiipisodicsamples such asvalues{#ee winterEvent, which could

not-that-weuldbe clearly detected due taveraged (overlappedierosolsover a longersampling
periodtimereselutiolfe.g., weekly samples).

Similarly, as in this study, the high&dtN values in TN were observed in a few studies ftoenindian
region (Aggarwal et al., 2013; Bikkina et al., 20P&vuluri et al., 2010) where biomass burninipés

commonsource and ambient temperatures are high. Therefor@dutition to the above reasons,
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363 temperature also plays a significant rolé>M enrichment. This point will be discussed in mdegail
364  in section 3.3.

365

366  Figure 4 shows th&"®N ofin TN as a function of N@ concentration. Samples—T&EN-shows-a-peak
367 atapproximately-14+1%aith the highest N@increasing-hitrateoncentration$>6 pg m®, n=5) show
368  anaveragé™N of 13.3+0.7%. Assuming that N@in the fine aerosol fraction consists predominant|
369 of NH4NOs (Harrison and Pio, 1983), it can be stated #matmoniumnitrate at-the-KeSetice-sitis a

370  source of nitrogeat the KoSetice sitavith 3N values at approximately3.3144o, which is similar to

371  the winter values o8'*N in NOs in other studies. Specifically, Kundu et al. (2pi€ported a winter
372 averagesalueof 5N ofin NOs at +15.9 %0 from a Pacific marine site at Gosannid|&South Korea,

373  whereas Freyer (1991) reported +9.2%. in a modsraluted site from Julich, Germany. Yeatman
374 et al. (2001) reported approximately +9%. from a Wmyrne coastal site, UK. Park et al. (2018)
375  reported 11.9%o in Seoul and 11.7%. from a ruralisitBaengnyeong Island, Korea.

376

377  Considering thé'®N of nitrogen oxides, which are common precursdrgasticulate nitrate, we can
378  see that thé™N of nitrogen oxides generated by coal combustkeliX et al., 2012; +6 to +13%o,
379  Heaton, 1990) or biomass burning (+14%., Felix et 2012) are irtheasame range with oW'*N
380 during the period of enhanced concentrations of NIhese3®N values of nitrogen oxides are also
381  significantly higher than those from vehicular exsta(-13 to -2%. Heaton, 1990; -19 to +9%. Walters
382  etal., 2015b) or biogenic soil (-48 to -19%o, LidaWWang, 2008)Because of the only slight difference

383  between above reportééN of nitrogen oxides and 0@t°N of TN during maximal N@ events, the

384 isotope composition is probably influenced by thacpss of kinetic isotopic fractionation in fodsig¢l

385 combustion samples during heating season as réfeyr€eczka et al. (2016) as one of three possible

386  processes. Thu8™N values around 13.3%. (Fig-Fhus N-values-of approximately-14%.-(Fig) are

387  probably characteristic of fresh emissions frontinga(both coal and biomass burning) because these

388 values are obtained during the domestic heatingosea

389

390  The exponential curves in Fig. 4 represent a bayridavhichthes'®N values are migrating as a result
391  of the enrichment or depletion dfN, which is associated witthe removal or loading of N®in

392  aerosols. These curves represent two opposite chkmiocesses, with a match at approximately

393  13.334%0, which showed a strong logarithmic correlation0(86 during winteEvent, green line, and

394 -0.81 for the rest of points, black line, Fig. SBhese results indicate a significant and different
395 mechanism by which nitrogen isotopic fractionatamturs in aerosols. In both cases, the decrease in
396 nitrate leads to exponential changes in the enmctinor depletion of'®N from a value of
397  13.3approximately1%. In the case of enrichment, in addition to a kigproportion of NH" than

398 NOs, the dissociation process of h¥O; can cause an increasetl ofin TN during a period of

399  higher ambient temperatures, as hypothesized byliaet al. (2010).
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OrgN has not been widely studiedcompared to particulate NGand NH*, although it represents a
significant fraction of TN (e.g., Jickells et &013; Neff et al., 2002; Pavuluri et al., 2015gWe 5
shows the relationship betwe&®iN ofin TN and OrgN. Organic nitrogen consists organic poumds
containing nitrogen in water soluble and insolulidactions. The majority of samples have a
concentration range of 0.1-0.5 ug gray highlight in Fig. 5), which can be considkes background
OrgN at the KoSetice site. During the domestic ingateason with the highest concentrations 0§ NO
and NH', we can observe a significant increase in Orght @4tN again at approximately/3.314%o,
which implies that the isotopic composition of Org\determined by the sameurceprecess-during
maximal-NQ -concentrations,thatis,—emissionsfrom-domesating In the case of emissions from
combustion, OrgN originates mainly from biomassing (Jickells et al., 2013 and references theyein)
and thus, elevated concentrations of Orghl Well astegetherwithigh NG and NH* conc.) may
refer to this source. On the other hand, lookintpatrend of OrgN/TN in dependence®N (Fig. 3),

it is more similar to the trend of NHN/TN than NQ-N/TN. Thus, it can beonsideredassumdhat
the changes in thé™N ofin OrgN in samples highlighted as a gray area in Figre probably driven
more by the same changes in Nparticles, and especially in summer with elev&egN in TN (Table
1).

3.2.  Total carbon and its §C

-28.9 to -25.4%0 (Fig. 6) anithe lowest*3C we observed in field blank samples (mean -29.8%4),

indicating that the lowest summer values in paldi|umatter were close to gas phase valuess®or

values are within the range reported for parti@ulBE (-29%o to -15%0) as summarized by Gensch et

al. (2014). The lowest values are associated withgdarticles after combustion and transport (Agicel

et al., 2011; Widory, 2006) while the highest valume associated with the coarse fraction and

carbonate contribution (Kawamura et al., 2004)sTmbad range can be explained by the influence of

marine aerosols (Ceburnis et al., 2016), differrihropogenic sources (e.q., Widory et al., 2084}),
well as different distributions of C3 and C4 plaartinelli et al., 2002) resulting in differedt’C

values in the northern and southern hemispherdea@dal{2014))and-different sites(urbantada
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values at the KoSetice site fall within the rangenmon to other European sité®r examplea rural
background site in Vavihill (southern Sweden, rafffe7 to -25.6%0, Martinsson et al. (2017)), urban

Wroclaw (Poland, range -27.6 to -25.3%0rka et al. (2014)), different sites (urban, calagorest) in

Lithuania (East Europe, Masalaite et al., 2015.7204s well as urban Zurich (Switzerland, Fissaha e

al. (2009)).

The range of TG'C values is significantly narrower than that of RN due to a higher number of

carbonaceous components in the aerosol mixture envisogope ratio overlaps one anothéowever,
it is possible to distinguish low@&tC values in summer (Table 1), which may indicat®mtribution

from higher terrestrial plant emissions. Similalartinsson et al. (2017) reported low#tC values

in summer in comparison with other seasons, wiiels explain by high biogenic aerosol contributions
from C3 plants.

A—comparison—ofs=C-with- TC-in—Fig—6-shows—an—enhanced-enrichment®ef at-higher TC
concentrationsA similar dependence éf°C on the TC concentration was observed by Fissehh e
(2009), wherewherebywinter *C enrichment was associated with WSOC (water selainfjanic
carbon) that originated mainly from wood combusti&milarly, at the KoSetice station, different
carbonaceous aerosols were observed during thiedeatison (Oct.—Apr.) than in summer (Mbengue
et al., 2018; Vodika et al., 2015) Moreover;—wherebwinter aerosolsat the KoSetice sitavere
probably affected by not only biomassrningeembustiomut alsoburring-efcoal burning(Schwarz

et al., 2016), which can result in higher carbontents and moré&*C--enriched particles (Widory,
2006).However relatively lovws*?
eﬂ@—@Hbe—Hhe#&eHha%ﬁ%—p&%%—ammﬁG—deple@d—m%emp%ﬁenﬁﬁm—e%rse
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particleg-urthermore, based on the number of size distobutieasurements at the KoSetice site, larger

particles were observed in winter in comparisorwitmmer, even in the fine particle fraction (Zi&ov

and Zdimal, 2013), which can also have an effeddwer5'3C values in summerThus, the relatively

low 8'3C values in our range (up to -28.9%.) are because fiarticles have lowe¥'3C values in

comparison with coarse particles probably due fiemint sources of Tde.g., Masalaite et al., 2015;
Skipityte et al., 2016)~ : o

3.3.  Temperature dependence and correlations d*®N and $'C with other variables

Tables 2 and 3 show Spearman's correlation cogftigi(r) of3°N and$'C with different variables

that may reflect some effects dsotope distributionsthese—isetopda addition to year-round

correlations, correlations for each season, asasdibr theEvent, are presented separately.

Correlations 06N in winter and summer are often oppos#esg.g., for TN -0.40 in winter vs. 0.36
in summer, for N&" -0.42 in winter vs. 0.40 in summer), indicatingttbhanrges-Haerosol chemistry

at the nitrogen levekaredifferent in these seasons. Similarly, the conttady dependence between
8°N and TN in summer and winter was observed by Wid@007)in PM10 samples from Paris.

Widory (2007) connected this result with differgmimary nitrogen origin (road-traffic emissions in

summer and no specific source in winter) and follmasecondary processes associated with isotope

fractionation during degradation of atmospheric N&xding to two distinct pathways ferenPM10
/ that

feuewsrmfeedsnnet_pathways%eweé?m enrichment (summer) and depletion (winter).

From a meteorological point of view, a significamtrrelation of3°N with temperature has been
obtained, indicating the influence of temperatune the nitrogen isotopic compositioi.he
dependencebependenaid™™N ofin TN on temperature (Fig. 7) smilar to that observed by &ka
et al. (2016) fob**N of NH4* from precipitation; however, it is thppositeofte that observed by Freyer

(1991) for8*®N ofin NOs.. The aforementioned studiesowever-it-is-same-to-that observed-byca
et-al{2016) foB*™N-in-NH,* fromprecipitation—These-autharencluded that the isotope equilibrium

exchange between nitrogen oxides and particulatetes is temperature dependent and could lead to
more ®N enriched N@ during the cold season (Freyer et al., 1993; Sheaml., 2017). Although
Savard et al. (2017) reported a similar negativeperature dependence &N ofin NH,* dependence

at-temperaturem Alberta (Canada)sueh-asfor-N@-most studiegseported a positive temperature
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dependence fa@**N of NH," that is stronger than that f&#°N of NOs(e.g., Kawashima and Kurahashi,
2011; Kundu et al., 20107 he reason is tha i
NH4*-because-thdNH; gas concentrations aréghermeore—abundarduring warmerwarm—weather
conditions, and thuthe,isotopic equilibrium exchangeaction, i.e.NHs(g) <> NH4*(p), which leads)

leadingto >N enrichment in particless more intensive.

All the considerations mentioned above indicaté @asultingfinalrelationship betweed™N ofia TN
and temperature is driven by the prevailing nitrogpecies, which is NfHin our case. A similar
dependence was reported by Pavuluri et al. (20&0)een temperature adePN ofin TN in Chennai
(India), where NH" strongly prevailed. They found the best corretatietweerd™>N and temperature
during the colder period (range 18.4-24.5°C, avh2ZC); however, during warmer periods, this
dependence was weakened. In our study, we obst@dighest correlation é£°N with temperature
in autumn (r=0.58, temp. range -1.9 to 13.9°C, &6§°C), followed by spring (r=0.52, temp. range
1.5-18.7°C, avg. 9.3°C), but there was even a nhaghtit insignificant correlation in summe+{6-21,
temp. range: 11.8-25.5°C, avg. 17.7°C). This repulicates thatambienttemperature plays an
important role in the enrichment/depletion BN; however, it is not determined by a specific
temperature range but rather the conditions fagapg the process gfevaporation/condensatioh-

as shown by the comparison with the work of Pavetiual. (2010). It is likely that isotopic fractiation
caused by the equilibrium reaction of M&) <« NH.*(p) reaches a certain level of enrichment under

higher temperature conditions in summer.

In summer,5°N correlates positively with NH (r=0.40) and S@ (0.51), indicating a link with

(NH4)2SQy that is enriched b¥N due to agingFigure 8 shows an enrichment'éfl as a function of

the molar ratio of NE/SO%. The highest NkI/SQ# ratios, showing an ammonia rich atmosphere,

were observed during winter, late autumn and esting along with high abundance of N@hat is

related to favorable thermodynamic conditions dwrreating season and enough ammonia in the

atmosphere. Gradual decreasing molar ratios of A$&x%* during spring indicate a gradual increase of

ambient temperatures and therefore worsened themaudc conditions for N®formation in aerosol

phase, which was accompanied by a visible decrieage nitrate content in aerosols (Fig. 8). The

increase of temperatures finally leads to the'&O:* ratio reaching 2 at the turn of spring and summer.

Finally, summer values of NfISQs? molar ratio below 2 indicate that $0On aerosol particles at high

summer temperatures may not be completely saturatbchmmonium but it can be composed from
mixture of (NH),SO, and NHHSQ, (Weber et al., 2016The equilibrium reaction between these two

forms of ammonium sulfates related to temperatsodllation during a day and due to vertical mixing

of the atmosphere is a probable factor which lgadicreased values &°N in early summer.

Ammonia measurements, that were carried out atKibietice site until 2001, showed that NH

concentrations in summer were slightly higher than in winter
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(http://portal.chmi.cz/files/portal/docs/uoco/istald_roc/2000_enh/CZE/kap_18/kap_18_026.html),

which supports temperature as a main factor inflirenNH,"/SQ;> ratio at KoSetice. In this context,

we noticed that 25 out of 33 summer samples haviarnmatios of NH'/SQ? below 2, and the

remaining samples are approximately 2, and théivelabundance of NOQin PM1 in those samples is

very low (ca. 1.7 %)—Figure-8-showsa-decreasimdppratioof NH*/SQ>with-increasing™N

a¥a nmaean aladala Vla ala aldla¥a ala arde’a a ala mMmon N tha o NN etoaeros

Recently, Silvern et al. (2017) reported that orgaerosols can play a role in modifying or retagdi
the achievement of 33Qi-NH3 thermodynamic equilibrium at NfISQ:> molarratios of less than 2,
even when sufficient amounts of ammonia are praseht-gas phase. Thus, an interaction between
sulfates and ammonia may be hindedeé to the preferential reactiehsuech-that-ergasietedwith
aged aerosolgoated with organiespreferentially—reafttiggio et al., 2011).In_thermodynamic

equilibrium, partitioning between gas (MHnd aerosol (Ni) phases should result in even largféN

values of particles in summer, however, measuresrghiw a different situation. Sumn@N values

are highest but further enrichment was stopped. eb\@rndeed we observed a positive (and

significant) correlation between temperature &1i@ (r=0.39) only in summer, whereih® correlation
coefficient of§'°N vs. temperature istatistically insignificantregative{-0-219uggesting thawhile

values of6**N reached their maxima, tl8&°C can still grow with even higher temperatures thike

As seen in Table 3, summertimeThe-sumipesitive correlations o°C with ozone (r=0.66) and

temperature (0.39) indicate oxidation processes d¢aa indirectly lead t@n enrichment ofC in
organic aerosols that are enriched with oxalic §Biavuluri and Kawamura, 2016)-carben-isetope
enrichment This result is also supported by the fact thatavetent of oxalate in PM1, measured by

IC, was twice as high in spring and summer thawiitter and autumn. The influence of temperature
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on 3C in winter is opposite to that thesummer. Thevinternegative correlation (-0.3%) winter

probablyindicatespeints-to-the-evelution mlore fresh emissions from domestic heafprgbably coal
burning)with higherd*3C valuescontents-3fC duringcold seasonlowertemperatures

The whole year temperature dependencé'#d is the opposite of that observed 8N (Fig. 7, left),
suggesting moré®C-depleted products in summdris result is probably connected with different

carbonaceous aerosols during winter (anthropoganissions from coal, wood and biomass burning

with the enrichment ofC) in comparison with the summer season (primaogdiic and secondary

organic aerosols with lowétC) (Vodicka et al., 2015)-TFhisresultisprobably conneegtitd different

with-the-enrichment offC)-in-comparison-with-the-summer season{primapgdmi
organic-aerosols-with-lower=C). The data 06'°C in Fig. 7 are also more scattered, which indigate

that in the case of carbon, the isotopic compasitiepends more on sources than on temperature.

Correlations o62C with OC are significant in all seasons; theystrengest in spring and weakest in
summer (Table 3). Correlations&@fC with EC, whose maigources areseurcedombustion processes
from domestic heating and transportation, are Bgmit (r=0.61-0.88) only during the heating season
(autumn—spring, see Table 3), while in sumttiex correlation is statistically insignificant28). Thus,
the isotopic composition of aerosol carbon at théd€ice station is not significantly influencedbg
emitted from transportatignotherwise the year-round correlation betw&€@ and EC woulduggest
that transportation is-alse-B@gnificantsource of EGn summer.This result can be biased by the fact
that EC constitutes on average 19% of TC duringedisons. However-itFhisresigitconsistent with

positive correlations betweest®C and gaseous NQas well as particulate nitrate, which is also
significantinfrern autumn to springThis;ane-thigesult is also supported by the negative coreati
of 33C with the EC/TC ratio (r=-0.51), which is signéiat only in summer.

It should be mentioned that the wind directionsruthe campaign were similar, with the exception
of thewinter season, when southeast (SE) winds prevésksel Fig. S4 in Sl). We did not observe any
specific dependence of isotopic values on windatimes, except for thEvent.

3.4. Winter Event

The winterEvent representshea period frombetweenlanuary 23oand February 5, 2014, whean
enrichment of3C and substantial depletion 8N occurred in PM1 (see Figs. 1 and 9 for detais.
do not observe any trends of the isotopic commmstiof61°N andst*C with wind directions, except
for the period of th&vent and one single measurementi&i-Decemben.8,2013. Both thdvent and

the single measurement are connected to SE winoisgh Vienna and the Balkan Peninsula (Fig. 10).
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More elevated wind speeds with very stable SE wardsobserved on the site with samples showing
the most!®N depleted values at the end of theent (Fig. 9). Stable weather conditions and the

homogeneity of the results indicate a local orargi source, which is probably associated with

formationemissionsf sulfates (Fig. S95)—which-are-notsufficiently mixed-atthis-time.

Although theEvent contains only 7 samples, high correlations araiobtl for5!°N ands'*C (Tables 2
and 3). Generally, correlations &fN with several parameters during tEeent are opposite to those
of thefour seasons, indicating the exceptional naturhege aerosols from a chemical point of view.
During theEvent, §'°N correlates positively with N©(r=0.96) and N@-N/TN (0.98. Before theEvent,
we also observed the highest)—with—tangues of 3N at approximatelyl3.314%o, which we

previously interpreted as influence othe emissions from domestic heatingby coal and/or biomass

burning. Positive correlations d@i**C with oxalate and potassium (both 0.93) and thgatiee
correlation with temperature (-0.79) alBoggestshewhat theEvent is associated witfreshemissions
from burning sourceseembustion

In contrast, we find that mo&t°N values with a depletion dfN are associated with enhanced ANH
contents (70-800 of TN)%)andthealmosttetalabsence of N@nitrogen (see Figs. 3 and 4). Although
some content of OrgN is detected duringBkent (Fig. 3), the correlation betweé#N and OrgN/TN

is not significant (Table 2). This reswtiggestsshewthat nitrogen with the lowest°®N values is
mainly connected with NH, which is supported by a strong negative correfabetweers*N and
NH4*/TN (-0.86). Assuming that nitrogen in particles inia originates from gaseous nitrogen
precursors via gas-to-particle conversion (e.g.ngvet al., 2017) during thevent, we couldsheuld
expect the nitrogeariginatedte-eriginatenainly from NH with depleted®N but not nitrogen oxides.
Agricultural emissions from both fertilizer applt@n and animal waste amn@portantsuelsources of
NHs-emissions(Felix et al., 2013). Considering possible agtid emission sources, there exist
several collective farms, with both livestock (mgircows, HolsteinHelsteinscattle) and crop
production in the SE direction from the KoSetices@alvatory — namely, Agropodnik KoSetiéa-8.4
km awaydistancg Agrodam Haepnik (6.8 km) and AgrosavervenéRegice (9.5 km). Skipity et al.
(2016) reported lowes'®N values of TN (+1 to +6%.) for agriculture-derivedrticulate matter of
poultry farms, which are close to our values olgdiduring théevent (Fig. 9).-.

Thed'™N values from thé&vent are associated with an average temperature ofli#16 (Figs. 7 and
9). Savard et al. (2017) observed the lowest valfi&$N ofin NH; with temperatures below -5°C, and
the NH," particles that were simultaneously sampled wese &lotopically lighter compared to the

samples collected under higher temperature comgifichey interpreted the result as a preferential dry

deposition of heavier isotopi®NH3 species during the cold period, whereas lightidHz species

preferentially remains in the atmosphétewever, cold weather can also lead to a declirmwhonia
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fluxes from aerosol water surfaces, soil, etc. (R@nd Aneja, 2002), which generally result ireficlt

of ammonia in the atmosphere. Emissions from faamsnot as limited by low temperature and are

thus a main source of ammonia in this deficienayestThe removal of NfHeads to a non-equilibrium

state between the gas and aerosol pha

as&sich an absence of equilibrium
exchange of NEklbetween the gas and liquid/solid phasesoissidered to cause the-supperted-by a
NH.*/SQs2 molarratiosratiobelow 2 for the three moSN depleted samples (Fig. 8)owever, undefin

such conditions, nitrate partitioning in PM is nggdle. It should be mentioned, that a deficiency of

ammonia in atmosphere during the winter Event ldadsompletely opposité**N values than in

summer (see section 3.3) even if molar ratios'"&0:%- are below 2 in both cases.

Unidirectional—and—unidirectionaleactions ofisotopically lighter NH; isetepewith H.SQw in the
atmosphere are strongly preferigaive-tothe kinetic isotope effect, which, igafter several minutgs
followed by enrichment of'NHsthenitrogendue to the newly established equilibrium (Heatbalg
1997). Based on laboratory experiments, Heatoh €1297) estimated the isotopic enrichment factor
between gas NHand particle NHf, enna-nnz, tO0 be +33%0. Savard et al. (2017) reported arofsot
difference A8'°N) between NH(g) and particulate NHi as a function of temperature, wherdaa$N

for a temperature of approximately 0°C was appraxaty 40%o. In both cases, after subtraction of
these values (33 or 40%o0) from tBEN values of the measurd&ent, we obtain value§rombetween
approximately -40 t028%., which are in a range 6t°N-NH;s (g) measured for agricultural emissions.
These values are especially in good agreementdiithof NH; derived from cow waste (ca. -38 to -
22%o, Felix et al., 2013).

Thus,during the courseir-casd¥ thewinter Event, we probablyobservedebservBM representing a

mixture of aerosols from household heating charaet@ by higher amounts of NCandlow value
(8.2%0) of8*°N ofin TN,{ea—14%.) which are gradually replaced B{N-depleted agricultural aerosols.
TheResults-ef-thevhole proceseccurred under low temperature conditionsfror-emperaturethat
wasfirst initiated by a deficiencysuppert-dry-depositaiiNH; followed byanunidirectional (kinetic)

reaction ofsotopicallylighterisetepeNHs(g) — NH4*(p). in which NH; is}-erigiratemainlyoriginated
from agricultural sources-the SE ofdirection-fremthe KoSetice station.

If the four lowest values &N mainly represent agricultural aerosols, themmn be suggested ththe

313C values from the same samples shauidinate from samealso-be-characteristic-of-adjrical
sourcesDuring the wintelEvent, 1a-this-casethe§1°C values ranging from -26.2 t85.4%. belong to

the most3C enriched fine aerosols at the KoSetice site. Wewesimilars!*C values were reported by
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Widory (2006) for particles from coal combustiG85.6 to -24.6%0)Skipityté et al. (2016) reported a
mean value o6'3C ofin TC (-23.7+1.3%0) for PM1 particles collected on aujiry farm, andthey

suggested the litter as a possible source for &mtcfes. Thus, in the case 8FC values that we
observediuring thewinter Event are probably caused bywe-ebservenhjssionseitherfrom domestic
heatingthan fromand/feagricultural sourced his is also supported by increased emissio&»from

coal combustion to formation of sulfates—arerespue-forthe*Cvalues.

4. Summary and Conclusions

Based on the analysis of year-round data of stednleon and nitrogen isotopes, we extracteshe
important information on the processes taking placténe aerosols during different seasons at the
Central European station of KoSetice. Seasonahtianis were observed f6t3C ands'®N, as well as
for TC and TNconcentrationsThe supporting data (i.e., ions, EC/OC, metegwldrace gases)
revealed characteristic processes that led to @singhe isotopic compositions on the site.

The main and gradual changes in nitrogen isotamuaposition occurred in spring. During early spring,
domestic heating with wood stoves is still commaith high nitrate concentrations in aerosols, which
decreased toward the end of spring. Additionath temperature slowly increaseand the overall
situation leads to thermodynamic equilibrium exdebetween gadlO.NO«:-NHs-SO, mixture) and
aerosol (N@- NHs*- SQ% mixture) phases, which causas™N enrichmentof °N in aerosols.
Enrichment of*N (A8'*N) from the beginning to the end of spring was agjmnately +10%.. Gradual
springtime changes in isotopic composition were alsserved fob**C, but the depletion was small,
andA&**C was only -1.4%o.

In summer, we observed the lowest concentrationsGand TN; however, there was an enhanced
enrichment of®N, which was probably caused by the agingidfogenousnitregemerosols, where
ammonium sulfatand bisulfatés subjected to isotopic fractionation via equiliion exchange between
NHs(g) and NH*(p) when)—Based-on BH4/SQ? molar ratiowasefless than 2we-cencluded-that

Lnmaceooresele bocomo more ool ancthus tadmton actionation-took-place—via-the

eguilibrium-exchange-of nitrogen-specidewever, summer values&PN were still among the highest
compared with those in previous studies, whichlmaxplained by several factors. First, a fine s@ro
fraction (PM1) is more reactive, and its residetigce in the atmosphere is longer than coarse mode
particles leading to'®N enrichment in aged aerosols. Second, summer @sya®mpared to other
seasons, contain a negligible amount of nitratetrituting to a decrease in the average valugof

of TN. Although the summes*N values were the highest furthéN enrichment was minimized at

this seasonOn the other hand, we observed an enrichmert@fonly in summer, which can be

explained by the photooxidation processes of oggaand is supported by the positive correlation of
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313C with temperature and ozone. Despite this slowckment process, summerti€C values were

the lowest compared to those in other seasons efietred predominantly to organic aerosols of

biogenic origin.

ol | I : b,

In winter, we found the highest concentrations ©fand TN. Lower wintes'°N values were apparently
influenced by fresh aerosols from combustion, whigre strongly driven by the amount of nitrates
(mainly NH,NO; in PM1), and led to an average winter val(E3.3+0.7%0) of &'°N of
TN.approximately14% Winter 5°C values were more enriched than summer valwesch are
involved with theand-they-were-connected-mainlgmissions froneeal-and-{mesthypiomassand

coalburning for domestic heating.

We observed an aerosol event in winter, which waracterized byow temperatures below the
freezing point, stable southeast winds, and a @nigatope signature with a depletion*&fl and

enrichment of3C. The winter Event characterized by°N depletion was probably caused by

preferentia

whichled-to-an-enrichment &iNnthe case of the-most depletéd-eventnitrate- was-suppressed to
partition-inaeresoland-gas-phases-witidirectional reactionsetweenroisotopically light ammonia

and-sulfuric-acid-resulting-in—{NHSQ,,—whieh originated mainly from agriculture emissiorend
sulfuric acid, resulting in (NH,SQ, and NHHSQ,. This process was probably supported by long-term

cold weather leading to a deficiency of ammonighm atmosphere (due to dry deposition and/or low

fluxes), and subsequent suppression of nitratautitioning in aeroseHna-this-case

The majorityofthe yearly data showed a strong correlation betwiéd and ambient temperature,
demonstrating an enrichment’8R via isotopic equilibrium exchange between the ayad particulate
phases. This process seemed to be one of the neaimamisms fot°N enrichment at the Ko3etice site,
especially during spring. The md$N-enriched summer and mdSN-depleted winter samples were
limited forby the partitioning of nitrater—aeresels—and-suppressed—equilibrivm—exchdeween
gasgaseous-NHandaerosols-aerosol-NiH

This study revealed a picture of the seasonal @fd&N in aerosol TN at the KoSetice siéheln-the
case-of carbon—thseasonatyele-of3C cyclevalueswas not so pronounced because they mainly
depend on the isotopic composition of primary sesycwhich often overlappedAlthough
photochemicak—and-becausecondaryoxidation reactionsare drivepwere-influenceby the kinetic
isotopic effectthewhile phase transfer probably did not play a cruciad iolthe case of carbon at the

Central European site

21



764
765
766
767
768
769
770
771
772
773

774
775
776
777
778

779
780

781
782
783
784

785
786
787

788
789
790

791
792
793

794
795
796
797

798
799

800
801
802

803
804
805
806

Acknowledgements

This study was supported by funding from the Japaaiety for the Promotion of Science (JSPS)
through Grant-in-Aid No. 24221001, from the Minjstf Education, Youth and Sports of the Czech
Republic under the project no. LM2015037 and unddwe grant ACTRIS-CZ RI
(CZ.02.1.01/0.0/0.0/16_013/0001315). We also thtmk Czech Hydrometeorological Institute for
providing its meteorological data and Dr. Milanidgand his colleagues from the KoSetice Observatory
for their valuable cooperation during the colleotaf samples. We appreciate the financial supgort o
the JSPS fellowship to P. Véta (P16760).

References:

Aggarwal, S. G., Kawamura, K., Umariji, G. S., Tdehia, E., Patil, R. S. and Gupta, P. K.: Organic
and inorganic markers and stable C-, N-isotopicpmsitions of tropical coastal aerosols from
megacity Mumbai: Sources of organic aerosols ambspheric processing, Atmos. Chem. Phys.,
13(9), 4667—-4680, doi:10.5194/acp-13-4667-20133201

Agnihotri, R., Mandal, T. K., Karapurkar, S. G.,jdlaM., Gadi, R., Ahammmed, Y. N., Kumar, A.,
Saud, T. and Saxena, M.: Stable carbon and nitrisgeéopic composition of bulk aerosols over India
and northern Indian Ocean, Atmos. Environ., 45(28p8—-2835,
doi:10.1016/j.atmosenv.2011.03.003, 2011.

Ancelet, T., Davy, P. K., Trompetter, W. J., MarkayiA. and Weatherburn, D. C.: Carbonaceous
aerosols in an urban tunnel, Atmos. Environ., 45(2663—-4469,
doi:10.1016/j.atmosenv.2011.05.032, 2011.

Beyn, F., Matthias, V., Aulinger, A. and Dahnke; Ro N-isotopes in atmospheric nitrate deposition
reflect air pollution levels?, Atmos. Environ., 1@B1-288, doi:10.1016/j.atmosenv.2015.02.057,
2015.

Bikkina, S., Kawamura, K. and Sarin, M.: Stablebcer and nitrogen isotopic composition of fine
mode aerosols (PM2.5) over the Bay of Bengal: imp&continental sources, Tellus B Chem. Phys.
Meteorol., 68(1), 31518, doi:10.3402/tellusb.v6&.84, 2016.

Boreddy, S. K. R., Parvin, F., Kawamura, K., Zhua€d Lee, C. Te: Stable carbon and nitrogen
isotopic compositions of fine aerosols (PM2.5) dgran intensive biomass burning over Southeast
Asia: Influence of SOA and aging, Atmos. Envird®1(August), 478—-489,
doi:10.1016/j.atmosenv.2018.08.034, 2018.

Cachier, H.: Isotopic characterization of carbowaseaerosols, Aerosol Sci. Technol., 10(2), 379—
385, doi:10.1080/02786828908959276, 1989.

Cavalli, F., Viana, M., Yttri, K. E., Genberg, hdPutaud, J.-P.: Toward a standardised thermal-
optical protocol for measuring atmospheric orgamd elemental carbon: the EUSAAR protocol,
Atmos. Meas. Tech., 3(1), 79-89, doi:10.5194/arm832010, 2010.

Ceburnis, D., Masalaite, A., Ovadnevaite, J., Ga®fiaA., Remeikis, V., Maenhaut, W., Claeys, M.,
Sciare, J., Baisnée, D. and O’Dowd, C. D.: Stad¢oipes measurements reveal dual carbon pools
contributing to organic matter enrichment in mam@eosol, Sci. Rep., 6(July), 1-6,
doi:10.1038/srep36675, 2016.

22



807
808
809

810
811

812
813
814
815

816
817
818

819
820
821
822

823
824
825
826

827
828

829
830
831

832
833
834
835
836

837
838
839

840
841
842

843
844
845

846
847

848
849

850
851

Ciezka, M., Modelska, M., Gérka, M., Trojanowska-OliakrwA. and Widory, D.: Chemical and
isotopic interpretation of major ion compositionsrh precipitation: A one-year temporal monitoring
study in Wroctaw, SW Poland, J. Atmos. Chem., 73,89, doi:10.1007/s10874-015-9316-2, 2016.

Dean, J. R., Leng, M. J. and Mackay, A. W.: Is ¢ham isotopic signature of the Anthropocene?,
Anthr. Rev., 1(3), 276-287, doi:10.1177/205301961431, 2014.

Felix, D. J., Elliott, E. M., Gish, T. J., McConhdl. L. and Shaw, S. L.: Characterizing the isatop
composition of atmospheric ammonia emission sowrsg®y passive samplers and a combined
oxidation-bacterial denitrifier approach, Rapid Goumn. Mass Spectrom., 27(20), 2239-2246,
doi:10.1002/rcm.6679, 2013.

Felix, J. D., Elliott, E. M. and Shaw, S. L.: Nigen isotopic composition of coal-fired power plant
NOXx: Influence of emission controls and implicagdor global emission inventories, Environ. Sci.
Technol., 46(6), 3528—-3535, d0i:10.1021/es203336%2.

Fisseha, R., Saurer, M., Jaggi, M., Siegwolf, RNT, Dommen, J., Szidat, S., Samburova, V. and
Baltensperger, U.: Determination of primary andoseary sources of organic acids and
carbonaceous aerosols using stable carbon isotapmaes. Environ., 43(2), 431-437,
doi:10.1016/j.atmosenv.2008.08.041, 2009a.

Fisseha, R., Spahn, H., Wegener, R., Hohaus, &issBr G., Wissel, H., Tillmann, R., Wahner, A.,
Koppmann, R. and Kiendler-Scharr, A.: Stable carisotope composition of secondary organic
aerosol fronB-pinene oxidation, J. Geophys. Res., 114(D2), D@280i:10.1029/2008JD011326,
2009b.

Freyer, H. D.: Seasonal variation of 15N/14N ratioatmospheric nitrate species, Tellus B, 43(1),
30-44, doi:10.1034/j.1600-0889.1991.00003.x, 1991.

Freyer, H. D., Kley, D., Volz-Thomas, A. and Kobhi€l; On the interaction of isotopic exchange
processes with photochemical reactions in atmogpbgides of nitrogen, J. Geophys. Res., 98(D8),
14791-14796, doi:10.1029/93JD00874, 1993.

Fuzzi, S., Baltensperger, U., Carslaw, K., Dece&ariDenier Van Der Gon, H., Facchini, M. C.,
Fowler, D., Koren, I., Langford, B., Lohmann, UeNitz, E., Pandis, S., Riipinen, I., Rudich, Y.,
Schaap, M., Slowik, J. G., Spracklen, D. V., Vignat, Wild, M., Williams, M. and Gilardoni, S.:
Particulate matter, air quality and climate: Lesslmarned and future needs, Atmos. Chem. Phys.,
15(14), 8217-8299, doi:10.5194/acp-15-8217-2015520

Gensch, I., Kiendler-Scharr, A. and Rudolph, btdpe ratio studies of atmospheric organic
compounds: Principles, methods, applications anenpial, Int. J. Mass Spectrom., 365—-366, 206—
221, doi:10.1016/j.ijms.2014.02.004, 2014.

Gorka, M., Rybicki, M., Simoneit, B. R. T. and Magwski, L.: Determination of multiple organic
matter sources in aerosol PM10 from Wroctaw, Polagidg molecular and stable carbon isotope
compositions, Atmos. Environ., 89, 739-748, doitDA6/j.atmosenv.2014.02.064, 2014.

Harrison, R. M. and Pio, C. A.: Size-differentiatammposition of inorganic atmospheric aerosols of
both marine and polluted continental origin, Atméaviron., 17(9), 1733-1738, doi:10.1016/0004-
6981(83)90180-4, 1983.

Heaton, T. H. E.: 15N/14N ratios of NOx from veki@ngines and coal-fired power stations, Tellus
B, 42, 304-307, 1990.

Heaton, T. H. E., Spiro, B. and Robertson, S. MPRotential canopy influences on the isotopic
composition of nitrogen and sulphur in atmosphédéposition, Oecologia, (109), 600-607, 1997.

Hyslop, N. P.: Impaired visibility: the air polloth people see, Atmos. Environ., 43(1), 182-195,
doi:10.1016/j.atmosenv.2008.09.067, 2009.

23



852
853
854
855

856
857
858

859
860
861
862

863
864
865

866
867
868

869
870
871
872

873
874
875

876
877

878
879
880

881
882
883

884
885
886

887
888
889

890
891
892

893
894
895

896
897

Irei, S., Huang, L., Collin, F., Zhang, W., Hasfie,and Rudolph, J.: Flow reactor studies of the
stable carbon isotope composition of secondaryqodaite organic matter generated by OH-radical-
induced reactions of toluene, Atmos. Environ., 8)(3858-5867,
doi:10.1016/j.atmosenv.2006.05.001, 2006.

Jickells, T., Baker, A. R., Cape, J. N., CornellESand Nemitz, E.: The cycling of organic nitrage
through the atmosphere., Philos. Trans. R. SocdLBnBiol. Sci., 368(1621), 20130115,
doi:10.1098/rsth.2013.0115, 2013.

Kawamura, K., Kobayashi, M., Tsubonuma, N., Mochidag Watanabe, T. and Lee, M.: Organic
and inorganic compositions of marine aerosols fEast Asia: Seasonal variations of water-soluble
dicarboxylic acids, major ions, total carbon antiagjen, and stable C and N isotopic composition,
Geochemical Soc. Spec. Publ., 9(C), 243-265, ddidN®/S1873-9881(04)80019-1, 2004.

Kawashima, H. and Haneishi, Y.: Effects of commrsgmissions from the Eurasian continent in
winter on seasonall3C of elemental carbon in aerosols in Japan, Atiogiron., 46, 568-579,
doi:10.1016/j.atmosenv.2011.05.015, 2012.

Kawashima, H. and Kurahashi, T.: Inorganic ion aitbgen isotopic compositions of atmospheric
aerosols at Yurihonjo, Japan: Implications foragen sources, Atmos. Environ., 45(35), 6309-6316,
doi:10.1016/j.atmosenv.2011.08.057, 2011.

Kundu, S., Kawamura, K. and Lee, M.: Seasonal tiariaf the concentrations of nitrogenous
species and their nitrogen isotopic ratios in a@soat Gosan, Jeju Island: Implications for
atmospheric processing and source changes of é&&rdsGeophys. Res. Atmos., 115(20), 1-19,
doi:10.1029/2009JD013323, 2010.

Kunwar, B., Kawamura, K. and Zhu, C.: Stable carbod nitrogen isotopic compositions of ambient
aerosols collected from Okinawa Island in the waskorth Pacific Rim, an outflow region of Asian
dusts and pollutants, Atmos. Environ., 131, 243-26810.1016/j.atmosenv.2016.01.035, 2016.

Li, D. and Wang, X.: Nitrogen isotopic signaturesofl-released nitric oxide (NO) after fertilizer
application, Atmos. Environ., 42(19), 4747-4754; 1t 1016/j.atmosenv.2008.01.042, 2008.

Liggio, J., Li, S. M., Vlasenko, A., Stroud, C. akidkar, P.: Depression of ammonia uptake to
sulfuric acid aerosols by competing uptake of amibaeganic gases, Environ. Sci. Technol., 45(7),
2790-2796, doi:10.1021/es103801g, 2011.

Martinelli, L. A., Camargo, P. B., Lara, L. B. L.,¥ictoria, R. L. and Artaxo, P.: Stable carbomlan
nitrogen isotopic composition of bulk aerosol pAes in a C4 plant landscape of southeast Brazil,
Atmos. Environ., 36(14), 2427-2432, doi:10.101652:3310(01)00454-X, 2002.

Martinsson, J., Andersson, A., Sporre, M. K., Fripd., Kristensson, A., Swietlicki, E., OlssonAP.
and Stenstrom, K. E.: Evaluation&#3C in carbonaceous aerosol source apportionmentusal
measurement site, Aerosol Air Qual. Res., 17, 208%4, doi:10.4209/aaqr.2016.09.0392, 2017.

Masalaite, A., Remeikis, V., Garbaras, A., Dudoitis Ulevicius, V. and Ceburnis, D.: Elucidating
carbonaceous aerosol sources by the stable catlR@T C ratio in size-segregated particles, Atmos.
Res., 158-159, 1-12, doi:10.1016/j.atmosres.201E1@12015.

Masalaite, A., Holzinger, R., Remeikis, V., Rockmaim. and Dusek, U.: Characteristics, sources and
evolution of fine aerosol (PM1) at urban, coastal orest background sites in Lithuania, Atmos.
Environ., 148, 62—76, doi:10.1016/j.atmosenv.200638, 2017.

Mbengue, S., Fusek, M., Schwarz, J., \é&dj P., Smejkalova, A. H. and Holoubek, |.: Fouaingeof
highly time resolved measurements of elementalasganic carbon at a rural background site in
Central Europe, Atmos. Environ., 182, 335-346,dbit016/j.atmosenv.2018.03.056, 2018.

Meier-Augenstein, W. and Kemp, H. F.: Stable Isetémalysis: General Principles and Limitations,
in Wiley Encyclopedia of Forensic Science, Ameri€ancer Society., 2012.

24



898
899
900

901
902
903

904
905
906

907
908
909

910
911
912
913

914
915
916

917
918
919

920
921
922

923
924
925

926
927
928
929

930
931
932

933
934
935
936

937
938
939

940
941
942

943

Miyazaki, Y., Kawamura, K., Jung, J., Furutani,add Uematsu, M.: Latitudinal distributions of
organic nitrogen and organic carbon in marine adsasver the western North Pacific, Atmos. Chem.
Phys., 11(7), 3037-3049, doi:10.5194/acp-11-3037t22011.

Mkoma, S., Kawamura, K., Tachibana, E. and FuSgble carbon and nitrogen isotopic
compositions of tropical atmospheric aerosols: aesiand contribution from burning of C3 and C4
plants to organic aerosols, Tellus B, 66, 2017810d83402/tellusb.v66.20176, 2014.

Morera-Goémez, Y., Santamaria, J. M., ElustondoAlnnso-Hernandez, C. M. and Widory, D.:
Carbon and nitrogen isotopes unravels sourcesro$@lecontamination at Caribbean rural and urban
coastal sites, Sci. Total Environ., 642, 723—738216.1016/j.scitotenv.2018.06.106, 2018.

Neff, J. C., Holland, E. A., Dentener, F. J., McBaWwW. H. and Russell, K. M.: The origin,
composition and rates of organic nitrogen depasitgomissing piece of the nitrogen cycle?,
Biogeochemistry, 57/58, 99-136, 2002.

Park, Y., Park, K., Kim, H., Yu, S., Noh, S., KiM,, Kim, J., Ahn, J., Lee, M., Seok, K. and Kim,
Y.: Characterizing isotopic compositions of TC-GQ8¢-N, and NH4+-N in PM2.5 in South Korea:
Impact of China’s winter heating, Environ. Poll&33, 735—-744, doi:10.1016/j.envpol.2017.10.072,
2018.

Pavuluri, C. M. and Kawamura, K.: Enrichment of liBGliacids and related compounds during
photochemical processing of aqueous aerosols: Mexy for organic aerosols aging, Sci. Rep.,
6(October), 36467, doi:10.1038/srep36467, 2016.

Pavuluri, C. M. and Kawamura, K.: Seasonal changd€ and WSOC and their 13C isotope ratios
in Northeast Asian aerosols: land surface—biosplatmngosphere interactions, Acta Geochim., 36(3),
355-358, doi:10.1007/s11631-017-0157-3, 2017.

Pavuluri, C. M., Kawamura, K., Tachibana, E. ancaBwathan, T.: Elevated nitrogen isotope ratios
of tropical Indian aerosols from Chennai: Implicatifor the origins of aerosol nitrogen in South and
Southeast Asia, Atmos. Environ., 44(29), 3597-36@4,1.0.1016/j.atmosenv.2010.05.039, 2010.

Pavuluri, C. M., Kawamura, K. and Fu, P. Q.: Atmuasgc chemistry of nitrogenous aerosols in
northeastern Asia: Biological sources and seconfdanyation, Atmos. Chem. Phys., 15(17), 9883—
9896, doi:10.5194/acp-15-9883-2015, 2015a.

Pavuluri, C. M., Kawamura, K. and Swaminathan,TTme-resolved distributions of bulk parameters,
diacids, ketoacids anddicarbonyls and stable carbon and nitrogen isotapes of TC and TN in
tropical Indian aerosols: Influence of land/seabecand secondary processes, Atmos. Res., 153,
188-199, doi:10.1016/j.atmosres.2014.08.011, 2015b.

Pichlmayer, F., Schoner, W., Seibert, P., Sticcérand Wagenbach, D.: Stable isotope analysis for
characterization of pollutants at high elevatignra sites, Atmos. Environ., 32(23), 4075—-4085,
doi:10.1016/S1352-2310(97)00405-6, 1998.

Pokornd, P., Schwarz, J., Krejci, R., Swietlicki, Havranek, V. and Zdimal, V.: Comparison of
PM2.5 chemical composition and sources at a raekdround site in Central Europe between
1993/1994/1995 and 2009/2010: Effect of legislategulations and economic transformation on the
air quality, Environ. Pollut., 241, 841-851, doi:1016/j.envpol.2018.06.015, 2018.

Rahn, T. and Eiler, J. M.: Experimental constraonighe fractionation of C-13/C-12 and O-18/0-16
ratios due to adsorption of CO2 on mineral substrat conditions relevant to the surface of Mars,
Geochim. Cosmochim. Acta, 65(5), 839-846, 2001.

Roelle, P. A. and Aneja, V. P.: Characterizatiommimonia emissions from soils in the upper coastal
plain, North Carolina, Atmos. Environ., 36(6), 168097, doi:10.1016/S1352-2310(01)00355-7,
2002.

Savard, M. M., Cole, A., Smirnoff, A. and Vet, R15N values of atmospheric N species

25



944
945

946
947
948
949

950
951
952
953

954
955
956
957

958
959
960

961
962
963

964
965
966

967
968

969
970
971

972
973
974

975
976

977
978
979
980

981
982
983
984

985
986
987

988
989

simultaneously collected using sector-based samplistant from sources — Isotopic inheritance and
fractionation, Atmos. Environ., 162, 11-22, doill@ 6/j.atmosenv.2017.05.010, 2017.

Schwarz, J., Cusack, M., Karban, J., Chaltkmia, E., Havranek, V., Smolik, J. and Zdimal, V.:
PM2.5 chemical composition at a rural backgroumel isi Central Europe, including correlation and
air mass back trajectory analysis, Atmos. Res;178, 108—-120,
doi:10.1016/j.atmosres.2016.02.017, 2016.

Silvern, R. F., Jacob, D. J., Kim, P. S., MaraisAE Turner, J. R., Campuzano-Jost, P. and Jimenez
J. L.: Inconsistency of ammonium-sulfate aerostbsavith thermodynamic models in the eastern
US: A possible role of organic aerosol, Atmos. Chehys., 17(8), 5107-5118, doi:10.5194/acp-17-
5107-2017, 2017.

Skipityte, R., Ma3alait, A., Garbaras, A., Mickien R., Ragazinskien O., Baliukonies, V.,
Bakutis, B., Siugzdait J., Petkewius, S., Maruska, A. S. and Remeikis, V.: Statiéoige ratio
method for the characterisation of the poultry leoeisvironment, Isotopes Environ. Health Stud.,
53(3), 243-260, doi:10.1080/10256016.2016.123080%6.

Stein, A. F., Draxler, R. R., Rolph, G. D., Stund&rJ. B., Cohen, M. D. and Ngan, F.: Noaa’'s
hysplit atmospheric transport and dispersion madediystem, Bull. Am. Meteorol. Soc., 96(12),
2059-2077, doi:10.1175/BAMS-D-14-00110.1, 2015.

Stelson, A. W., Friedlander, S. K. and Seinfeld{.J.A note on the equilibrium relationship between
ammonia and nitric acid and particulate ammoniutraté, Atmos. Environ., 13(3), 369-371,
doi:10.1016/0004-6981(79)90293-2, 1979.

Ti, C., Gao, B., Luo, Y., Wang, X., Wang, S. anchYA.: Isotopic characterization of NHx-N in
deposition and major emission sources, Biogeochgmiks38(1), 85-102, doi:10.1007/s10533-018-
0432-3, 2018.

Vana, M. and Dvorsk4, A.: KoSetice Observatory - 2&rgel. edition., Czech Hydrometeorological
Institute, Prague., 2014.

Vodi¢ka, P., Schwarz, J., Cusack, M. and Zdimal, V.aed comparison of OC/EC aerosol at an
urban and a rural Czech background site during semamd winter, Sci. Total Environ., 518-519(2),
424-433, doi:10.1016/j.scitotenv.2015.03.029, 2015.

Walters, W. W., Simonini, D. S. and Michalski, Glitrogen isotope exchange between NO and NO
2 and its implications fos 15 N variations in tropospheric NO x and atmosjhaitrate, Geophys.
Res. Lett., (2), 1-26, doi:10.1002/2015GL066438,520

Walters, W. W., Goodwin, S. R. and Michalski, Gitrbgen stable isotope compositiail6N) of
vehicle-emitted NOx, Environ. Sci. Technol., 49@2,78-2285, doi:10.1021/es505580v, 2015b.

Wang, G., Xie, M., Hu, S., Gao, S., Tachibana,rgl ikawamura, K.: Dicarboxylic acids, metals and
isotopic compositions of C and N in atmospherioaels from inland China: Implications for dust
and coal burning emission and secondary aerosoidiion, Atmos. Chem. Phys., 10(13), 6087—
6096, doi:10.5194/acp-10-6087-2010, 2010.

Wang, Y. L., Liu, X. Y., Song, W., Yang, W., Han,,B®ou, X. Y., Zhao, X. D., Song, Z. L., Liu, C.
Q. and Bai, Z. P.: Source appointment of nitrogeRM2.5based on bulkl5N signatures and a
Bayesian isotope mixing model, Tellus, Ser. B Chehys. Meteorol., 69(1), 1-10,
doi:10.1080/16000889.2017.1299672, 2017.

Weber, R. J., Guo, H., Russell, A. G. and NenesH#gh aerosol acidity despite declining
atmospheric sulfate concentrations over the pageabs, Nat. Geosci., 9(4), 282—-285,
doi:10.1038/nge02665, 2016.

Widory, D.: Combustibles, fuels and their combusfwoducts: A view through carbon isotopes,
Combust. Theory Model., 10(5), 831-841, doi:10.108647830600720264, 2006.

26



990
991

992
993
994

995
996
997

998
999
1000
1001

1002
1003
1004
1005

1006
1007
1008

1009
1010
1011
1012

1013
1014
1015

1016
1017
1018

Widory, D.: Nitrogen isotopes: Tracers of origindgerocesses affecting PM10 in the atmosphere of
Paris, Atmos. Environ., 41(11), 2382—2390, doi:0Q6/j.atmosenv.2006.11.009, 2007.

Widory, D., Roy, S., Le Moullec, Y., Goupil, G., €eerie, A. and Guerrot, C.: The origin of
atmospheric particles in Paris: A view through carbind lead isotopes, Atmos. Environ., 38(7),
953-961, doi:10.1016/j.atmosenv.2003.11.001, 2004.

Xiao, H.-W., Xiao, H.-Y., Luo, L., Zhang, Z.-Y., Hing, Q.-W., Sun, Q.-B. and Zeng, Z.: Stable
carbon and nitrogen isotope compaositions of butksa samples over the South China Sea, Atmos.
Environ., 193, 1-10, doi:https://doi.org/10.1018osenv.2018.09.006, 2018.

Xue, D., Botte, J., Baets, B. De, Accoe, F., Nestle, Taylor, P., Cleemput, O. Van, Berglund, M.
and Boeckx, P.: Present limitations and future peots of stable isotope methods for nitrate source
identification in surface- and groundwater, WatesR43(5), 1159-1170,
doi:https://doi.org/10.1016/j.watres.2008.12.04802

Yeatman, S. G., Spokes, L. J., Dennis, P. F. ati@ll§, T. D.: Can the study of nitrogen isotopic
composition in size-segregated aerosol nitrateaammahonium be used to investigate atmospheric
processing mechanisms?, Atmos. Environ., 35(7)743345, doi:10.1016/S1352-2310(00)00457-X,
2001a.

Yeatman, S. G., Spokes, L. J., Dennis, P. F. ati@ll§, T. D.: Comparisons of aerosol nitrogen
isotopic composition at two polluted coastal sig&snos. Environ., 35(7), 1307-1320,
doi:10.1016/S1352-2310(00)00408-8, 2001b.

Zhang, Y. L., Kawamura, K., Cao, F. and Lee, MalfB carbon isotopic compositions of low-
molecular-weight dicarboxylic acids, oxocarboxyitids,??-dicarbonyls, and fatty acids:

Implications for atmospheric processing of orga@oosols, J. Geophys. Res. Atmos., 121(7), 3707—-
3717, doi:10.1002/2015JD024081, 2016.

Zikova, N. and Zdimal, V.: Long-term measuremeraersol number size distributions at rural
background station KoSetice, Aerosol Air Qual. R&3(5), 1464-1474,
doi:10.4209/aaqr.2013.02.0056, 2013.

27



1019 Table 1: Seasonal and entire campaign averageantlasd deviations, (medians in brackets) of
1020  different variables.
Autumn Winter Spring Summer Year
N of samples 25 45 43 33 146
TC [ug m? 3.61+1.61 4.76+2.44 3.78+2.03 2.71+0.76 3.81+2.03
(from EA) (3.30) (3.88) (3.04) (2.68) (3.35)
TN [ug m? 1.56+1.18 1.67+0.96 2.00+£1.62 0.81+0.29 1.56+1.22
HY (1.33) (1.45) (1.47) (0.82) (1.26)
51C [%o] -26.8+0.5 -26.7+0.5 -27.1+0.5 -27.8+0.4 -27.1+0.6
> (-26.9) (-26.7) (-27.0) (-27.7) (-27.0)
51N [%o] 17.1+2.4 13.1+4.5 17.6£3.5 25.0£1.6 17.845.5
o0 (16.9) (15.2) (17.3) (25.1) (16.9)
TC/PM1 [%] 2846 (26) 3348 (32) 38+15 (35) 3146 (30) 33411 (31)
TN/PM1[%] 1143 (11) 1143 (12) 1744 (17) 9+2 (9) 1244 (12)
F)' /33"'\" TN 2146(21)  25:8(28)  22:8(21)  5:3(4) 19+10 (20)
'[})‘ /'0*]4 NN 5146 (51) 51+9 (49) 58+7 (60) 57+6 (57) 548 (54)
&?N’ ™ 2818 (26) 2518 (23) 2048 (19) 39+6 (38) 27+10 (25)
TC/TN 2.77£1.10 3.34+1.66 2.33+0.98 3.60+1.23 3.01+1.38
(2.60) (2.68) (2.34) (3.45) (2.61)
1021
1022  Table 2: Spearman correlation coefficients (r)d6N with various tracers. Only bold values are
1023  statistically significant (p-values < 0.05).
N vs. Autumn  Winter*  Spring Summer  Year* Event
TN -0.30 -0.40 -0.70 0.36 -0.54 0.93
TN/PM1 -0.63 -0.50 -0.02 0.37 -0.35 0.36
NO3z-N/TN -0.39 -0.04 -0.73 -0.26 -0.77 0.98
NH4-N/TN 0.16 -0.30 0.60 0.52 0.42 -0.86
OrgN/TN 0.20 0.38 0.20 -0.33 0.51 -0.71
NOz -0.41 -0.35 -0.80 -0.03 -0.78 0.96
NH4* -0.22 -0.42 -0.61 0.40 -0.44 0.75
OrgN -0.26 -0.27 -0.56 0.30 -0.25 0.71
SO# -0.07 -0.38 -0.30 0.51 0.03 -0.57
CI -0.37 -0.18 -0.74 -0.37 -0.74 0.99
O3 (gas) 0.45 0.14 0.15 -0.02 0.40 -0.71
NO: (gas) -0.53 -0.34 -0.72 0.20 -0.64 0.86
NOJ/NO (gas) -0.51 -0.26 -0.82 0.14 -0.76 0.82
Temp. 0.58 0.30 0.52 -0.21 0.77 -0.43
1024  *Event data are excluded from winter and year ddsas
1025
1026
1027
1028
1029
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1030 Table 3: Spearman correlation coefficients (r)d61C with various tracers. Only bold values are
1031  statistically significant (p-values < 0.05).
°C vs. Autumn Winter*  Spring Summer  Year* Event
ocC 0.64 0.63 0.91 0.39 0.75 0.75
EC 0.61 0.74 0.88 0.28 0.84 0.46
EC/TC 0.06 0.06 0.13 -0.51 0.32 -0.32
TC/PM1 -0.16 -0.05 -0.40 0.22 -0.09 0.32
NOs 0.74 0.52 0.71 0.12 0.76 0.39
NH4 0.84 0.59 0.80 0.42 0.66 0.75
Oxalate 0.34 0.62 0.71 0.65 0.25 0.93
SO* 0.80 0.64 0.73 0.41 0.34 0.54
K* 0.84 0.63 0.70 0.47 0.76 0.93
Cl 0.44 0.62 0.68 0.44 0.76 0.25
CO (gas) 0.21 0.53 0.60 0.32 0.37 0.68
O3 (gas) -0.41 -0.26 0.14 0.66 -0.33 0.11
NO: (gas) 0.67 0.38 0.70 0.18 0.69 0.32
NO2/NO (gas) 0.72 0.65 0.67 0.68 0.78 0.96
Temp. -0.33 -0.35 -0.20 0.39 -0.57 -0.79
1032  *Event data are excluded from winter and year dd$as
1033
1034
30 - - 8
25+ ]
) o AR A 5
~ 20 .
= 45 AN WAl A AR o 5°N 4o
an 15 00 o Y | ! |V °|"° ol 4f Y ®, = TN 43
o 10 - : &
SWH MWMWHWW | HWHH W W”MWH 3
il gl R L
28 _
6130 12
TC -
88
| \ | (HTWHW -0
1035 Time 01-Nov-13 01-Jan-14 01-Mar-14 01-May-14 01-Jul-14
1036  Fig. 1: Time series df**N alongtegethewith TN (top) andb*°C as well astegetherwithiC (bottom)
1037 in PM1 aerosols at the KoSetice station. The giagrchighlights anEvent with divergent values,
1038  especially foBN.

29



ﬂ | |_

01-Nov-13 01-Jan-14 01-Mar-14 01-May-14 01-Jul-14
14+ o Time  _og |
12 ° e} EVENT
n o
' ~\~ o
261  °Tw °© o
~ O
o ) —_ o Py ° ‘:)‘. °
IE 1) °\8 ® \“Swo:
(@)] ) e o~ .C’N % OO hd
=4 o 90-27— ?%@@ ¥ oo
O . o © o) o o .‘0093 00e®
- °e .o°oo o .33 °
o N
® o
28 o ° Com G S5
€] O. (6}
meme Yy = * - == y=-0.08328*x - 25.59 6}
LS% X198 r=-0.71 ° .
29
I I I I | I I I I 1
4 6 8 0 5 10 15 20 25 30
TN [ug m™] 5'°N [%o]

1039
1040  Fig. 2: Relationships between TC and TN (left) #meir stable carbon and nitrogen isotopes (right).
1041  The color scale reflects the time of sample calbectThe gray circle highlights the wint&vent

1042 measurements.

1043
|
T |
01-Nov-13 01-Jan-14 01-Mar-14 01-May-14 01-Jul-14
Time
CL e © ® @
@ _ . Q )
25 | . ;;;_-378.21 X + 25.64 Cp..o..g $O o Oo. O‘o
Q)
~ ) .% (@) OO o OOOCQ O.&.. ®
. O o o e
20 - : : oé) DICHS d%toso © o
won 620, v ¢
3 o 0,8, o 0% Swhscaet
S 15 e 0o ® 9, @ o
e e 4 e
(<] X o%8 ° o @ ° 5]
10 — ® @ ..
e°® ® o
5 S}
5 e ®
R y =27.87*x+0.76
éoo r=098 Oo © © g
0—— | | \ | | | 1 | | | | | | T | |
0.0 0.1 0.2 0.3 0.4 03 04 05 06 07 08 00 0.1 0.2 0.3 04 05
NO5-N/TN NH,-N/TN OrgN/TN
1044 ) 9

1045  Fig. 3: Changes ii*®N depending on fraction of individual nitrogen camgnts (NG-N, NHs-N, and
1046 OrgN) in TN. The color scale reflects the time afrple collection.
1047

30



30 N o | r—
i 01-Nov-13 01-Jan-14 01-Mar-14 01-May-14 01-Jul-14
';«3 Time (O ~5
\ 0
25 - §« g O 4
:fﬂbe \\\ g O ] 3
. oty _ (-0.462*x) <
20 - C,;%Q\Q --- y=15.357 +13.434 % o 42
— L od .o ° L d ‘\ Po— 1
0\8 .‘g (;igo [ )N <o
=15 -ttt T2
Z ] 0 *° e° 9 _ o ~~=.
- ’ OQO O:. 8- '@'"'@ """" =p
1o - 3% @ 1<
@ @) _ - —_ -
10 © -
-0.160*
— - y=-13.698"7"% + 14 486
S EVENT
0 i | I I I |
0 2 4 6 8 10 12
-3
048 NOS [“g m ]
1049 Fig. 4: Relationships di'®N ofin TN vs. NQ" concentrations. The larger circles indicate higkiels*
1050 concentrations. The color scale reflects the tifreample collection.
1051
1052

31



_I | I I-

01-Nov-13 01-Jan-14 01-Mar-14 01-May-14 01-Jul-14

T
o Ime 0_15(?.—
. &
25 v r e e
azooo ¢ O_g f
o 4 ° Z
%oo ° | +
20_ ".C,OoD . A ® 6 C()v)
—_— o a?goo o ., o -3 <
08 booo’g Oco) e
% 157 ‘:% o® ® O
Q@
© o R €° °
1o O ® °® O @
10 - s @
)
5
5 O o)
OO
O_| I I i l
0.0 0.5 1.0 1.5 2.0
1053 OrgN [ug m™]

11054 Fig. 5: Relationships df**N ofin TN vs. OrgN concentrations. The larger circlesdate higher sums
1055 of NOs+ NHs" concentrations. The color scale reflects the twhesample collection, and the
1056  highlighted portion is a concentration range betw@d-0.5 pug m.

32



1057
1058
1059

L — .
25- ' '

01-Nov-13 01-Jan-14 01-Mar-14 01-May-14 01-Jul-14

Time o
@
0
26 ® %ce .
o % '09 o
% 00 0@

—_ ®
o\l_gl Cg; QO e o
0-27_ .O.
o @)
o Y

-29 —

6 8 10 12 14
TC [ug m™]

o
N_
TN

Fig. 6: Relationship between TC a#dC. The color scale reflects the time of sampleextibn.

33



250 300 350

50 100 150 200
25 Total radiation [W m
- ® [©] [5) L
° ---- y =-0.0568*x - 26.599 °e .
° r=-0.62 25 S o"’ﬁi@' e
[ ] . o 0@ (€] o‘O 00 ¢
-26 ®e ° e °
[ ° o} 8 [}
S %400 o8 & B
- Qe 0° ® Yo O
= L R S
mo -27 ° ..M%DQ?‘O.B o) ' g. .:@.
o ".:~ o800 o0 ? °
@ .
° O; ...Q> S,
8- 00 ° %0 % ¢% - y=064* + 1246
° ¢ o r=0.82
o
S EVENT
-29 - T T T T ' I ' 0- ' T T | T T '
-10 0 10 20 -10 0 10 20
Temperature [°C]

1060 Temperature [°C]
Fig. 7: Relationships between temperature &?d ofin TC (left) ands!®N ofin TN (right). The color

1061

1062 scale reflects the total radiation.

34



I | | —

01-Nov-13  01-Jan-14  01-Mar-14  01-May-14  01-Jul-14

Time
® NOs/PM1 [%]
ENS 40
e 024
o  Oe _
_ : 5 ®
20 i.%g. o 016
'E ° %’@ ® e > o -8
E — ) @ © o
oZ 15 oog%g’gﬁ.c):.&
T10 °e CQO ® C
10 © . e
O
(@]
S - o ©
0 ) |
0 2 4 6 8 10
063 NH,/SO, [mol/mol]

064  Fig. 8: Relationships betwedt’N ofin TN and molar ratios of NF¥SQs? in particles. The larger circle
065 indicatesa-higher nitrate content in PM1. The color scaleeet the time of sample collection.

066

35



1067
1068
1069
1070

Time
21-Jan-14 31-Jan-14 10-Feb-14
I l | [

[c_w BA] NL

5N [%0]

[e-w B o1

5'°C [%0]

Temperature
[°C]

[
N
o

300

I
o

200

[1-s w]
paadg puIp

Wind

Direction []

N A O

100

21-Jan-14 31-Jan-14 10-Feb-14
Time
Fig. 9: Time series o§*°N, TN, §'3C, TC and meteorological variables (temperaturaegdvéipeed and
direction, 1 h time resolution) during tBegent, which is highlighted byheagray color.

36



NOAA HYSPLIT MODEL
Backward trajectories ending at 0600 UTC 05 Feb 14
GDAS Meteorological Data
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1072 Fig. 10: NOAA HYSPLIT (Stein et al., 2015) 24 h kaard air mass trajectories at 500 m above
1073  ground level for the observation site from 30 Jatil & Feb 2014 (right).
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