We thank the referee for the constructive commaenttg;h are added in full below (in black font). Our
replies are given in blue font directly after thwronents, text that has been added to the manugript
shown in red font.

Referee #1:

Measurements of sulfuric acid, amines, ammonia, Y@L oxidation products are reported in
connection with observations of atmospheric newiglarformation (NPF) at a rural site in Germany.
Focus of the manuscript is on showing that thextetCIl-APi-TOF instrument is capable of measuring
in ambient conditions ammonia, amines and oxidgtraducts of organic compounds. These have been
identified in recent laboratory studies to enhasauric acid—water nucleation rates to atmospheric
levels, therefore detecting them in atmospheric sueanents is highly relevant for the current
nucleation research. The measurements of sulfaritae further evaluated by comparing to steady-
state proxy concentration. Reporting the proxy fidehts for this environment provides valuable
information, since ambient measurements of sulfacid are rare, and the proxies have been widely
used in different environments.

The CI-APi-TOF data is used to make comparisonsdet days with and without occurrence of NPF,
in order to find out which precursor species aff¢f at this site. No definite participation of aomia,
amines or HOMs to nucleation at this site couldriagle, but the possible reasons for this are adelguat
discussed in the manuscript. Also comparisons @aontier measurements from the CLOUD experiment
are made. The manuscript is well suited for pulibcain Atmos. Chem. Phys. | have listed some minor
comments and correction/clarification suggesticglsw (in addition to those made by the anonymous
referee 2).

Minor and technical comments:
(1) Line 35: “... a larger fraction ...” should be “.. lage fraction ...”

Done.

(2) Line 78: Please add the abbreviation HOM hasef is used later in the text.

Done.

(3) Lines 208-210: What are the detection limitsthe SQ, O; and NQ monitors? In section 3.2, the
lowest SQ concentrations of 0.05 ppb sound quite low faraadard S@monitor.

The detection limit for S@is reported as 50 pptv (= 0.05 ppbv, for an irdégn time of 5 minutes) by
the company. For the same instrument an even Idetection limit has been reported by Berresheim
et al. (2014, ACP) for an integration time of 1The information about the detection limits of the
instruments have been added to the beginning dfoBez.4:

“The detection limits of the gas monitors are Qp@bv for the S@monitor (for a 5 minute integration
time), approximately 0.5 ppbv for the N@onitor and 0.5 to 1 ppbv for the; @onitor.”

(4) Line 202: Does this mean the reaction rate tems for the proton transfer reaction in the PTB-M
are similar for different monoterpenes, and therefare detected with similar efficiency as alpha-
pinene?

Yes, the different monoterpenes are detected withes efficiency by the PTR-MS. Since they all leav
the same mass (they are mainly detected at a mabsitge ratio of 137 Th, i.eaB17*) the PTR-MS
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cannot distinguish between the different monoteepeand therefore only the total monoterpene mixing
ratio can be reported. Howeverpinene generally accounts for the largest fractamong all the
different monoterpenes. We feel that this is sidfiy explained in Section 2.3 and therefore ditl n
make any adjustment to the text.

(5) Lines 242-244: Please check whether it was B MPF days during the campaign. In Section 3.9
(line 590) it is said 7 events and also Fig 9 shegxen J values.

NPF rates are reported for 6 campaign days. Howavene campaign day there were 2 clear particle
formation events; therefore 7 rates are reportee.hale added this information to the text to avoid
confusion. The following information was addedhe beginning of Section 3.9:

“It should be noted that clear NPF was observeg onl6 days, however, for one day two NPF rates
were derived, which results in a total of 7 NPesdt

(6) Line 600: Why is the condensational growth foat the 2.5-10 nm size range not considered in
Equation 7? That is an additional loss term fotipls in this size range, so the right hand sidégp7
should have an additional term GR/(7.5 nm)*N (segniala et al. (Nature Protocols 7, 1651-1667,
2012), Equation 9).

The referee is correct. The growth term was actadlgmeglected. Including this term does not cheang
the formation rates significantly (on the orderadiew tens of percent, only for two events by dadiac

of ~2). However, the term should of course be idetband it was considered in the revised version of
the manuscript. Regarding the interpretation of iR rates this modification does not lead to any
different conclusion

In the context of this comment the reference tankala et al. (2012, Nature Prot.) was added.

(7) Caption text of Figure 1: Please add a mentian the arrows in the bottom panel indicate NPF
days. Also check whether there should be six ceselays marked as NPF days (Fig. 9 shows J rates
for seven days).

Done (see also reply to comment (5)).

Additional changes made:

¢ Fig. 3, Fig. 5, and Fig. 8: x-axis has been charigeshow actual times and not seconds.

¢ Section 3.6: the explanation for the formation nagtém of NDMA was revised because it is
not via a gas-phase reaction between DMA and HONsSDead DMA reacts with OH and NO;
the references Pitts et al. (1978), Glasson (18n@) Grosjean (1991) were replaced by the
reference to Nielsen, Herrmann and Weller 2012)
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We thank the referee for the constructive commaeniti;h are added in full below (in black font). Our
replies are given in blue font directly after tt@ruments, text that has been added to the manugeript
shown in red font.

Referee #2:

Summary: The motivation for this publication wasis® concurrent ambient measurements of ultrafine
particles and gaseous precursors to particle feomats evidence to investigate the hypothesis that
different gaseous species are more important ttierofor forming particles at this measuremegt sit
Another important feature of this publication imbad the investigation of nitrate CIMS as a novel
method for measuring ammonia, amines and iodinéa@dng compounds. Analysis of the variability
of mechanisms controlling new particle formatiortifferent areas where the chemical composition of
the lower atmosphere is influenced heavily by usigmission sources, such as feedlots, is a pursuit
with high scientific merit. The authors attemptatwalyze how different sources could be contributing
to NPF well by exploiting the capabilities of thitrate CIMS technique and considering contributions
of HOMs to NPF potentially sourced from a local edxforest. This manuscript is recommended for
publication. Included are general comments, teeisieggested corrections, and recommendations for
improvements of analysis and the method of measemefor future studies.

Comments on analysis and suggestions for improvemen

(1) One of the things that is pointed out in thigdduction is that new measurement techniques for
amines have appeared over the past few years snthitlear how spatially variable amines are beeau

it is uncertain how well these techniques actuajbgntitatively, measure amines. | think futurelgsa
should include a more rigorous approach at an attéoncalibrate this technique to different amines.
Attempts at a rigorous calibration of amines fas tiechnique would help to understand, with greater
confidence, the spatial variability in concentrai@mines around the area of study in this puliicat

as well as, set a higher standard for measureniehese species by other users of this nitrate CIMS
technique. A more rigorous approach to calibratieould help advance the understanding of the
abundance of atmospheric amines globally, in adidito advancing the understanding of how
significant of a role atmospheric amines play inANP

We agree with the referee that calibration regaydire amine measurements is essential for extending
the knowledge on the spatial and temporal varighili atmospheric amine mixing ratio. We consider
an automated on-site calibration procedure, e.qudiyg permeation tubes (see Freshour et al., 2014,
AMT), as ideal for such a purpose.

(2) Line 154 It would be helpful to add in chemiegluations describing the ionization reactions gfmbu
to dominate ionization chemistry using the niti@tb1S technique that are additions to the descigtio
on line 154.

Reactions (R1) and (R2) were added to Section 2.2.

(3) Line 170 “while assuming the same ionizatidicefncy as for sulfuric acid, which has been ayue
to be a valid assumption” . . . In the supplemem@abppendix?, of Ehn (2014) the authors predent t
results of quantum computations of binding energies$ calculate theoretical collisional rate contstan
for ELVOCs that are within the measured error folfsic acid. Additionally, they compare these
calculated rate constants to the measured ratdacdrisased on the sensitivity of the nitrate CIMS
measurement to a perfluoroacid. This analysis ptedein Ehn (2014), in my opinion, is really good
because authentic standards of HOMs are not alailabdditionally, because the quantum calculations
used structure-activity relationships to deriveotietical dipole moments for some theoretical HOM
structures, the results suggesting that clusteriOMs occurs at the collisional limit only appieo
HOMs. It seems one of the primary motivations far publication of the mass-dependent transmission
efficiency study by Heinritzi (2016) was to chaecte these effects for HOMs. | believe quantifimat
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of amines using nitrate CIMS through direct calitmias would greatly improve the confidence in the
measurement technigue, and may even help furtppostprevious attempts at quantifying HOMs with
this technique if many directly calibrated compaosirgghpear to undergo ionization at the collisional
limit. The importance of direct calibrations is thuer underscored through the authors suggestidn tha
the nitrate CIMS technique may be particularly Issssitive to ammonia than other compounds they
are able to measure.

We agree that the arguments laid out by Ehn €R@ll4) convincingly show that HOMs cluster with
nitrate ions at the collisional limit (similar the deprotonation reaction occurring for sulfuri@acin
this context, we reworded the last part of theesere in line 171 to:

“... which has been shown to be a valid assumptiokluy et al. (2014).”

Performing calibration measurements for a variétgammpounds measured by nitrate CIMS is one of
our main goals for the near future. From our meaments, it seems likely that ammonia is not ionized
at the collisional limit. Due to the wide varietiydifferent amines being present in the atmospheité
different chemical properties), different aminesldcalso be ionized with different sensitivities.this
respect, it should also be noted that sensitiviteggarding a certain compound depend also on the
settings of the CI-APi-TOF since declustering psses can occur within the instrument. For this
reason, especially for the less-stable reactiodymts calibration of each individual instrumentsido

be performed.

(4) Line 296 An argument is made here that a simpledel can be used to estimate sulfuric acid
concentration because the results from this modssistently agree with the results from a more
detailed model, which includes RH and CS as vaggbkithin a factor of three. Mikkonen (2011) also
points out the minor dependence of the approximsitéfdiric acid concentrations on CS. The authors
suggest a simplified equation in the conclusiongkvis only dependent on radiation, the rate carista
and SQ mixing ratio if particle data is not availablewbuld argue that if a modeled approximation,
and not a measurement, is being used to repreatntieén it should be treated as rigorously asipless
Including the RH and CS as sinks for S@ven if they contribute in minor ways, | thinkiisportant
when forming this approximation, if the data isitkzle. To constrain the approximated data by tofac
of three, | think, is a worthwhile action that thethors of the current manuscript took when udireg t
detailed sulfuric acid approximation equation.

We agree with the referee that the parameterizaticlnding all parameters (SQOradiation, RH and
CS, see equation (2)) should be used whenever flagameters are available. In order to highligh th
importance, the end of Section 3.3 was rewrittefobmws:

“This indicates that even the simpler method (eigua3)) can yield relatively accurate results ttoe
conditions of this study. This is probably due he fact thaRH and CS show only relatively small
variations over the duration of the campaign andatld therefore not be absolutely necessary to
include these factors in the sulfuric acid caldolatNevertheless, whenever the data are avaitable
recommend to use the more detailed parameterizédguation (2)) as it treats the sulfuric acid
concentration calculation more rigorously.”

The discussion section provides some constructiggestions for improving future measurements!
Technical suggestions: *Suggestions for technicaitections ARE IN ALL CAPS

(5) Line 25 “WE DEMONSTRATE HERE that the nitratd-8Pi-TOF is suitable for sensitive
measurements. . .”

The sentence in line 25/26 has been modified agestigd:



“We demonstrate here that the nitrate CI-APi-TOBUu#able for sensitive measurements of sulfuric
acid, amines, a nitrosamine, ammonia, iodic acal4@M.”

(6) Line 114 “. . .the site is not too far awayrfrahe University of Frankfurt, which allowED US to
visit the station for instrument maintenance” That sentence either needs to be modified or @thng
by the above suggestion because right now, graroaligtiit doesn’'t make any sense.

The sentence (lines 112 to 117) has been modifieiggested:

“The site was chosen for several reasons: (i) thareger dairy farms are close by, which should jbgs
enable us to study the effect of amines on newigbafbrmation, (i) it can be regarded as typifmala
rural or agricultural area in central Europe, (il site is not too far away from the Universify o
Frankfurt, which allowed to visit the station foistrument maintenance on a daily basis and (igesin
we could measure right next to a meteorologicaicstanfrastructure and meteorological data from th
DWD could be used.”

(7) Line 121 “As mentioned in the introduction,distock ARE known to emit a variety of amines as
well as ammonia. . .”

The sentence (lines 121 to 123) has been modifieiggested:

“As mentioned in the introduction livestock are uroto emit a variety of amines as well as ammonia
(Schade and Crutzen, 1995; Sintermann et al. 26d#h) of which should have an influence on new
particle formation and growth (Almeida et al., 2pL8htipalo et al., 2016).”

(8) Line 303 . . . Please make an explicit staternéthe reasons that it was useful to estimateltHe
radical concentration as the introduction to tlgsti®n. This would help to disambiguate the meaning
of “further data evaluation”, but also help guided preview to, the reader to the logic of what the
authors saw as the ultimate purpose of doing aeslysing estimated OH radical concentrations. This
should be a quick and easy modification.

An introductory sentence was added to the beginofif@ection 3.4 to explain why it was useful fasth
study to estimate an OH concentration:

“In this study the hydroxyl radical concentratisiréquired to derive an estimated concentratidheof
iodine species OIO (Section 3.5) and for a compargd conditions during nucleation and no nucleatio
days (Section 4).”

(9) Line 309 . . . Please explicitly define the wiity [OH]uay. Adding the “day” notation to this quantity
makes the exact meaning confusing. | believe thantity just refers to the steady-state approxithate
concentration of OH radicals at some time that @tdlculated. A similar quantity, QJ is used in the
PAM/OFR literature to refer to an estimate of tlag-@éveraged expected OH exposure.

We thank the referee for pointing out a missingrdeédn of the quantity [OHLy. By the addition of the
subscript “day” we meant to highlight that quitecaate OH concentrations can probably only be
calculated during day-time when the photolytic pretibn of HSQ, dominates over the production
channel via sCI (equation (4)). However, we camthéoconclusion that the calculation of [OH] with
equation (4) should be possible for the whole day\ee have added our arguments to Section 2.4. In
addition, the subscript “day” is not being usedranye.

(10) Line 339 . . . “by tentatively adopting thereacalibration constant for iodic acid AS sulfuaimd”
5



The change has been made:

“... by tentatively adopting the same calibration stamt for iodic acid as for sulfuric acid.”

(11) Line 367 . . . | believe the idea reportedtiny authors that “iodic acid (and, if present, iy
also its clusters) can be detected with high seitgitlue to the high negative mass defect of turie
atom” is inaccurate. Sensitivity is formally defihas the change in instrument response with respect
a change in some amount of analyte. The sensitithe CIMS measurement to any compound is a
function of the ionization chemistry and ion tramssion through the instrument. What the authors are
describing here is the one of the reasons why éitidization is a valued as an ionization method in
CIMS measurements. The high negative mass defewidofe produces a characteristic pattern of
appearance in the mass spectrum which is usefuh wiang to unambiguously identify peaks when
performing high resolution peak fitting, but théafure doesn’t have any reflection on the sentsitofi

this particular CIMS measurement to iodic acidh# authors are measuring the concentrations @f iod
acid that they estimate to be measuring then sittdAMS is probably particularly sensitive to some
iodine compounds, but the logic reported on liné,3elieve, is misleading.

We agree that the arguments at the end of Secttbar@ somewhat misleading. To clarify these we
have reformulated the relevant section (see beldhg.revised section should now explain better that
iodic acid can be unambiguously identified duetsosirong negative mass defect. However, the high
mass defect also contributes to a low detectioit limcause there are essentially no other (isgbaric
signals that can partly overlap with the one frodti¢ acid.

“Regarding the sensitivity of the CI-APi-TOF it cée said that iodic acid (and, if present, probably
also its clusters) can be detected with high seitgit One aspect that helps in unambiguously
identifying iodic acid is the high negative masfedeof the iodine atomam=-0.1 Th). Furthermore,
this also contributes to the low detection limit flois compound because generally there will naire
overlapping signals from other substances haviegtime integer mass (mass resolving power of the
instrument is ~4000 Th/Th, i.e. edz 175 the peak width at half maximum is ~0.04 TH)e Tnethod
introduced here therefore allows high-sensitivitgasurement of [HI€) as well as the estimation of
[OIQ] with the help of equation (5) in future stedi The lowest detectable concentrations should be
around &10* molecule crii, or better, for [HIG] and 510° molecule crif for [O1O] when assuming
the same calibration constant for HI&s for HSQy and considering the lowest iodine signal from Fig.
37

(12) Line 375 . . . “the same calibration consfaniodic acid AS sulfuric acid”

Has been changed (see comment above).

Additional changes made:

* Fig. 3, Fig. 5, and Fig. 8: x-axis has been charigeshow actual times and not seconds.

¢ Section 3.6: the explanation for the formation nagtém of NDMA was revised because it is
not via a gas-phase reaction between DMA and HONsSDead DMA reacts with OH and NO;
the references Pitts et al. (1978), Glasson (18n@) Grosjean (1991) were replaced by the
reference to Nielsen, Herrmann and Weller 2012)

References
Nielsen, C. J., Herrmann, H., and Weller, C.: Atptaic chemistry and environmental impact of the

use of amines in carbon capture and storage (CCBgm. Soc. Rev., 41, 6684-6704, doi:
10.1039/c2cs35059a, 2012.
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Abstract

The exact mechanisms for new particle formationfNihder different boundary layer conditions are
not known yet. One important question is if amiesl sulfuric acid lead to efficient NPF in the
atmosphere. Furthermore, it is not clear to wh&rexhighly oxidized organic molecules (HOM) are
involved in NPF. We conducted field measurementsratral site in central Germany in the proximity
of three larger dairy farms to investigate if thisra connection between NPF and the presenceinéam
and/or ammonia due to the local emissions fronfidimas. Comprehensive measurements using a nitrate
Chemical lonization-Atmospheric Pressure interfagae Of Flight (CI-APi-TOF) mass spectrometer,

a Proton Transfer Reaction-Mass Spectrometer (P HR-Wharticle counters and Differential Mobility
Analyzers (DMAs) as well as measurements of traaseg and meteorological parameters were
performed.t—is—shewn\We demonstrate hethat the nitrate CI-APi-TOF is suitable for seivsit

measurements of sulfuric acid, amines, a nitrosanammonia, iodic acid and HOM. NPF was found

to correlate with sulfuric acid, while an anti-aglation with RH, amines and ammonia is observed. Th
anti-correlation between NPF and amines could eetduhe efficient uptake of these compounds by
nucleating clusters and small particles. Much hig®M dimer (C19/C20 compounds) concentrations
during the night than during the day indicate thase HOM do not efficiently self-nucleate as rghti
time NPF is observed. Observed iodic acid probaiginates from an iodine-containing reservoir

substance but the iodine signals are very liketyldw to have a significant effect on NPF.

1. Introduction
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The formation of new particles from gaseous compsufmucleation) produces a lardeaction of
atmospheric aerosol particles (Zhang et al., 200&)jile the newly formed particles have diameters
between 1 and 2 nm they can grow and reach laiges,swhich enables them to act as cloud
condensation nuclei (CCN, ~50 nm in diameter ogdgr Removal processes such as coagulation
scavenging due to larger pre-existing particleslmmportant if the growth rate€R) for the newly
formed particles are slow and/or if the coagulagork (CS) is high. The climatic effect of nucleation
depends strongly on the survival probability of tiesvly formed particles, i.e. if they reach CCNesiz

or not. Model calculations indicate that nucleat@an account for ca. 50% of the CCN population
globally (Merikanto et al., 2009). In addition tbeir climatic effect secondary particles can also
influence the human health (Nel, 2005), or redusibiity, e.g. in megacities (Chang et al., 2009).

New particle formation (NPF) is a global phenomermd has been observed in many different
environments (Kulmala et al., 2004). In most casgsositive correlation with the concentration of
gaseous sulfuric acid has been observed (Sihtb, &086; Kuang et al., 2008). However, other trace
gases, beside 8Os and HO, need to be involved in the formation of clustetherwise the high
particle formation rates measured in the boundargricannot be explained (Weber et al., 1997; Kirkb
et al., 2011). One ternary compound, which enhatiee®inary nucleation of sulfuric acid and water
significantly, is ammonia. However, at the relayvevarm temperatures of the boundary layer the
presence of ammonia is probably not sufficientéaching the observed NPF rates when acting togethe
with sulfuric acid and water (Kirkby et al., 20Kijrten et al., 2016). The same applies for ion-getl
nucleation (IIN); the observed IIN rates for thedry and ternary system including ammonia are not
high enough to explain the observations (Kirkbglet2011). Therefore, recent nucleation experisent
focused on organic compounds acting as a ternanpeond (beside Q. and HO). Many studies
indicate that amines have a very strong enhandfegten nucleation (Kurtén et al., 2008; Chenlgt a
2012; Glasoe et al., 2015). Indeed, a chamber empat could show that the nucleation of sulfuricac
water and dimethylamine (DMA) at 5°C and 38% RHdoreed particles at a rate, which is compatible
with atmospheric observations in the boundary layser a relatively wide range of sulfuric acid
concentrations (Almeida et al., 2013). For sulfuriid concentrations <1@nolecule cri, which are
typical for the boundary layer, and dimethylaminiging ratios of > ~10 pptv, nucleation was found to
proceed at or close to the kinetic limit. This meawery collision between sulfuric acid molecubers]
clusters associated with DMA, leads to a largestely which does not evaporate significantly (Kiirte
et al., 2014).

In principle, mass spectrometry using nitrate dieafrionization could be used to detect neutral
clusters consisting of sulfuric acid and bases@dtmosphere. However, only few studies indidsde t
neutral nucleating atmospheric clusters consigutfuric acid and ammonia or amines (Zhao et al.,
2011; Jiang et al., 2011), while other studies @it identify such clusters (Jokinen et al., 2012;
Sarnela et al., 2015). A further outstanding igsube question about the magnitude of the atmagphe

amine mixing ratios at different locations. In {hest several years the experimental tools for seasi

8



74
75
76
77
78
79

| 80
81

| 82
83
84
85
86
87
88
89
90
91
92
93
9
95
9%
97
98
99

100
101
102
103
104
105
106
107
108
109
110

online measurement of amines in the pptv-rangerbecavailable (Hanson et al., 2011; Yu and Lee
2012). The reported amine levels reach from upens of pptv (Hanson et al., 2011; Freshour et al.,
2014; You et al., 2014; Hellén et al., 2014) ta ¥ fptv (Sipila et al., 2015). It is therefore eaportant
question if some of the reported mixing ratios ddug biased high or low due to instrumental issoes,

if the natural variability in the amine mixing rasi due to different source strengths can explan th
differences.

Other possible contributors to particle formateme highly oxidized organic compoun@dsOM)
originating e.g. from the reaction of monoterpenéh atmospheric oxidants (Zhao et al., 2013; Bhn e
al., 2014; Riccobono et al., 2014; Jokinen et24l15; Kirkby et al., 20163ianchi et al., 2015 From
this perspective it seems likely that different leation pathways are possible and may dominate at
different sites depending, e.g. on the concentratfsulfuric acid, amines, oxidized organic compas!
and other parameters like temperature and relatingidity. Synergistic effects are also possible, i.
has been demonstrated that the combined effecinafomia and amines can lead to more efficient
particle formation with sulfuric acid and water thfar a case where ammonia is not present (Glasoe e
al., 2015). Due to the manifold possibilities farcieation and the low concentrations of the growing
clusters it is challenging to identify the domimatiparticle formation pathway from field measuretsen
in an environment where many possible ingredientsniucleation are present at the same time.
However, such measurements are necessary and ysemieasurements from Hyytiald, Finland,
underscored the importance of sulfuric acid, orgaoimpounds and amines regarding NPF (Kulmala
et al., 2013).

In this study, we have chosen to conduct measureméth an emphasis on the observation of NPF
at a rural site in central Germany. The goal of fleld campaign was to measure NPF in an amite ric
environment in the vicinity of dairy farms, as coar® known to emit a variety of different amines as
well as ammonia (Schade and Crutzen, 1995x&\Wexleret al.2011; Sintermann et al., 2014). The
measurements were performed using different partiolinters and particle size analyzers as well as
trace gas monitors @SQG and NQ). A Proton Transfer Reaction-Mass SpectrometeiRARIS) is
used to determine the gas-phase concentration abteipenes and isoprene, whereas a chemical
ionization time of flight mass spectrometer usiitgate primary ions (Jokinen et al., 2012; Kirtén e

al., 2014) is used for the measurement of sulfagid, amines, ammonia and highly oxidized organics.

2. Methods and M easur ement Site Description

2.1 Measurement Site Description

The measurement site is located right next to @onetogical weather station operated by the German
Weather Service (DWD measurement station Micheisfaglbrunn/Odenwald, 49°43'04.4" N and

9



111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147

09°05'58.9" E, 452 m a.s.l.). The village Vielbrumas a total of ~1300 inhabitants and is surrounded
by fields and forests. The next larger cities aaeristadt (~35 km towards WNW) and Frankfurt/Main
(~50 km towards NNW). The site was chosen for sweasons: (i) three larger dairy farms are close
by, which should possibly enable us to study tliecéfof amines on new particle formation, (ii) &rc

be regarded as typical for a rural or agricultaraga in central Europe, (iii) the site is not tao dway
from the University of Frankfurt, whichlews allowecto visit the station for instrument maintenance
on a daily basis and (iv) since we could measujtd riext to a meteorological station infrastructame
meteorological data from the DWD could be used.

In terms of studying the effect of amines on newtiple formation we were expecting to see a direct
effect due to the local emissions from the dairgia Each of these farms is keeping a couple ofifach
cows in shelters, which are essentially consistimlyg of a roof and a fence such that the wind esilg
carry away the emissions. As mentioned in the ¢htetion livestocks-areknown to emit a variety of
amines as well as ammonia (Schade and Crutzen; 8d®&rmann et al. 2014) both of which should
have an influence on new particle formation andwgino{/Almeida et al., 2013; Lehtipalo et al., 2016).
The farms are located in the West (~ 450 m disjaSmith-South-West (~ 1100 m distance) and South-
East (~ 750 m distance) of the station, respegtivel

One further aspect that should be consideredeidatt that the site is also surrounded by forests
(mixed type of coniferous and deciduous treeseastl1 km away). Consequently, emissions of, e.g.
monoterpenes (GHis compounds), can also potentially influence newtigar formation as recent
studies indicate that their oxidation products cantribute to NPF and particle growth (Schobestrerge
et al., 2013; Riccobono et al., 2014; Ehn et 814 Kirkby et al., 2016).

2.2 CI-APi-TOF

The key instrument for the data discussed in thidysis the Chemical lonization-Atmospheric Pressur
interface-Time Of Flight mass spectrometer (CI-ARIF). The instrument was first introduced by
Jokinen et al. (2012) and the one used in the ptasady is described by Kiirten et al. (2014). The
APi-TOF draws a sample flow of 8.5 slm (standatdrd per minute), which interacts with nitrate
primary ions ((HNG)o.-NOs") within an ion reaction zone at ambient presstrg(d ms reaction time).
The primary ions are generated from the interactibRINO; in a sheath gas and a negative corona
discharge (Kirten et al., 2011). The ion sourdeased on the design by Eisele and Tanner (1993) for
the measurement of sulfuric acid. The primary aodpct ions are drawn into the first stage of anmac
chamber through a pinhole (~350 um diameter). Qumades in the first and a second stage of the
chamber, operated in rf-only mode, are used toggthid ions. A lens stack in a third stage focusds a
prepares the ions energetically before they ertertime of flight mass spectrometer (Aerodyne
Research Inc., USA and Tofwerk AG, Switzerland)sThass spectrometer has a mass resolving power

of ~4000 Th/Th and a mass accuracy of better ti@appin. These characteristics allow the elemental
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identification of unknown ions, i.e. different speschaving the same nominal (integer ratio can be
separated due to their mass defect. Using isofigiterns for an expected ion composition suppbgs t
ion identification. For the data analysis the saftatofTools (Junninen et al., 2010) is used within
Matlab environment.

Previous work has shown that the CI-APi-TOF carubed for highly sensitive measurements of
sulfuric acid (Jokinen et al., 2012), clusters wfiric acid and dimethylamine (Kurten et al., 214
organic compounds with very low volatility (Ehnadt, 2014) and dimethylamine (Simon et al., 2016).

Sulfuric acid and its clusters can be detected dfiaating a proton to the primary ions,,

(HoSQu)p + (HNQ3)neo NOs™ — (HrSQuna(HNOg)e0HSQ + (M-k+1)(HNQ) | (R1). ¥ | Formatiert: Tiefgestellt
whereas the low volatility organic compourie€OM) are detected after clustering with NQ.e., i N [FOrmatieft: Tiefgestellt
HOM + (HNO3)nzo NOs™ — (HOM)(HNOs)eq NO5 + (m-K)(HNOY). (R2). + Y | Formatiert: Tefgestel
. ] o Iy { Formatiert: Tiefgestellt
In_both reactions (R1) and (R2) the presence ofewats been neglected for simpliciffhe | [ Formatiert: Englisch (USA)
measurement of amines is possible because thdyecassociated with nitrate cluster ions (Sectiéih 3 [ Formatiert: Tiefgestellt
Generally, the quantification of a substance isveerwith the following equation: ( Formatiert: Tiefgestellt
[ Formatiert: Tiefgestellt
) \ Formatiert: Tiefgestellt
concentration =C - In (1 + g zf:z(;:z:;lzz:lzzzrrl:t:fte;) (1) ( Formatiert: Tiefgestellt
“[ Formatiert: Tiefgestellt
( Formatiert: Englisch (USA)
Equation (1) relates the sum of the product iomtaeates to the sum of the primary ion count rates." ("o matiert: Tiefgestellt
Using a calibration consta@the concentration of a neutral substance can tegrdimed. In the case || Formatiert: Englisch (USA)
of the sulfuric acid concentration (8Qy]) the product ion count rates are due to HS@&nd { Formatiert: Englisch (USA)
. . . . | F tiert: Englisch (USA
(HNO3)HSQy, while the primary ion count rates include NQHNO3;)NOs™ and (HNQ):NOs™. The % Forma;eﬂ Englfsch EUSA; E—
|| Formatiert: Englisc , Tiefgeste
calibration constant has been determined<d§fmolecule cnf (Kurten et al., 2012). [ Formatiert: Englisch (USA)
The same calibration constant has also been wsdtld quantification of HOM. However, in this (Formatiert: Tabstopps: 15 cm, Links

U 0 0 0 U U U U U U U U U U U

case the mass dependent transmission of the CIF®Fi-was taken into account by the method of
Heinritzi et al. (2016). This requires an additiboarrection factor in equation (1) which is arouhd
for them/z range 300 to 400 Th and 0.22 for the range 5@b5@Th; these factors take into account
only the transmission as function of & value, while assuming the same ionization efficieas for
sulfuric acid, which has beemgued showrto be a valid assumptiofoy Ehn et al. (2014). The
quantification of amines will be detailed in Senti®.6. Table 1 gives an overview of the identifiexl
signals used in the further analysis evaluatinfusialacid monomer and dimer concentrations as well
as amine, nitrosamine, ammonia and iodic acid $g(farther explanations will be given in the
following sections).

Regarding the loss of sample molecules withinimtet line of the CI-APi-TOF we expect only a
minor effect. As the sample line has a total leragtbund 1 m, a very high flow rate was applied over
most of the inlet length (Berresheim et al., 20@yly for the last ~15 cm the flow of 8.5 sIm was

applied taking the sample from the center parheffirst inlet stage where the inlet has a sigaifity
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larger diameter (5 cm instead of 1 cm for the pest) to avoid wall contact of the relevant portin

the sampled air.

23PTR-MS

Volatile Organic Compounds (VOCs) were measureti witalibrated Proton Transfer Reaction-Mass
Spectrometer (PTR-MS using a quadrupole mass speeter, IONICON GmbH, Innsbruck, Austria).
The instrument inlet was heated to 60°C and theesamperature was applied to the ion drift tube Th
drift tube was operated at &iN of 126 Td in order to minimize the formation ofofonated water
clusters while maintaining a high sensitivii/il is the ratio between the electric field strenigtim V
cnt! and the number density of gas molecules in cfsee Blake et al., 2009).

A calibration of the instrument was performed ptmthe campaign with a gas mixture containing
several VOCs at a known volume mixing ratio (loni?¢OC-Standard, Innsbruck, Austria), including
isopreneg-pinene, and acetoranongst others. The calibration was performed f@iative humidity
range of 0 to 100 % (steps of 20 %) at room tentperaHowever, especially farpinene (measured
at 81 and 137 Th), the sensitivity of the PTR-M®raping at the rather higi/N was not depending on
relative humidity. For isoprene (measured at 41 @&d'h), a higher RH led to lower fragmentation
inside the instrument, but this did not affect twerall sensitivity much (<5 % decrease from 20 to
100%).

The PTR-MS cannot readily distinguish betweenedéfit monoterpenes as all have the same
molecular weight, so only the sum of monoterpermddcbe measured. However, sinc@inene is
often the most abundant monoterpene in contineni@llatitudes (Geron et al., 2000; Janson and de
Serves, 2001) and the reaction rate constantsffereht monoterpenes are rather similar (Tanilet a
2003; Cappellin et al., 2012) our estimation oékshonoterpene concentration should not be affected

by large errors.

2.4 Other instrumentation

Trace gas monitors were used to measure the maithgs of sulfur dioxide (Model 43i TLE Trace
Level SQ Analyzer, Thermo Scientific), ozone (Model 400,00e Monitor, Teledyne API) and
nitrogen oxides (NQ Ambient NQ-Monitor APNA-360, Horiba). These instruments weadibrated
once before the campaign with known amounts oktgases and dry zero air was applied on a daily
basis for a duration of at least half an hour teoito take instrument drifts into accounte detection

limits of the gas monitors are 0.05 ppbv for the, S@bnitor (for a 5 minute integration time),

approximately 0.5 ppbv for the N@onitor and 0.5 to 1 ppbv for the @onitor.

Further instruments used include condensatiorigartounters (CPCs) and differential mobility
analyzers (DMAs). The CPCs 3025A and 3010 (TSl,)Imere used to determine the total particle
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concentration above their cut-off sizes of 2.5 adnm, respectively. A Scanning Mobility Particle
Sizer (SMPS) from TSI (Model 3081 long DMA with &PC 3776) determined the particle size
distribution between 16 and 600 nm. The smallex singe was covered by a nDMA (Grimm Aerosol
Technik, Germany) and a TSI CPC 3776 for diameetsveen 3 and 40 nm. The combined size
distribution can be used to calculate the condesrgabagulation sink towards certain trace gases (e
sulfuric acid) or particle diameters.

Meteorological parameters were both obtained foomown measurements with a Vaisala sonde
(Model WXT 520), which yielded the temperature, R¥hd speed and direction as well as the amount
of precipitation. The same parameters are alsdailaifor the Vielbrunn meteorological station from
the DWD; additionally, values for the global radiatwere provided from the DWD.

3. Results

3.1 Meteorological conditionsand overview

The intensive phase of the campaign was from MatolBine 7, 2014 (21 campaign days). Figure 1
shows an overview of the meteorological conditibes temperature, relative humidity, global raidiat
and precipitation. The size distribution of smadiles (Fig. 1, bottom panel) was measured by the
nDMA. In addition, the condensation sink calculatedthe loss of sulfuric acid on aerosol partigkes
also shown taking into account the full size disttion (up to 600 nm).

The first part of the campaign (including May 2&)s characterized by warm temperatures and sunny
weather without precipitation. Between May 22/28 Mmay 31 the weather conditions were less stable
with colder temperatures and some precipitationnesveEspecially on May 29 a strong drop in
temperature and the condensation sink was obseduedto a cold front followed by the passage of
relatively clean air. From May 31 on temperaturesenncreasing again and it was mostly sunny with
only two rain events on June 3 and June 4.

Elevated concentrations of small particles cowddobserved on almost every day. However, new
particle formation from the smallest sizes (aro8mun) followed by clear growth were seen only on 6
days out of 21 (i.e. 29%). These events, which vedse used for the calculation of new particle
formation rates (Section 3.9), are highlightedhia bottom panel of Fig. 1 by the dark gray arroiwe
presence of small particles was also observed weraeother days, however, the events were either

relatively weak, or no clear particle growth wasetvable.

3.2 Trace gas measur ements
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The trace gas measurements are shown in Fig. Zdlypaximum day-time ozone mixing ratios ranged
from ~40 to 75 ppbv (Fig. 2, upper panel). Thewulfioxide levels were between 0.05 and a maximum
of 2 ppbv with average values around 0.3 ppbv (Ejgipper panel). Especially during the passage of
clean air on May 29 and May 30 the Slévels were quite low. NOmixing ratios showed a distinct
diurnal pattern with a minimum in the late afternand an average mixing ratio around 3 ppbv (Fig.
2, middle panel, see also Fig. 8). The NO mixirtgpsawere about a factor of 5 lower compared ta NO
on average (Fig. 2, middle panel, see also FigsiBjilar values were reported for another rura Bit
Germany (Mutzel et al., 2015). The maximum sulf@ed concentrations were reached around noon
and ranged between *10° and %10" molecule cri? (Fig. 2, lower panel, see also Fig. 3), which is
comparable to other sites (Fiedler et al., 200EjBet al., 2009). The total monoterpene and eupr
mixing ratios measured by the PTR-MS were simitaeach other with values between ~0.03 and 1
ppbv (Fig. 2, lower panel). Mixing ratios in thexearange have also been reported for the borezdtfor
(Rantala et al., 2014).

3.3 H2S04 measurement and calculation from proxies

Figure 3 shows the average diurnal sulfuric acidceatration along with other data, which will be
discussed in later sections. The maximum averageQl around noon was A0 molecule cn; the
error bars represent one standard deviation.

Recently, Mikkonen et al. (2011) introduced appr@ations to calculate sulfuric acid as a function
of different proxies. Since the relevant paramefsuffur dioxide mixing ratio, global radiation |agve
humidity and condensation sink) are available, eeehused the following formula to approximate the

sulfuric acid concentration (Mikkonen et al., 2011)
[H2S04lproxy = @+ k(T,p) - [SO,]” - Rad® - RHY - CS*. )

The [H:SQ] (expressed in molecule chis calculated as a function of the S@ixing ratio (in ppbv),
the global radiatiofRad (in W n1?), the relative humidityrRH (in %), the condensation sil@&S (in s?),

a rate constart, which depends on ambient pressprand temperatur@ (see definition fokk by
Mikkonen et al., 2011) and a scaling facioA least square fit made with the software IGO&ds the
coefficientsa= 1.32x10',b=0.913¢=0.990d =-0.217 an@ = -0.526 (linear correlation coefficient,
Pearson’s, is 0.87). Following the recommendations giverMikkonen et al. (2011) we restricted the
data used in the derivation of the parametersnditions where the global radiation was equal agda
than 50 W . In addition, a simpler formulation was also tdstehich neglects the dependencerbh
andCs

[HyS04]proxy = @'+ k(T,p) - [SO,]® - Rad® . ®)
14



294

295  Here, the coefficients’ = 1.343x10%, b' = 0.786 andt' = 0.941 yield good agreement (linear correlation
296  coefficient, Pearson’s, is 0.85) between calculated and measuregS@J. Figure 4 shows a
297  comparison between the two approximation methods the measured sulfuric acid for the full
298  campaign (wheRad>50 W m?). In almost all cases the predicted 5 minute ayesare within a factor
299  of 3 of the measured values for both methadss indicates that even the simpler method (eqod®))

300 can yield relatively accurate results for the ctinds of this study. This is probably due to thet fhat

301 RH and CS show only relatively small variations over the diga of the campaign and it would

302 therefore not be absolutely necessary to includssethfactors in the sulfuric acid calculation.

303  Nevertheless, whenever the data are available voem@mend to use the more detailed parameterization
304 (equation (2)) as it treats the sulfuric acid coricgtion calculation more rigoroushy-Fhis-indicathat

305 . ) . » .

306
307
308
309 includeRH-andCS The parameters found are in good agreement wétloties reported by Mikkonen
310 etal. (2011) for different sites.

311

312 3.4 Calculated OH

313

314  For further data evaluation knowledge of the OHammrtrations is usefuln this study the hydroxyl

315 radical concentration is required to derive amestéd concentration of the iodine species OIO {8ect

316 3.5) and for a comparison of conditions during eatibn and no nucleation days (SectionSihce

317  there was no direct measurement of the hydroxytahdvailable, only an estimation based on other
318 measured parameters can be made. This estimatiasési on the assumption that most of the sulfuric
319 acid is produced from the reaction between 8@ OH. Using the condensation si©8 the balance
320 equation between production and loss at steadg-stat be used to derive the OH:

321

CS:[H2SOul—kx450, [XI[SQ]  €8:[HSQu]
ko+s0, [SO] kon+s0y (SO’

322 [0H] .., = (4)

323

324  Recently it was discovered that there are alsa gfhecies capable of oxidizing 5@ SQ (which lead
325  to subsequent production 0% due to further reactions with.@nd HO) (Mauldin et al., 2012).
326  Those species X, e.g. stabilized Criegee Internesl{@Cl) can be formed via the ozonolysis of adisen
327  (e.g. isopreney-pinene, limonene) (Mauldin et al., 2012; Berndtlet2014). Therefore, if somesu
328 is generated from sCl reactions with Séen the calculated OH is an upper estimate.rgutie day
329 this effect should be relatively small, i.e. < 5(Boy et al., 2013; Sarwar et al., 2013), althoughriglt
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et al. (2014) state that no final answer can bergiegarding the effect of the sCl on the sulfadi
formation because it depends strongly on the sGtstre and competitive reactions between sCl and

water vaporHowever, it should also be noted that the readbietween alkenes and ozone generates

not only sCI but also OH at significant yields (elie OH yield for the reaction efpinene and ©is

ca. 0.77, Forester and Wells, 2011) and that thep@duced via this mechanism is taken into account

by equation (4). Data from Sipila et al. (2014 }ier suggest that the production of sulfuric acof

sCI oxidation of S@is probably minor compared to that from OH and.S%r these reasons we have

decided to calculate the [OH] not only for the diaye but for the full dayThe derived diurnal pattern

of [OH] is shown in Fig. 3 with a maximum conceniwa of 1x10° molecule cn¥ around noon, which
is in good agreement with other studiesere OH was measured direc(Berresheim et al., 2000;

Rohrer and Berresheim, 2006; Petdja et al., 20D09)caleulated-OH-concentrations-were—used in
Soshons2tond20

35 lodic acid (HIO3) and 01O

The high resolution CI-APi-TOF mass spectra rewktle presence of iodine containing substances. It
can be ruled out that these signals result froitmimgent contamination as our CI-APi-TOF had never
been in contact with iodine (i.e. no nucleationements with iodine have yet been performed and no
iodide primary ions have been used). The obserigrdhils could be assigned tostQ(H.0)I0s;™ and
(HNG3)IOs (Table 1). To our knowledge the identification iofline related peaks have not been
reported from measurements with a nitrate CIMS. e\mv, Berresheim et al. (2000) reported the
presence of a peak afz 175 in the spectrum for the marine environmentictviwas not identified
previously but in the light of this study, can akhoertainly be attributed to O

The diurnal pattern of 1§ and the related iodine peaks show a distinct patiéth a maximum
around noon following almost perfectly the diurpaktern of sulfuric acid (Fig. 3). This may not be
surprising since the formation of Hi@ due to reaction between OIO and OH (Saiz-Lapeit., 2012);
therefore the iodic acid concentration is connected to tihé dDemistry. After normalization of the
iodic acid signals with the nitrate primary ion obuates, a concentration of the neutral compoulak H
can be obtained by tentatively adopting the sartieration constant for iodic acighan asfor sulfuric
acid. Thereby a maximum average day-time concémratf ~3x10° molecule cn¥ can be found.
Further using the derived OH concentrations fromkSQs and CS measurements (Section 3.4) the
derived [HIQ] can be used tawtherestimate the concentration of OlO (Saiz-Lopez €2@12):

€S-[HI05]

[o10] = kon+oio[OH]"

@)

Equation (5) assumes that the only production chlasfrHIO; is the reaction between OH and OIO and

the only loss mechanism of Hi@ the uptake on aerosol. The reaction kateoio can be taken from
16
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the literature (Plane et al., 2006). In this wag toncentration of OlO can be estimated to a typica
value of 510° molecule cnd, which is much lower than the values reportedtiermarine environment
(3 to 27 pptv, i.e. 75810 to 6.8<10° molecule cri¥, see Saiz-Lopez et al., 2012).

The relatively low values of [HI§) and [OIQ] probably indicate that iodine chemisisynot very
important in terms of new particle formation assthkite. This is supported by the fact that we cowid
observe any clusters containing e.g. sulfuric acid iodic acid or clusters containing more than one
iodine molecule. However, it is surprising thatir@lcan be detected more than 400 km away from the
nearest coast line. On the other hand, HYSPLIT Iag&ctory calculations (Stein et al., 2015) révea
that in most cases the air was arriving from wéstlirections and therefore had contact with theasc
within the last 48 hours before arriving at thetista During the measurement period there was
unfortunately never a day where the air was cleaoiying from easterly directions and had not been i
contact with the Atlantic Ocean or Mediterraneaa ®éhin the previous days. Therefore, it could not
be checked if this would result in lower iodinersits. Despite the marine origin of the air masses
observed it is not clear how the iodine is transgbover relatively large distances without beiost |
on aerosol particles. If iodic acid is irreversilbhst on aerosol (similar to sulfuric acid) itseliime
should only be on the order of several minutesypical boundary layer conditions. Therefore, the
presence of iodine indicates either a local iodiaerce, or its transport from marine environments i
the form of a reservoir substance, e.g.aQthe lifetime of CHl is in the order of Week, see Saiz-
Lopez et al., 2015), and subsequent release duieotolysis.

Regarding the sensitivity of the CI-APi-TOF it da@ said that iodic acid (and, if present, probably

also its clusters) can be detected with high seiigit One aspect that helps in unambiguously

identifying iodic acid is the high negative masfedeof the iodine atomAm = -0.1 Th). Furthermore,

this also contributes to the low detection limit flois compound because generally there will nairine

overlapping signals from other substances haviegs#ime integer mass (mass resolving power of the
instrument is ~4000 Th/Th, i.e. ¥z 175 the peak width at half maximum is ~0.04 ThH)e Thethod

introduced here therefore allows high-sensitivitgasurement of [HI€) as well as the estimation of

[O10] with the help of equation (5) in future stedi The lowest detectable concentrations should be
around ¥10* molecule crii, or better, for [HIG] and 510° molecule cnf (ca. 0.02 pptv) for [OIO]

when assuming the same calibration constant forldEfor HSQ, and considering the lowest iodine

signal from Fig. 3-
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3.6 Amineg, nitrosamine and ammonia measurements

The detection of dimethylamine (DMA, (GHNH) by means of nitrate chemical ionization witlClh
APi-TOF has been described previously (Simon et28l16). The clustering between diethylamine
(DEA) and nitrate ion clusters has also been repdoy Luts et al. (2011). The amines detectedén th
present study include GN (monomethylamine), £i7N (dimethylamine, DMA or ethylamine, EA),
CsHgN (trimethylamine, TMA or propylamine, PA), s81:N (diethylamine, DEA) and ¢iisN
(triethylamine, TEA). All these amines are idemifias clusters in the CI-APi-TOF spectra where the
amines are associated both with the nitrate dim@mife)(HNQ)NO;s;) and the trimer
((amine)(HNQ)2NOs).

The high mass resolving power of the CI-APi-TOBwEd the identification of five different amines
(C1-, C2-, C3-, C4- and C6-amines, see above).eSine amines are all identified at two different
masses each (either with the nitrate dimer or ttrata trimer) plotting the time series of eachr i
signals allows further verification of the amingrgils since a different time trend would reveat tha
another ion would interfer with the amine signahisTwas sometimes the case when the relative
humidity was high and clusters of water and nitegipeared with high water numbers. The cluster of
NOs™ and 6 water molecules has a mass of 170.0518 d'tharC2-amine cluster §8;N)(HNO3)NOs~
(170.0419 Th) cannot be separated from this prirm@rycluster. Therefore, if large nitrate plus wate
clusters were observed in the spectra, no C2-asnmal could be evaluated.

The same ion cluster chemistry applies for ammontdch can also bind with the nitrate cluster
ions. Consequently, ammonia is detected ass{(#O3)NOs~ and (NH)(HNOs):NOs™ (Table 1). To
our knowledge the existence of these cluster iassiot been reported previously.

In accordance with Simon et al. (2016) the cluistersignals have been normalized by the following

relationship:

+ {(amine)(HN03)N0§}+{(amine)(HN03)2NO;})

aming,cys = In (1 (GHNO,),NOL)

(6)

where the curly brackets denote the count ratéseadifferent ion clusters and the same formulal=an
used when “amine” is replaced by Bk obtain the normalized ammonia signal. The ndeagon
with the nitrate trimer has been chosen becaushiwie that this is the dominant nitrate ion cludtes
amines (and ammonia) can bind to within the CI-ABIF ion reaction zone (Simon et al., 2016). Partial
evaporation of one HNOfrom the resulting amine nitrate cluster withire t&1-APi-TOF vacuum
chamber leads to the spread of the signal overethted masses separated by 62.9956 Th () INO
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In addition, to the five amines mentioned before, were able to identify dimethylnitrosamine
(NDMA, (CH3).NNO) from its clusters ((CE.NNO)(HNO;)NOs~ and ((CH)2NNO)(HNO;)oNOs~
(Table 1). The signals from NDMA show a clear dalipattern on some days, which can be up to about
two orders of magnitude higher during the night paned to the day. This is in agreement with the
formation mechanism of NDMA via the reactibatween 0DMA and with OH and NOHON{Ritts
et—al—1978—Glasson—1979;—Grosjean—1991Nieldéerrmann and Weller, 2012 The lower
concentrations during the day can be explainedhleydpid photolysisrate of HONO-ardNDMA

(Nielsen, Herrmann and Weller, 2018jince only C2-amines are capable of forming sérines no

further nitrosamine could be identified from thes:i@pectra. Only a rough estimation of the mixing
ratio can be provided by using the calibration tamsfrom Simon et al. (2016) which was derived for
DMA. Using this calibration constant the maximunmximg ratio of NDMA would be ~100 pptv (or
2.5x10 molecule cri¥). However, this value has a high uncertainty bseaw direct calibration with
NDMA was performed.

The average diurnal patterns of the four aminesaanmonia are shown in Fig. 5. The data are an
average over 21 measurement days and the errordpresent one standard deviation. The temperature
profile is shown along with the CI-APi-TOF signal$ie C4-, C6-amines and ammonia show a distinct
diurnal profile, which follows the temperature pl®fclosely. The temperature-dependent signal
intensity could be due to partial re-evaporatioamines from the particulate phase. No correlatiioh
temperature is seen for the C1-, C2- and C3-amimigish could indicate efficient stabilization ofette
amines in the particulate phase due to acid-basxzioes (Kirkby et al., 2011; Almeida et al., 2013)

No direct calibration for amines, NDMA and ammonias performed during the campaign.
Therefore, only a rough estimation of the mixingascan be made. Using the calibration curve for
DMA by Simon et al. (2016),X10* ncps (normalized counts per second) correspondl tpptv of
DMA. With this conversion the average mixing ratare between about 1 and 5 pptv for the amines.
The mixing ratios from this study are in a simitange as those reported from measurements in a
southeastern US forest (You et al., 2014) but gélydower as those from three different sitesha t
US (Freshour et al., 2014).

The ncps for ammonia are lower than for the amiwéich should not be the case if the sensitivity
towards ammonia and amines would be the same kedhesammonia mixing ratios are almost
certainly higher than the ones for the amines is émvironment. The ammonia mixing ratio can be
above several ppbv in rural areas (von Bobrutzkilet2010). Therefore, the sensitivity of the aui¢r
CI-APi-TOF towards ammonia seems to be signifigaotiver than for amines. This is reasonable, since
other studies found that acid-base clusters betweluric acid (including the bisulfate ion) andiass
are much more stable compared to sulfuric acid anmndusters (Kirkby et al., 2011; Almeida et al.,
2013). Therefore, the acid base clustering betwéteic acid (including the nitrate ion) and ammonia

or amines could follow a similar rule, which wouéhd to faster evaporation of the ammonia nitrate
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clusters. For this reason only the relative sigfiatsammonia can be used at the moment without
providing estimated mixing ratios.
Recently it has been suggested that diamines gdayoan important role in ambient NPF (Jen et al.,

20163); however, we could not identify diamines from ttigh-resolution mass spectra.

3.7 Sulfuric acid dimer

Occasionally, the CI-APi-TOF sulfuric acid dimegsal was above background levels. The dimer
((H2SQ))HSOr) was identified from the high resolution spectnanine campaign days. The measured
sulfuric acid dimer concentrations are shown asatfon of the sulfuric acid monomer concentrations
in Fig. 6. For comparison, CLOUD chamber data frumnsleation experiments in the ternary sulfuric
acid-water-dimethylamine system are included (iietles in Fig. 6, Kirten et al., 2014). In addition
the lower dashed line shows the expected dimerdtom due to ion-induced clustering (IIC) of sultur
acid monomers in the CI-APi-TOF ion reaction zodar{son and Eisele, 2002; Zhao et al., 2010).
The data indicate that the measured dimer coratéris are clearly above the background level set
by ion-induced clustering. On the other hand theceatrations are lower than what has been measured
in CLOUD for kinetic nucleation in the sulfuric dewater-dimethylamine system at 5°C and 38% RH
(Almeida et al., 2013; Kirten et al., 2014). Clgathe neutral sulfuric acid dimers were stabilibgca
ternary compound, otherwise their concentrationslevaot have been measurable at these relatively
warm conditions because the dimer (without a tgreampound) evaporation rate is quite high (3 10
st at 290 K, Hanson and Lovejoy, 2006; Kurten et2015). On the other hand the ternary stabilizing
agent evaporates after charging of the sulfurid diners because no cluster between the sulfuiic ac
dimer and another compound (besides HffGm the ion source) could be identified. This methat
although the dimers contained at least one additiolecule in the neutral state, the ionized dimer
will be detected as (3Q)HSQOs~ (Ortega et al., 2014; Jen et al., 2014), which esakimpossible to
identify the stabilizing agent. Only when largensters of sulfuric acid are present (trimer andeay
stabilizing agents like ammonia or amines canistélye cluster after charging with the nitrate {ghao
et al., 2011, Kirkby et al., 2011; Ortega et al12; Kirten et al., 2014). Unfortunately, no lasgéfuric
acid clusters (trimer and larger) were measurahieng the campaign, probably because their
concentrations were too low. Therefore, only spaoohs about the stabilizing agent responsiblétfer
high dimer concentrations can be made. It is quilé&kely that ammonia would be the only stabilizing
compound for the dimers since previous studies bhwe/n that the relatively high dimer concentration
measured at rather low sulfuric acid monomer commaéans (< 10" molecule cnf) cannot be
explained by sulfuric acid-ammonia-water nucleatjbianson and Eisele, 2002; Jen et al., 2014). In
addition, efficient clustering between sulfuricceind iodic acid can probably be ruled out (progide
that these compounds would be capable of produgictuster with a low evaporation rate) as the

concentrations of iodic acid are quite low (18> molecule cni at maximum, see Section 3.5). This
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means that the arrival rate of iodic acid on awidfacid dimer is on the order of 18! (using a
collision rate of 10 cn® moleculé* s?). Due to the high evaporation rate of the puréusial acid
dimer no significant dimer stabilization by iodiciécan be expected.

Whether amines are responsible for the dimer fooman the present study cannot be concluded. If
they were, the lower dimer concentrations compaoethe CLOUD chamber results (Kiirten et al.,
2014) could be attributed to the higher temperaturethe present study, which result in faster
evaporation rates. Another explanation would bedher amine mixing ratios. In the CLOUD study
dimethylamine was present at 10 pptv, or higheradulition, it cannot be concluded that e.g. the
measured C2-amines are all dimethylamine, if aifsigmt fraction of them were, e.g., ethylamins, it
stabilizing effect could be significantly lower. iElremains somewhat speculative as no data reggardin
NPF from ethylamine and sulfuric acid was foundwéweer, triethylamine was reported to have a
relatively weak effect on nucleation compared to®M TMA (Glasoe et al., 2015). Other compounds
which are present and have been shown to form raticles are HOM (Schobesberger et al., 2013;
Ehn et al., 2014; Riccobono et al., 2014;) althotlnggir stabilizing effect on neutral sulfuric acltiners
remains to be elucidated.

Regarding the observations shown in Fig. 6, itthbe noted that no ion filter (high voltage etict
field in the CI-APi-TOF inlet to remove ambient 8)nwas used in the present study. This could in
principle lead to the detection of ambient ions ahuters, which did not undergo charging in the ClI
APi-TOF ion reaction zone. If this were the caserepresentative concentrations of the correspondin
neutral sulfuric acid dimer would be derived. CLOURudies reported that charged sulfuric acid
monomers (HS®) and dimers ((kEBQ:))HSQy") could be observed with a different nitrate chexhic
ionization mass spectrometer (CIMS) under someitiond (Rondo et al., 2014; Kdirten et al., 2015).
However, for ambient measurements, no significBiatecould be observed for sulfuric acid monomers
(Rondo et al., 2014). In principle, the sulfuriddadimer could be more strongly affected by the
detection of ambient ions since the neutral dinwercentration is much lower than the sulfuric acid
monomer, while the negative ambient ion spectrumbsadominated by the charged sulfuric acid dimer
(Eisele et al., 2006). Therefore, we cannot entingle out that ambient ions had some effect ordtta
shown in Fig. 6. However, the ambient ions woulddh® overcome an electric field before they could
enter the ion reaction zone (Kirten et al., 201dnd®d et al., 2014). In the CIMS and the CI-APi-TOF
a negative voltage is used to focus the primarg torthe center of the reaction zone, while thepgdam
line is electrically grounded. This means nega#iwgbient ions would need to overcome a repulsing
electric field which acts as a barrier. Light iomdl be efficiently deflected due to their high mility
but heavier ions can in principle penetrate morglfeaConsequently, CIMS measurements at the
CLOUD chamber showed that the apparent dimer sigregsured by the CIMS correlated with large
ion clusters (pentamer, i.e. {6{0)sHSQs~ and larger, which underwent subsequent fragmentaliut
not with the (HSQ)HSQOy signal; the charged clusters were measured sinadtesly with an APi-
TOF (Junninen et al., 2010; Kirten et al., 201%)e TI-APi-TOF used in this study utilized a higher
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voltage for the ion focusing compared to the CIMS. (-500 V instead of -220 V in the CIMS) and
should therefore prevent smaller masses even nficeetly from entering the ion source than in the
study by Kurten et al. (2015). In addition, the exixe of any trimer signal ((8Q;).HSQy) in the
spectra argues against ambient ion detection.dre@ious study by Eisele et al. (2006) ambient ion
measurements showed, besides signals #8QJHSQs, also signals for (85Q:).HSQ;} which were

on average ~50% of the dimer signals. Since th&f4TOF design, with its repulsing voltages towards
ambient ions in the ion reaction zone, should beensensitive towards the trimer than towards the
dimer, the absence of sulfuric acid trimer sigraaigues against a significant bias in the data due t

charged ambient clusters.

3.8 Highly oxidized organic molecules (HOM)

Recently, the rapid autgidation of atmospherically relevant organic molesysuch as isoprene and
monoterpenes, was described (Crounse et al., HiBet al., 2014). There is evidence that these HOM
are involved in the formation of secondary aerasul can even promote the formation of new aerosol
particles (Jokinen et al., 2015; Kirkby et al., 8DINitrate chemical ionization mass spectromedry i
capable of detecting a suite of HOM when the O#i1ia high (e.g. > ~0.6 for C10 and > ~0.35 for
C19/C20 compounds) through association of arsN@imary ion (Ehn et al., 2014), while other
ionization techniques are more selective towards tidized compounds (Aljawhary et al., 2013).
Many recent publications report peak lists foreliént compounds identified from chamber or ambient
measurements with nitrate chemical ionization (Ehal., 2012; Kulmala et al., 2013; Ehn et al.,£201
Mutzel et al., 2015; Praplan et al., 2015; Jokietal., 2015; Kirkby et al., 2016). The speciesifitthe
previous studies are mainly C10 (containing 10@adtoms) or C20 (containing 19 or 20 carbon atoms)
compounds originating from reactions between mapetees (in most cases frapinene) and ozone
and/or OH.

The C10 compounds can be further segregated in Haals (RQ, i.e. GoHi50;56), HOM
monomers (@H14Ois7 and GoH160i56) and HOM involving reactions with nitrate {¢El:1sNOi=z and
Ci0H16N20::g) (Jokinen et al., 2014). Dimers (C19/C20 compojrmigyinate from reactions among
HOM RQ; radicals (Ehn et al., 2014).

The spectra were evaluated according to the jigtadhiown in Table 2 regarding HOM. It should be
noted that the listed compounds represent somédinaof the observed signal in the monomer and
dimer region although not all of the peaks thajpeesent are identified yet. Figure 7 shows a coispa
between the average ddyne and the average night time spectra for thesrt@sharge range between
m/z 300 and 650. According to Fig. 7 the main diffeebetween day and night are the significantly
higher signals in the dimer region during the night

Fig. 8 shows the diurnal variation of the HOM (@egted into HOM radicals, HOM monomers, HOM
nitrates and HOM dimers according to Table 2) togetvith other parameters (NO, N@; and global
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radiation). One striking feature is the pronounogkimum concentration of HOM dimers during the
night. During the day when the global radiationgb®alues above zero the dimer signals drop bytabou
one order of magnitude and reach levels, whictclge to the detection limit of the instrument. The
low day-time dimer concentrations are probably tuenhanced NO, HOand R'Q concentrations
during the day. These compounds can react with H@Jradicals and thereby inhibit the formation
of dimers; which are a result of the reaction betwevo RQ radicals. As can be seen from Fig. 8 the
NO concentration peaks in the morning. H@as not measured but typically peaks around nodn o
the later afternoon (Monks, 2005). Direct photaysf HOM dimers has to our knowledge not been
reported in the literature but could in principlecaexplain the dimer pattern seen in Fig. 8.

The HOM monomer signal (Fig. 8) does not show @punced diurnal cycle, only in the early
morning the signals are reduced by about 50% coemptar the daily average. Slightly higher values
around noon could be explained by the highea OH concentrations during mid-day, which lead t
enhanced formation of HOM through reactions betwlese compounds and monoterpenes (Jokinen
et al., 2015; Kirkby et al., 2016). The HOM nitsitali-nitrates and radicals show almost the same
profile as the HOM monomers. This might be expeétedhe HOM radicals as these can be regarded
as the precursors for the HOM monomers but thetfeattthe HOM nitrates follow an almost identical
pattern is somewhat surprising as the NO mixing rsttows a different profile and is thought to be
involved in the formation of the HOM nitrates. Hoxee, further involvement of e.g. OH, H@nd R'Q
in the HOM formation should also play a role aneréfore influence their diurnal pattern. The
elucidation of the HOM formation mechanisms is bredithe scope of this article and will therefore not
be discussed further. More field and chamber erpmrts are needed to identify the influence of

different trace gases and radicals on the formati@hconcentration of HOM.

3.9 Particleformation rates

The presence of small particles (< ~20 nm) was rokgeon almost every day during the campaign.
However, often nanometer-sized particles appeanddesly without clear growth from the smallest
size the nDMA covered (slightly above 3 nm). Iratdhere were seven events where clear growth was
detectable and these events were the only oneghich a new particle formation raté) (vas derived.

It should be noted that clear NPF was observed onlg days, however, for one day two NPF rates

were derived, which results in a total of 7 NPEsat

In accordance with other previous studies (Metagaal., 2010; Kirkby et al., 2011) we have first
derived a new particle formation rate at a largebitity diameterd,, (2.5 nm in the present study),
which was corrected to a smaller diametedgf= 1.7 nm in a second step. The formation daigis
obtained from the time derivative of the small detconcentration, which follows from the differen
in particle concentrationdNg.s.1) measured by the TSI 3776 (cut-off diameter of 3 and a TSI
3010 (cut-off diameter of 10 nm):
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_ dN3z5-10 GR
Jay, =—5— +CSay, " Nas—10 +

dt NZ.S* 10" (7)

10nm-2.5nm

The second term on the right-hand side in equéTipaccounts for the loss of small particles oriplas

larger than 2.5 nmwhile the third term accounts for the growth aftfzles out of the size range under

consideration (Kulmala et al., 201Zhe coagulation sinkCSy,:2 is calculated from the particle size

distribution measured by the nDMA and the SMPS. §dmond step involves an exponential correction
to obtain the particle formation rate at the smiadiee,Jup1, by taking into account the coagulation sink
and the growth rate5R) of particles (Lehtinen et al., 2007):

CSg
Jay, = Ja, - exp (2 - dpy ). ®)

The factory is defined as follows (Lehtinen et al., 2007):

y = ﬁ((%)m - 1), ©)

wheres is the slope of the coagulation sink as a funatibsize for the size range betwedn andd,

(s = 10g(CSpd CSypr)/log(dp2/dpr)). The value ofs can be derived from the measured particle size
distribution and was found to be around -1.6 ferphesent study, which is in good agreement with th
values reported by Lehtinen et al. (2007). The ¢hawate was derived from the nDMA measurements
in the size range between 3 and 10 nm by fitti@passian function to the particle size distribution
determine the mode diameter for all measured sgteililitions. Applying a linear fit to the mode
diameter as a function of time yields tB& used in equation (8) (Hirsikko et al., 2005). Esrare
calculated by taking into account the statisticaiation of the particle formation ratés. as well as
systematic errors 0BR (factor of 2),0,2 (factor 1.3) andCS (factor 1.5).

Figure 9 shows a comparison betwédgnfrom this study, data from other field studies &rehation
rates from CLOUD chamber studies for the systesutitiric acid, dimethylamine and water at 278 K
(Almeida et al., 2013) as well as for oxidized angacompounds with sulfuric acid and water
(Riccobono et al., 2014).

4, Discussion

By comparing time periods where significant newtipbr formation (NPF) occurred to time periods

where no NPF was observed, some conclusions cdrala about the relevance of certain parameters
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regarding NPF. Figure 10 shows a comparison fareety of parameters by comparing nucleation days
to no nucleation days (red bars) and periods with sulfuric acid dimer concentrations to no nutiea
days when there are also no high dimer concents(iolue bars).

It is evident from Fig. 10 that sulfuric acid ia average a factor of 2 to 2.5 higher on days with
nucleation; although the variability is rather highiror bars take into account the standard dewiati
of a parameter both for the nucleation days andchthaucleation days). The enhanced sulfuric acid
concentrations confirm the importance of this commbregarding NPF, which has also been shown in
numerous other studies (e.g. Weber et al., 199in&ia et al., 2004; Fiedler et al., 2005; Kuanglet
2008). The OH concentration and the global radiagie also enhanced during nucleation, which is not
surprising given the fact that the parameteiS®, OH and global radiation are connected. The ralati
humidity is generally lower during nucleation pelspwhich has also been reported in previous sudie
(Hamed et al., 2011; Nieminen et al., 2015).

Regarding amines and ammonia Fig. 10 reveals @it@melation between their concentration and
the occurrence of NPF or sulfuric acid dimer forima{factor 2 to 5 lower during nucleation). Howeve
this does not necessarily mean that these companhidisét the formation of particles. On the conyrar
it could mean that amines and ammonia are effilgiéaken up by small clusters and therefore are als
involved in the formation of new particles. Unligelfuric acid, amines and ammonia are not produced
in the gas phase and therefore their concentratibrdecrease with increasing distance from their
sources depending on the condensation sink. Durirgleation the condensation sink is slightly
enhanced (Fig. 10), probably because of the newiyéd particles. However, ti@Sis only calculated
for particles larger than 3 nm. Also smaller pdescand sulfuric acid clusters can contain amines
(Kurten et al., 2014) and even the sulfuric acichoroer can be bound to dimethylamine (Ortega et al.,
2012; Kirten et al., 2014). Therefore, continuowpction of sulfuric acid and its clusters wilateto
a depletion of amines away from their sourcespalfn no mixed clusters of sulfuric acid and amines
could be observed; this is probably the case becdngsr concentrations were too low to be measured
with the CI-APi-TOF. As sulfuric acid concentratare high during nucleation this could explain the
low amine values. Efficient uptake of amines in plagticle phase has also been reported in a previou
field study (You et al., 2014). In addition, theited pool of amines can also be the explanatiothi®
relatively low slope from Fig. 6 (sulfuric acid damvs. monomer) for some of the periods with eledat
sulfuric acid dimer concentrations. If the sulfudcid concentration increases, the ratio of the fre
(unbound) amine to sulfuric acid concentration drgmd there are fewer amines available to stabiliz
the sulfuric acid dimers. This is a different sttaa compared to the CLOUD experiment where the
amine to sulfuric acid concentration was maintaiaed ratio of ~100 over the entire duration of the
experiments. However, from these observations weataunambiguously conclude if the amines are
involved in the very first steps of nucleation,ifathey are depleted due to clusters, which dorreatd
the help of amines in order to nucleate. One alspect that could explain the low amine ratio$iés t

somewhat enhanced OH concentration during the atiotedays, as amines react with OH. However,
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the life-time of amines regarding their reactiorihwOH is on the order of hours (Ge et al., 2011),
whereas the uptake on particles is significantyyeia(if CSis on the order of 1dto 10? s?).

Regarding the possibility that sulfuric acid amdies can explain the observed nucleation it has to
be noted that no clusters involving more than twifusic acid molecules could be observed. In the
following we will calculate the maximum expectedfstic acid trimer concentration and discuss what
parameters can lower this concentration. The maxirmeasured sulfuric acid dimer concentration is
around 1x18 molecule crf for a sulfuric acid monomer concentration of 1%hiblecule cri. A
sulfuric acid trimer will be formed through the ktsibn between a monomer and a dimer (collisioe rat
K1), whereas the loss rate of the trimer is defingdhe sum of the condensation sif&[ and its
evaporation ratekf{s). At steady-state this would yield the followingjuation for the trimer
concentratiorNs as function of the monomer and dimer concentratddnandN; (for simplicity this
neglects a potential contribution from tetramerpavration):

_ Ky2'Ny'Np

Ns = st (10)

Using a value of 5x1& molecule! cn? s? for K1 > and a condensation sink$) of 5x10° s? for the
above mentioned monomer and dimer concentrationddwyield a trimer concentration of 1>%.0
molecule crT¥ if the trimer evaporation rate would be zero. Tduacentration should be detectable with
our CI-APi-TOF. The fact that we do not see thméri could indicate that the trimer evaporation rate
is non-zero. For a high amine to sulfuric acidaatiicleation proceeds at or close to the kinatit li
(Jen et al., 2014; Kurten et al., 2014). HoweVethé amine concentration is not very high, notrgve
trimer that is formed would be stable (as it is thse for a favored acid-base ratio, see Ortega,et
2012) and therefore could evaporate rapidly. Thisild result in lower trimer concentrations, which
could be below the detection limit of the CI-APi-FOFrom this perspective the absence of larger
sulfuric acid amine clusters is not necessarilynaication that this system is not responsiblerfew
particle formation. In other regions where thewstidf acid and amine mixing ratios are even higher (
very close to amine sources) such clusters carbbereable (Zhao et al., 201Eecently, Jen et al.

(2016b) provided evidence that nitrate chemicailzation could not be sensitive towards sulfuridaci

amine or sulfuric acid-diamine clusters if thesatam three or more sulfuric acid molecules because

of the lowered acidity of such clusters by the basnines/diamines. This could also explain theradxse

of clusters beyond the dimer in the present stédyther measurements using different primary ions

are needed to investigate this possibility further.

The C10 and C20 signals for NPF and no nucleatays are not significantly different (Fig. 10).
This can be interpreted in different ways: (1) lf@M are not important in terms of NPF, (2) HOM are
generally high enough and it needs just enouglusalécid to initiate nucleation involving HOM, or
(3) ,HOM" is too broadly defined and only a subgpoaf HOM is involved in the nucleation but

currently we cannot distinguish this group. Neitbéthe possibilities can be proven right or wrong.
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However, what can be said is that it is unlikelgttthe identified HOM alone are capable of prodgcin
new particles to a significant extent at the cdndi& of the present study. The HOM dimer
concentrations (Fig. 8) are significantly higheridg the night than during the day. Nevertheless, n
night-time nucleation is observed. This could lerpreted as an indication that if HOM are involved
in NPF it requires additional compounds such asusal acid to initiate significant nucleation.
Alternative explanations for the absence of nighthe nucleation could be the suppression of the
formation of HOM that can nucleate by dB@uring the night, or low [OH], which is requiredrfthe
formation of nucleating HOM.

Kulmala et al. (2013) proposed thaild:sNOg (detected as a cluster with KGat 339.0681 Th)
could be important because NPF correlated eveerbeith this compound compared to sulfuric acid.
During nucleation days this compound is only sligleievated (Fig. 10) and this could be due to the
generally higher OH levels although the exact faromemechanism of {gH1sNOs has to our knowledge
not been reported yet. During nucleation, no migledters between sulfuric acid and HOM could be
identified. However, this also does not rule ogitiexistence as the concentrations could be béiew
CI-APi-TOF detection limit, or a low charging efiégnicy with the nitrate primary ion could prevent
their detection. Furthermore, not all signals demntified yet.

The observed particle formation rates (Fig. 9)@mesistent with the rates observed at other sites,
although being at the upper end of the typical earthat have been previously measured. The present
data seem to agree a bit better to CLOUD chambier fda the system of sulfuric acid, water and
dimethylamine (Almeida et al., 2013) compared ttadar the system of sulfuric acid, water and
oxidized organics from pinanediol (Riccobono ef 2014). However, a direct comparison is difficult
as the conditions between this ambient study aad>btOUD chamber experiments are not identical

(with respect td@, RH, CS amine mixing ratios, HOM concentrations, etc.).

5. Summary

In spring 2014 (May 18 to June 7) a field campaigrs conducted at a rural site in central Germany
(Vielbrunn/Odenwald). The measurement site wasamipity (within 450 to 1100 m distance) of three
larger dairy farms. The perspective of this campai@s to evaluate if there is a connection between
new particle formation and the concentration ofrasiand/or ammonia. Furthermore, the impact of
highly oxidized organic molecules (HOM) from surmgling forests was investigated. A nitrate
Chemical lonization-Atmospheric Pressure interfagae Of Flight mass spectrometer (CI-APi-TOF)
was used to identify gas-phase compounds and dudRarticle counters and differential mobility
analyzers were used to characterize the aerossldsstribution and number density. The following

conclusions can be drawn from our measurements:
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« Nitrate CI-APi-TOF can be used to measure sulfadi, iodic acid, amines, a nitrosamine,
ammonia and HOM; the measurement of iodic acid, anignand the nitrosamine has not been
described before; the method is therefore even mensatile than previously thought and well
suited to study all of the above-mentioned compsuhding field measurements.

* The sulfuric acid concentration can be well desatiby proxies (S global radiation, RH and
CS or just by S@ and global radiation) for this site with a simiccuracy as reported in a
previous study (Mikkonen et al., 2011).

« Significant sulfuric acid dimer concentrations weneasured; it is, however, not clear what
compound stabilizes the neutral dimers; largeusigliacid clusters (trimer and beyond) were not
observed.

¢ Amines (C1-, C2-, C3-, C4- and C6-amines) are prteaé estimated mixing ratios between
approximately 1 and 5 pptv, which is consistenhwither studies; the C4- and C6-amines as well
as ammonia show a diurnal variation, which folldivws temperature profile.

¢ lodine has been observed (probably iodic acid) werye day, somewhat surprising for a
continental site located more than 400 km away ftbenocean; the nitrate CI-APi-TOF has a
high sensitivity towards iodic acid and its preseniedicates long-range transport of iodine
containing substances (although a local source ataentirely be ruled out); using OH
concentrations also OlO concentrations can be attin however, both [HI (~3x1C°
molecule cri¥) and [OIO] (~=%1C° molecule cni) are probably too low to affect new particle
formation significantly at this site.

¢ The diurnal pattern of HOM dimers shows maximumoearirations during the night but no night
-time nucleation is observed; the déyne concentration could be low due to the presen®O
and/or HQ which suppress the HOM dimer formation.

« Relatively high particle formation rates are foumdhich are rather at the upper end of the
atmospheric observations for other rural sites;rétes are compatible with CLOUD chamber
data both for the systems of sulfuric acid, watet dimethylamine (Almeida et al., 2013), as well
as for a system involving sulfuric acid, water axitlized organics (Riccobono et al., 2014); no
definitive answer can be given which system is metevant.

¢ Nucleation seems to be favored on days with redgtilow RH and high sulfuric acid; an anti-
correlation with the amine and ammonia signaldiseoved, this could be due to efficient uptake
of these compounds on clusters and particles duxiR§ as amines and ammonia are not
produced in the gas-phase.

The above bullet points seem to support recentrfgsdabout the relevance of amines in terms of NPF
and early growth (Chen et al., 2012; Almeida et2013; Kulmala et al., 2013; Lehtipalo et al., 8D1
However, it cannot be unambiguously concluded d@ngines are more relevant for NPF than HOM at
this site because no nucleating clusters couldrieetty observed. More studies like the presentamee

necessary in the future to obtain better statistixsit the parameters relevant for NPF (Fig. H&ally,
28



806  such measurements should include further instruatientincluding a PSM (Vanhanen et al., 2011) for
807  the measurement of clusters and small particl&sr(m), an APi-TOF (Junninen et al., 2010) $etter
808 identification of charged nucleating clusters, @stiument for HQRO, measurements (Mauldin et al.,

809 2016) and an instrument for sensitive amine measemés capable of speciating the amines.
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1297  Table 1. List of ions used in the identification of sulfuracid (monomer and dimer), iodic acid,
1298  ammonia, amines (C1, C2, C3, C4 and C6) and dintrettngsamine. Cattle farms in the vicinity of the
1299  measurement site are expected to be a sourceeftistdd amines (Ge et al., 2011).

1300

lon Exact mass Neutral compound
HSOy, (HNO3)HSO 96.9601, sulfuric acid monomer
159.9557
(H2SQ)HSOy, 194.9275,  sulfuric acid dimer
(HNGs3)(H2SO)HS Oy~ 257.9231
1057, (H20)I0s57, (HNG3)IO3” 174.8898, iodic acid
192.9003,
237.8854
(NH3)(HNO3)1,2NO3 142.0106, ammonia
205.0062
(CHsN)(HNO3)1,2NOs 156.0262, Cl-amines (e.g. methylamine)
219.0219
(CoH7N)(HNO3)1,2NOs~ 170.0419, C2-amines (e.g. ethylamine, dimethylamine)
233.0375
(C3sHoN)(HNO3)1,2NOs~ 184.0575, C3-amines (e.g. trimethylamine, propylamine)
247.0532
(C4H11N)(HNO3)1 2NOs~ 198.0732, C4-amines (e.g. diethylamine, butylamine)
261.0688
(CeH15N)(HNOs)1 2NO3~ 226.1045, Cé6-amines (e.g. triethylamine)
289.1001
(C2aHsN20)(HNO3)1,2NO5 199.0320, dimethylnitrosamine
262.0277

1301
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1302
1303

1304

Table 2. Peak list of the highly oxidized organic molecul#©M) used in this study.

lon sum Cluster ion Exact mass  Compound
formula

CioH1sNOg™ (CloHlsoe)NO{ 293.0752 HOM R@radical
CioH1sNOsg (C10H1507)N037 309.0701 HOM R@radical
CioH1sNO11™ (CloHlsog)NO{ 325.0651 HOM R@radical
Ci10H15NO12 (C10H1509)NO3~ 341.0600 HOM Ro@radical
Ci10H15NO13 (C1oH15010)NOs™ 357.0549 HOM Ro@radical
CioH1sNOss5 (C10H15012)NO3_ 389.0447 HOM R@radical
CgH12NO11~ (CsH1208)NO3~ 298.0416 HOM monomer
CoH1aNO12 (CoH1409)NO5~ 328.0521 HOM monomer
CioH14NOsg (C10H1407)N03_ 308.0623 HOM monomer
CioH14aNO1 1™ (C10H1408)NO3_ 324.0572 HOM monomer
CioH14NO1 7 (C10H1409)N037 340.0521 HOM monomer
CioH14NO13 (C10H14010)N03_ 356.0471 HOM monomer
CioH14NO1 4 (C10H14O]_1)N03_ 372.0420 HOM monomer
CioH16NOg™ (CloHleOG)No{ 294.0831 HOM monomer
CioH16NO1g (C10H1607)N037 310.0780 HOM monomer
CioH16NO11™ (C10H1608)NO3~ 326.0729 HOM monomer
CioH16NO15 (C10H1609)NO3~ 342.0678 HOM monomer
Ci10H16NO13 (C10H16010)NOs™ 358.0627 HOM monomer
Ci10H16NO14 (C1oH16011)NOs™ 374.0576 HOM monomer
Ci10H15N2010° (C1oH1sNO7)NOs~ 323.0732 HOM nitrate
CioH15N2011~ (C10H15N03)NO3_ 339.0681 HOM nitrate
CioH15N2015 (C10H15N09)NO3_ 355.0630 HOM nitrate
CioH15N2013 (C10H15N010)NO37 371.0580 HOM nitrate
CioH15N2014 (C10H15N011)NO37 387.0529 HOM nitrate
CioH15N2015 (C10H15N012)NO37 403.0478 HOM nitrate
CioH1sN2016 (C10H15N013)NO37 419.0427 HOM nitrate
C10H16N3011 (C10H16N208)NOs™ 354.0790 HOM di-nitrate
Ci10H17N4O14” (C1oH16N20g)(HNO3)NOs~  417.0747 HOM di-nitrate
Ci10H16N3012~ (C10H16N200)NO5™ 370.0739 HOM di-nitrate
Ci10H17N4O15” (C1oH16N200)(HNO3)NOs~  433.0696 HOM di-nitrate
Ci10H16N3013 (C10H16N20109)NOs~ 386.0689 HOM di-nitrate
Ci10H17N4O16” (C1oH16N2010)(HNO3)NOs~  449.0645 HOM di-nitrate
CioH30NOsg (C19H30013)N037 528.1570 HOM dimer
CioH3oNO1 7 (C19H30014)N03_ 544.1519 HOM dimer
CaoH28NO16 (C20H28013)N03_ 538.1414 HOM dimer
CaoH2sNO1 7 (C20H28014)N037 554.1363 HOM dimer
CooH28NOsg (Conngls)Noi 570.1312 HOM dimer
CooH2eNO19 (CooH28016)NOs™ 586.1261 HOM dimer
CooH2eNO20 (CooH26017)NOs™ 602.1210 HOM dimer
CooH2eNOa1™ (CooH28018)NOs™ 618.1159 HOM dimer
CooH2eNO25" (CooH26019)NOs™ 634.1108 HOM dimer
CooH2eNO23 (CooH26020)NOs™ 650.1058 HOM dimer
CooH3oNO17 (C20H30014)N03_ 556.1519 HOM dimer
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1306  Fig. 1. Overview of the different parameters measured éetvMay 18 and June 8, 2014. Temperature

1307  (T) and relative humidity (RH) are shown in the eppanel, the center panel shows the global radiati
1308 and precipitation, while the bottom panel showsnbeber size distribution measured by the nano-

309 DMA together with the condensation sink (black Jin€rey arrows above the bottom panel indicate

310 days when significant NPF was observed.
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1312 Fig. 2. Overview of the trace gas measurements between1@and June 8, 2014. The S&hd Q
]|313 mixing ratios are shown in the upper panel, thead@ NQ mixing ratics are shown in the center panel
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1315  isoprene and monoterpene mixing ratios.

48



107 - PR TN NN T SRR N SRR TN NN TR SO NN RN SR NN TN T ST TN SN N SN 10X103 2
7 | = [H2S04] o
6- | A [OH] - 4
5- | @~ iodine signal N =10
44 global rad. C
— 0.8 N
34 -6 S
- Ls 3
- Q 3
e 2 o é
- o L =
£ o [3 N
L 6 —06 = 2
S 107 L 8 r2 S
= 7 | > <]
© = <
£ I ey
[9] i | ~ F S
§ ;1 i 0.4 S - =
o o 3,‘0 5 3
2 L ~ La 3
— 0.2 r3
10° i L2
] i -6
5 T [ r [ r [ Tt [ v 1 [ 1 [ T 1 0.0 —10
00:00 03:00 06:00 09:00 12:00 15:00 18:00 21:00 00:00

1316 utc

1317  Fig. 3. Diurnal averages for the sulfuric acid ¢FQs]) and the calculated hydroxyl radical ([OH])
1318  concentrations (axis on the left). The iodine sigaanot converted into a concentration, insteasl th
1319  normalized count rates per second (ncps) are skaxismon the right). A value of 5x®cps for iodine

1320  would correspond to a concentration of 3xfrblecule cni applying the same conversion factor for
]|321 iodic acidthan ador sulfuric acid. The global radiation indicatést all signals are related to photo-

1322 chemistry. Error bars indicate one standard dendtr the 30-minute averaged values.
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1324  Fig. 4. Calculated [HSQ] as a function of the measured concentrationsy @ata points where the
1325  global radiation exceeded 50 WAwere considered in deriving the fit parametersefuations (2) and
1326  (3). The red circles take into account;S@lobal radiation Rad), condensation sinkOS) and relative
1327  humidity (RH) to calculate the p3Qy], whereas only S©and global radiation are used for the blue
1328  triangles.
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1330  Fig. 5. Diurnal averages for different amines (C1, C2, C8,and C6) and ammonia. The temperature

1331 profile is shown in addition. Error bars represem¢ standard deviation of the 30-minute averades. T
1332 lower detection limits for the different compourate not well-defined, however, the lowest measured
1333 signals during some periods were XL8* ncps for C1, ~0.510* ncps for C2, C3, C4 and C6 and
1334  0.1x10* ncps for ammonia. For most of the time (and fobaakraged values shown) the signals were

1335  clearly above these “background” levels.
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1337  Fig. 6. Sulfuric acid dimer concentrations as a functibithe sulfuric acid monomer concentrations.
1338  The legend on the left lists the periods when Hiigher signals were observed. In addition, data from
1339  CLOUD chamber experiments with at least 10 pptdinfethylamine are shown; under these conditions
1340 dimer formation proceeds at or close to the kinktiit (Kirten et al., 2014). The dashed-dotteclin
]|341 indicates the lower detection limit for neutral @irs set byen-ioninduced clustering (11C) within the
1342 CI-APi-TOF ion reaction zone.
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1344  Fig. 7. Comparison between average day time and nightrtiass spectra measured with the nitrate Cl-

1345  API-TOF. The day time spectrum was averaged faodsmwhen no nucleation was observed.
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1347  Fig. 8. Diurnal profiles of the NO, N©and Q mixing ratios. The signals for highly oxidized argc
1348  molecules (HOM) are shown for some C10 (HOM mona@nEiOM nitrates and HOM radicals) and
1349  C19/C20 compounds (HOM dimers), which show a distmaximum during the night. The HOM di-
1350 nitrates show a similar pattern as the other Chpoinds and are not included in the figure. Thbalo
1351  radiation is shown in addition. Error bars indicate standard deviation for the 30-minute averages.
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1|353 Fig. 9. Particle formation ratesrs-from this study at a mobility diameter of 1.7 nda (red circles)
1354  and 2.5 nm&s, green stars). Data from CLOUD chamber measuresient diameter of 1.7 nm are
1355  shown in addition for the system of sulfuric acichter and dimethylamine (light blue symbols, see
1356  Almeida et al., 2013) and sulfuric acid, water arilized organics from pinanediol (dark blue synshol
1357  see Riccobono et al., 2014). The light grey cirelss from other field measurements (Kuang et al.,
1358  2008; Paasonen et al., 2010; Kulmala et al., 2013).
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Fig. 10. Comparison of various parameters for differenetperiods (SA = sulfuric acid monomer, C1,
C2, C3, C4 and C6 = amines, iod. = iodic acid aul + global radiation intensity). The subset fegur
on the upper right shows the signals for the higixiglized organic compounds with 10 or 20 carbon
atoms (339 = organic compoundgg:sNOsg clustered with N@ having a mass of 339.0681 Th, the
definition of other HOM, i.e. monomers, radicalirates, di-nitrates and dimers can be found inldab
2). The red bars relate nucleation days to daykowit nucleation and the blue bars show the ratio
between periods where high sulfuric acid dimer eomr@ations were observed (see Fig. 6) to no
nucleation days. Similar times of the day (earlyrmig) were used as reference periods when no

nucleation was observed as nucleation and dimerdtion was also mainly observed in the morning.
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