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Abstract

The exact mechanisms for new particle formationf\Nihder different boundary layer conditions are
not known yet. One important question is if amiaesl 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 fronfatras. Comprehensive measurements using a nitrate
Chemical lonization-Atmospheric Pressure interfagae Of Flight (CI-APi-TOF) mass spectrometer,
a Proton Transfer Reaction-Mass Spectrometer (P BR-Marticle counters and Differential Mobility
Analyzers (DMAs) as well as measurements of tragseg and meteorological parameters were
performed. We demonstrate here that the nitratd 4T OF is suitable for sensitive measurements of
sulfuric acid, amines, a nitrosamine, ammonia,dadiid and HOM. NPF was found to correlate with
sulfuric acid, while an anti-correlation with RHnanes and ammonia is observed. The anti-correlation
between NPF and amines could be due to the effiogtiake of these compounds by nucleating clusters
and small particles. Much higher HOM dimer (C19/G@20npounds) concentrations during the night
than during the day indicate that these HOM doaffitiently self-nucleate as no night-time NPF is
observed. Observed iodic acid probably originates fan iodine-containing reservoir substance it th

iodine signals are very likely too low to have gnificant effect on NPF.

1. Introduction
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The formation of new particles from gaseous compsufnucleation) produces a large fraction of
atmospheric aerosol particles (Zhang et al., 200&)ile 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 ogdax. Removal processes such as coagulation
scavenging due to larger pre-existing particleslmmmportant if the growth rate6R) for the newly
formed particles are slow and/or if the coagulasok (CS) is high. The climatic effect of nucleation
depends strongly on the survival probability of tiesvly formed patrticles, 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 phenomemmd has been observed in many different
environments (Kulmala et al., 2004). In most caggmsitive correlation with the concentration of
gaseous sulfuric acid has been observed (Sihtb, @086; Kuang et al., 2008). However, other trace
gases, beside 8O, and HO, need to be involved in the formation of clustartherwise the high
particle formation rates measured in the boundaygricannot be explained (Weber et al., 1997; Kirkb
et al., 2011). One ternary compound, which enhatiebinary 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., 20Kiirten et al., 2016). The same applies for ion-gatl
nucleation (lIN); the observed IIN rates for thediy 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 enhandfagteon nucleation (Kurtén et al., 2008; Chenlgt a
2012; Glasoe et al., 2015). Indeed, a chamber empat could show that the nucleation of sulfuriclac
water and dimethylamine (DMA) at 5°C and 38% RHduced particles at a rate, which is compatible
with atmospheric observations in the boundary layesr a relatively wide range of sulfuric acid
concentrations (Almeida et al., 2013). For sulfatéd concentrations <1®nolecule cni, which are
typical for the boundary layer, and dimethylaminging ratios of > ~10 pptv, nucleation was found to
proceed at or close to the kinetic limit. This meawery collision between sulfuric acid molecubsay]
clusters associated with DMA, leads to a largestely which does not evaporate significantly (Kkirte
et al., 2014).

In principle, mass spectrometry using nitrate dlealionization could be used to detect neutral
clusters consisting of sulfuric acid and baseséndatmosphere. However, only few studies indidze t
neutral nucleating atmospheric clusters consigutfiiric acid and ammonia or amines (Zhao et al.,
2011; Jiang et al., 2011), while other studies @¢mdt identify such clusters (Jokinen et al., 2012;
Sarnela et al., 2015). A further outstanding igsuke question about the magnitude of the atmagphe

amine mixing ratios at different locations. In fhest several years the experimental tools for Seasi
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online measurement of amines in the pptv-rangerbecavailable (Hanson et al., 2011; Yu and Lee
2012). The reported amine levels reach from ugts bf pptv (Hanson et al., 2011; Freshour et al.,
2014; You et al., 2014; Hellén et al., 2014) to.¥ @ptv (Sipila et al., 2015). It is therefore aexportant
guestion if some of the reported mixing ratios ddag biased high or low due to instrumental issoes,

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

Other possible contributors to particle formateme highly oxidized organic compounds (HOM)
originating e.g. from the reaction of monoterpew#h atmospheric oxidants (Zhao et al., 2013; Bhn e
al., 2014; Riccobono et al., 2014; Jokinen et24l15; Kirkby et al., 2016; Bianchi et al., 2016)of
this perspective it seems likely that different leation pathways are possible and may dominate at
different sites depending, e.g. on the concentratfculfuric acid, amines, oxidized organic compas!
and other parameters like temperature and relativadity. Synergistic effects are also possiblg, i.
has been demonstrated that the combined effectnaiomia and amines can lead to more efficient
particle formation with sulfuric acid and water mhfar a case where ammonia is not present (Glasoe e
al., 2015). Due to the manifold possibilities farcteation and the low concentrations of the growing
clusters it is challenging to identify the domimgtparticle formation pathway from field measuretaen
in an environment where many possible ingredientsnucleation are present at the same time.
However, such measurements are necessary and ysemieasurements from Hyytiala, Finland,
underscored the importance of sulfuric acid, orgaompounds and amines regarding NPF (Kulmala
et al., 2013).

In this study, we have chosen to conduct measuresméth an emphasis on the observation of NPF
at a rural site in central Germany. The goal of fréld campaign was to measure NPF in an amite ric
environment in the vicinity of dairy farms, as coarg known to emit a variety of different amines as
well as ammonia (Schade and Crutzen, 1995; Ge .et2@l1; Sintermann et al., 2014). The
measurements were performed using different partiounters and particle size analyzers as well as
trace gas monitors @OSQ and NQ). A Proton Transfer Reaction-Mass SpectrometelRARIS) is
used to determine the gas-phase concentration obteigpenes and isoprene, whereas a chemical
ionization time of flight mass spectrometer usititgate primary ions (Jokinen et al., 2012; Kirtén e

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

2. Methods and M easurement Site Description

2.1 Measurement Site Description

The measurement site is located right next to @anelogical weather station operated by the German
Weather Service (DWD measurement station Michetsfaslbrunn/Odenwald, 49°43'04.4" N and
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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 aaendstadt (~35 km towards WNW) and Frankfurt/Main
(=50 km towards NNW). The site was chosen for sdveasons: (i) three larger dairy farms are close
by, which should possibly enable us to study thecef amines on new particle formation, (ii) #c

be regarded as typical for a rural or agricultarga in central Europe, (iii) the site is not tao &way
from the University of Frankfurt, which allowed tsit the station for instrument maintenance on a
daily basis and (iv) since we could measure rigittrio a meteorological station infrastructure and
meteorological data from the DWD could be used.

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

One further aspect that should be consideredeigatt that the site is also surrounded by forests
(mixed type of coniferous and deciduous treeseastl1 km away). Consequently, emissions of, e.g.
monoterpenes (fdHis compounds), can also potentially influence newtigarformation as recent
studies indicate that their oxidation products cantribute to NPF and particle growth (Schobesberge
et al., 2013; Riccobono et al., 2014; Ehn et 81142 Kirkby et al., 2016).

2.2 CI-API-TOF

The key instrument for the data discussed in thidysis the Chemical lonization-Atmospheric Preasur
interface-Time Of Flight mass spectrometer (CI-ARF). The instrument was first introduced by
Jokinen et al. (2012) and the one used in the ptesedy is described by Kirten et al. (2014). The
APi-TOF draws a sample flow of 8.5 slm (standatdré per minute), which interacts with nitrate
primary ions ((HN@)o2NOs") within an ion reaction zone at ambient pressurgq ms reaction time).
The primary ions are generated from the interactibRING; in a sheath gas and a negative corona
discharge (Kurten et al., 2011). The ion sourdeased on the design by Eisele and Tanner (1993) for
the measurement of sulfuric acid. The primary anedipct ions are drawn into the first stage of aname
chamber through a pinhole (~350 um diameter). Qumudes in the first and a second stage of the
chamber, operated in rf-only mode, are used toagtiid ions. A lens stack in a third stage focuses 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 tl@appin. These characteristics allow the elemental
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identification of unknown ions, i.e. different spehaving the same nominal (integery ratio can be
separated due to their mass defect. Using isofiterns for an expected ion composition suppb#s t
ion identification. For the data analysis the saftvtofTools (Junninen et al., 2010) is used withn
Matlab environment.

Previous work has shown that the CI-APi-TOF carubed for highly sensitive measurements of
sulfuric acid (Jokinen et al., 2012), clusters wifigic acid and dimethylamine (Kirten et al., 2p14
organic compounds with very low volatility (Ehnadt, 2014) and dimethylamine (Simon et al., 2016).

Sulfuric acid and its clusters can be detected dfteating a proton to the primary ions, i.e.,

(H2SQw)n + (HNG3)m=0-NO3™ — (H2SQ0)n-1(HNO3)k=0-.HSOy~ + (M-k+1)(HNQ) (R1)
whereas the low volatility organic compounds (HOv® detected after clustering with i(Q.e.,
HOM + (HNO3)m=0-2NOz~ — (HOM)(HNO:3)k=0-2NO3z™ + (m-k)(HNGs). (R2)

In both reactions (R1) and (R2) the presence ofewatis been neglected for simplicity. The
measurement of amines is possible because thdyecassociated with nitrate cluster ions (Sectiéh 3.

Generally, the quantification of a substance isvaerwith the following equation:

. roduct ion count rates
concentration = C - In (1 + 2P . . ) D
Y. primary ion count rates

Equation (1) relates the sum of the product iomtaates to the sum of the primary ion count rates.
Using a calibration constaft the concentration of a neutral substance can teerdimed. In the case
of the sulfuric acid concentration (J5Q]) the product ion count rates are due to HSénd
(HNO3)HSOy, while the primary ion count rates include NQHNGO;)NOs™ and (HNQ):NOs™. The
calibration constant has been determinedxd€®%molecule cni (Kurten et al., 2012).

The same calibration constant has also been asdld quantification of HOM. However, in this
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 around
for them/z range 300 to 400 Th and 0.22 for the range 5@b@Th; these factors take into account
only the transmission as function of tié&z value, while assuming the same ionization efficieas for
sulfuric acid, which has been shown to be a vadglmption by Ehn et al. (2014). The quantification
of amines will be detailed in Section 3.6. Tabigivies an overview of the identified ion signalsdise
the further analysis evaluating sulfuric acid moeomand dimer concentrations as well as amine,
nitrosamine, ammonia and iodic acid signals (furtbeplanations will be given in the following
sections).

Regarding the loss of sample molecules withinitiket 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@nly 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 past) to avoid wall contact of the relevant portmin

the sampled air.

23PTR-MS

Volatile Organic Compounds (VOCs) were measured 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 theedamperature was applied to the ion drift tube Th
drift tube was operated at &iN of 126 Td in order to minimize the formation obponated water
clusters while maintaining a high sensitivis/N is the ratio between the electric field strenigtim V
cntt and the number densilyof gas molecules in cinsee Blake et al., 2009).

A calibration of the instrument was performed ptimthe campaign with a gas mixture containing
several VOCs at a known volume mixing ratio (loniméOC-Standard, Innsbruck, Austria), including
isoprenep-pinene, and acetor@@nongst others. The calibration was performed f@lative humidity
range of 0 to 100 % (steps of 20 %) at room tentppraHowever, especially forpinene (measured
at 81 and 137 Th), the sensitivity of the PTR-M®@raging at the rather higf/N was not depending on
relative humidity. For isoprene (measured at 41 @dh), a higher RH led to lower fragmentation
inside the instrument, but this did not affect dwerall sensitivity much (<5 % decrease from 20 to
100%).

The PTR-MS cannot readily distinguish betweeneddht 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 continenigllatitudes (Geron et al., 2000; Janson and de
Serves, 2001) and the reaction rate constantsfferaht monoterpenes are rather similar (Tanilet a
2003; Cappellin et al., 2012) our estimation okahonoterpene concentration should not be affected

by large errors.

2.4 Other instrumentation

Trace gas monitors were used to measure the migiigs of sulfur dioxide (Model 43i TLE Trace
Level SQ Analyzer, Thermo Scientific), ozone (Model 400,08e Monitor, Teledyne API) and
nitrogen oxides (NQ Ambient NQ-Monitor APNA-360, Horiba). These instruments weesdibrated
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 meorto take instrument drifts into account. Thesdagon
limits of the gas monitors are 0.05 ppbv for the, Sbnitor (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 condensationicpatounters (CPCs) and differential mobility
analyzers (DMAs). The CPCs 3025A and 3010 (TSI,)Im@re used to determine the total particle
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concentration above their cut-off sizes of 2.5 a0dnm, respectively. A Scanning Mobility Particle
Sizer (SMPS) from TSI (Model 3081 long DMA with 8PC 3776) determined the particle size
distribution between 16 and 600 nm. The smallex sange was covered by a nDMA (Grimm Aerosol
Technik, Germany) and a TSI CPC 3776 for diamebetsveen 3 and 40 nm. The combined size
distribution can be used to calculate the condemsabagulation 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, Rkhd speed and direction as well as the amount
of precipitation. The same parameters are alsdadlaifor the Vielbrunn meteorological station from

the DWD; additionally, values for the global radiatwere provided from the DWD.

3. Results

3.1 Meteorological conditions and overview

The intensive phase of the campaign was from Majo1Bine 7, 2014 (21 campaign days). Figure 1
shows an overview of the meteorological conditiomes temperature, relative humidity, global raigiat
and precipitation. The size distribution of smalditcles (Fig. 1, bottom panel) was measured by the
nDMA. In addition, the condensation sink calculatedthe loss of sulfuric acid on aerosol partidkes
also shown taking into account the full size diaition (up to 600 nm).

The first part of the campaign (including May 28)s characterized by warm temperatures and sunny
weather without precipitation. Between May 22/28 &may 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 obsetuedto a cold front followed by the passage of
relatively clean air. From May 31 on temperaturesenincreasing 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 (aro8min) 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 highlightedhi@ bottom panel of Fig. 1 by the dark gray arroie
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 measurements
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The trace gas measurements are shown in Fig. Zalypaximum day-time ozone mixing ratios ranged
from ~40 to 75 ppbv (Fig. 2, upper panel). Thewutfioxide levels were between 0.05 and a maximum
of 2 ppbv with average values around 0.3 ppbv (Eigipper panel). Especially during the passage of
clean air on May 29 and May 30 the Sévels 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 mixirtgpeawere about a factor of 5 lower compared ta NO
on average (Fig. 2, middle panel, see also FigsiB)ilar values were reported for another rurad it
Germany (Mutzel et al., 2015). The maximum sulfadid concentrations were reached around noon
and ranged between x1(° and %10’ molecule cr¥ (Fig. 2, lower panel, see also Fig. 3), which is
comparable to other sites (Fiedler et al., 200%jjRet al., 2009). The total monoterpene and esugpr
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 thersarange have also been reported for the boresgtfor
(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 averageQi around noon was ~3 molecule cn¥; the
error bars represent one standard deviation.

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

sulfuric acid concentration (Mikkonen et al., 2011)
[HyS04]proxy = @ k(T,p) - [SO,]” - Rad® - RH? - CS®. 2

The [HSQy] (expressed in molecule cinis calculated as a function of the S@ixing ratio (in ppbv),
the global radiatiofRad (in W n1?), the relative humidityrRH (in %), the condensation sigS (in s?),

a rate constarit, which depends on ambient pressprand temperaturd (see definition fork by
Mikkonen et al., 2011) and a scaling facoA least square fit made with the software IGO&ds the
coefficientsa=1.32x%10%, b=0.913¢=0.990d =-0.217 an& = -0.526 (linear correlation coefficient,
Pearson’s, is 0.87). Following the recommendations giverMilgkonen et al. (2011) we restricted the
data used in the derivation of the parametersitditions where the global radiation was equal nyda
than 50 W rif. In addition, a simpler formulation was also testghich neglects the dependenceRbh
andCSs

[HZSO4]proxy’ =a’ k(T,p) - [Soz]b’ ' Radcy- 3
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Here, the coefficients’ = 1.343<10%, b' = 0.786 and:' = 0.941 yield good agreement (linear correlation
coefficient, Pearson’s, is 0.85) between calculated and measuregS5@. Figure 4 shows a
comparison between the two approximation methods tae measured sulfuric acid for the full
campaign (wheRad> 50 W m?). In almost all cases the predicted 5 minute ayesare within a factor

of 3 of the measured values for both methods. ifldisates that even the simpler method (equatipn (3
can yield relatively accurate results for the ctinds of this study. This is probably due to thet that

RH and CS show only relatively small variations over the dima of the campaign and it would
therefore not be absolutely necessary to includssehfactors in the sulfuric acid calculation.
Nevertheless, whenever the data are available oemmend to use the more detailed parameterization
(equation (2)) as it treats the sulfuric acid coniion calculation more rigorously. The paraneter

found are in good agreement with the ones reptiyedikkonen et al. (2011) for different sites.

3.4 Calculated OH

For further data evaluation knowledge of the OHoamtrations is useful. In this study the hydroxyl
radical concentration is required to derive amestéd concentration of the iodine species OIO (&ect
3.5) and for a comparison of conditions during eatibn and no nucleation days (Section 4). Since
there was no direct measurement of the hydroxytahdvailable, only an estimation based on other
measured parameters can be made. This estimatiasésl on the assumption that most of the sulfuric
acid is produced from the reaction between & OH. Using the condensation s{®® the balance

equation between production and loss at steadg-stat be used to derive the OH:

CS:[HaSOy]—kx 50, [XI[SQ2l  €5:[HSOQy)
kon+s0, SOzl KoH+s0, [SO2]"

[OH] = (4)

Recently it was discovered that there are alsa afhecies capable of oxidizing 5 SQ (which lead

to subsequent production ob$: due to further reactions with,@nd HO) (Mauldin et al., 2012).
Those species X, e.g. stabilized Criegee Interntesl{@Cl) can be formed via the ozonolysis of atisen
(e.g. isoprenay-pinene, limonene) (Mauldin et al., 2012; Berndtlet2014). Therefore, if somesQO,

is generated from sCI reactions with S@en the calculated OH is an upper estimate.rigutie day

this effect should be relatively small, i.e. < 5(Boy et al., 2013; Sarwar et al., 2013), althouginrisit

et al. (2014) state that no final answer can bergregarding the effect of the sCl on the sulfad
formation because it depends strongly on the gGtsire and competitive reactions between sCIl and
water vapor. However, it should also be noted thatreaction between alkenes and ozone generates
not only sCI but also OH at significant yields (glge OH yield for the reaction efpinene and ©is

ca. 0.77, Forester and Wells, 2011) and that thepfduced via this mechanism is taken into account
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by equation (4). Data from Sipila et al. (2014 )er suggest that the production of sulfuric acarf
sCl oxidation of S@is probably minor compared to that from OH and.J%r these reasons we have
decided to calculate the [OH] not only for the diaye but for the full day. The derived diurnal st

of [OH] is shown in Fig. 3 with a maximum concetiva of 1x1° molecule cn¥ around noon, which

is in good agreement with other studies where Old maasured directly (Berresheim et al., 2000;
Rohrer and Berresheim, 2006; Petéja et al., 2009).

3.5lodic acid (HIO3) and OIO

The high resolution CI-APi-TOF mass spectra revtettie presence of iodine containing substances. It
can be ruled out that these signals result frommingent contamination as our CI-APi-TOF had never
been in contact with iodine (i.e. no nucleationaripents with iodine have yet been performed and no
iodide primary ions have been used). The obsergthls could be assigned tosfO(H.0)IOz™ and
(HNO3)IO3™ (Table 1). To our knowledge the identification iofline related peaks have not been
reported from measurements with a nitrate CIMS. elmv, Berresheim et al. (2000) reported the
presence of a peak atz 175 in the spectrum for the marine environmentictvhvas 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 HH@ due to reaction between OIO and OH (Saiz-Latet., 2012);
therefore, the iodic acid concentration is conregd¢tethe OH chemistry. After normalization of the
iodic acid signals with the nitrate primary ion abtates, a concentration of the neutral compoult H
can be obtained by tentatively adopting the sartibration constant for iodic acid as for sulfuricich
Thereby a maximum average day-time concentration3810° molecule cn? can be found. Further
using the derived OH concentrations from th&&: andCS measurements (Section 3.4) the derived

[HIO3] can be used to estimate the concentration of (SKiz-Lopez et al, 2012):

[O10] = & o oTor

®)
Equation (5) assumes that the only production cblasfrHIO;s is the reaction between OH and OIO and
the only loss mechanism of H{@ the uptake on aerosol. The reaction kateoio can be taken from
the literature (Plane et al., 2006). In this wag toncentration of OlIO can be estimated to a typica
value of 510° molecule cn#, which is much lower than the values reporteddermarine environment
(3 to 27 pptv, i.e. 75810’ to 6.8<1C° molecule cri, see Saiz-Lopez et al., 2012).

The relatively low values of [HI§) and [OIO] probably indicate that iodine chemisigynot very

important in terms of new particle formation asthite. This is supported by the fact that we cowld
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observe any clusters containing e.g. sulfuric acid iodic acid or clusters containing more than one
iodine molecule. However, it is surprising thatirecan be detected more than 400 km away from the
nearest coast line. On the other hand, HYSPLIT Ig&ctory calculations (Stein et al., 2015) révea
that in most cases the air was arriving from wéstéirections and therefore had contact with theaoc
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 Mediterranean @é@hin the previous days. Therefore, it could not
be checked if this would result in lower iodinergfs. Despite the marine origin of the air masses
observed it is not clear how the iodine is transggbover relatively large distances without beiosf |

on aerosol particles. If iodic acid is irreversildbst on aerosol (similar to sulfuric acid) itseliime
should only be on the order of several minutesypital boundary layer conditions. Therefore, the
presence of iodine indicates either a local iodioerce, or its transport from marine environments i
the form of a reservoir substance, e.g.sthe lifetime of CHI is in the order of Wweek, see Saiz-
Lopez et al., 2015), and subsequent release duigotolysis.

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 seitgit One aspect that helps in unambiguously
identifying iodic acid is the high negative masgedeof the iodine atormAm= -0.1 Th). Furthermore,
this also contributes to the low detection limit fleis compound because generally there will nairine
overlapping signals from other substances haviagsftime integer mass (mass resolving power of the
instrument is ~4000 Th/Th, i.e. a¥z 175 the peak width at half maximum is ~0.04 TH)e Tnethod
introduced here therefore allows high-sensitivitgasurement of [HIg) as well as the estimation of
[OIO] with the help of equation (5) in future stadi The lowest detectable concentrations should be
around 10" molecule cn#, or better, for [HIG] and 5<10° molecule cr¥ (ca. 0.02 pptv) for [OIO]
when assuming the same calibration constant for ldEfor HSQ, and considering the lowest iodine

signal from Fig. 3.

3.6 Amine, nitrosamine and ammonia measur ements

The detection of dimethylamine (DMA, (GHNH) by means of nitrate chemical ionization witCh
APiI-TOF has been described previously (Simon et28l16). The clustering between diethylamine
(DEA) and nitrate ion clusters has also been repldoy Luts et al. (2011). The amines detectedan th
present study include GN (monomethylamine), £1-N (dimethylamine, DMA or ethylamine, EA),
CsHoN (trimethylamine, TMA or propylamine, PA), 481N (diethylamine, DEA) and #isN
(triethylamine, TEA). All these amines are idemtifias clusters in the CI-APi-TOF spectra where the
amines are associated both with the nitrate dim@mife)(HNQ)NOs;) and the trimer
((amine)(HNQ)2NOzY).
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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 ttrate trimer) plotting the time series of eachr fui
signals allows further verification of the amingrgls since a different time trend would reveat tha
another ion would interfer with the amine signahisT was sometimes the case when the relative
humidity was high and clusters of water and nitegipeared with high water numbers. The cluster of
NO;z™ and 6 water molecules has a mass of 170.0518 d tharnC2-amine cluster §87/N)(HNO3s)NOs~
(170.0419 Th) cannot be separated from this prin@ncluster. Therefore, if large nitrate plus wate
clusters were observed in the spectra, no C2-asigmal could be evaluated.

The same ion cluster chemistry applies for ammontdch can also bind with the nitrate cluster
ions. Consequently, ammonia is detected assJ(#O3;)NOs~ and (NH)(HNO3):NOs™ (Table 1). To
our knowledge the existence of these cluster iassnot been reported previously.

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

relationship:

+ {(amine)(HNO3)NO3 }+{(amine) (HN03)2N0§})

aming,c,s = In (1 {(HNO3),;NO3}

(6)

where the curly brackets denote the count ratéseadiifferent ion clusters and the same formulalzan
used when “amine” is replaced by Nk obtain the normalized ammonia signal. The ndimaton
with the nitrate trimer has been chosen becaushinethat 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 HNQOfrom the resulting amine nitrate cluster withire t&€I-APi-TOF vacuum
chamber leads to the spread of the signal overethted masses separated by 62.9956 Th (#INO

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)(HNOs)2NOs
(Table 1). The signals from NDMA show a clear dalnpattern on some days, which can be up to about
two orders of magnitude higher during the night pamed to the day. This is in agreement with the
formation mechanism of NDMA via the reaction of DM#ith OH and NO (Nielsen, Herrmann and
Weller, 2012). The lower concentrations duringdag can be explained by the rapid photolysis rate o
NDMA (Nielsen, Herrmann and Weller, 2012). Sincelyo€2-amines are capable of forming
nitrosamines no further nitrosamine could be idimttifrom the mass spectra. Only a rough estimation
of the mixing ratio can be provided by using thébcation constant from Simon et al. (2016) which
was derived for DMA. Using this calibration condtéime maximum mixing ratio of NDMA would be
~100 pptv (or 2.5x10molecule cni). However, this value has a high uncertainty beeawo direct
calibration with NDMA was performed.

The average diurnal patterns of the four aminesamnmonia are shown in Fig. 5. The data are an

average over 21 measurement days and the errordmpaesent one standard deviation. The temperature
12
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profile is shown along with the CI-APi-TOF signalfie 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-evaporatioamfnes from the particulate phase. No correlatiibn
temperature is seen for the C1-, C2- and C3-amwgish could indicate efficient stabilization oktte
amines in the particulate phase due to acid-bassioas (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 mixinjag can be made. Using the calibration curve for
DMA by Simon et al. (2016),%10* ncps (normalized counts per second) correspond tpptv of
DMA. With this conversion the average mixing rat&o® 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 gdlydower as those from three different sitesha t
US (Freshour et al., 2014).

The ncps for ammonia are lower than for the amiwbsch should not be the case if the sensitivity
towards ammonia and amines would be the same ed¢hasammonia mixing ratios are almost
certainly higher than the ones for the amines is ¢éimvironment. The ammonia mixing ratio can be
above several ppbv in rural areas (von Bobrutzlkilet2010). Therefore, the sensitivity of the aiér
CI-APi-TOF towards ammonia seems to be signifigaiotiver than for amines. This is reasonable, since
other studies found that acid-base clusters betwaiuric acid (including the bisulfate ion) andiass
are much more stable compared to sulfuric acid amendusters (Kirkby et al., 2011; Almeida et al.,
2013). Therefore, the acid base clustering betweic acid (including the nitrate ion) and ammonia
or amines could follow a similar rule, which wou&hd to faster evaporation of the ammonia nitrate
clusters. For this reason only the relative sigrialsammonia can be used at the moment without
providing estimated mixing ratios.

Recently it has been suggested that diamines gdaycan important role in ambient NPF (Jen et al.,

2016a); however, we could not identify diaminegrfrihe high-resolution mass spectra.

3.7 Sulfuric acid dimer

Occasionally, the CI-APi-TOF sulfuric acid dimegisal was above background levels. The dimer
((H2SO)HSO:) was identified from the high resolution spectranine campaign days. The measured
sulfuric acid dimer concentrations are shown amatfon of the sulfuric acid monomer concentrations
in Fig. 6. For comparison, CLOUD chamber data framcleation experiments in the ternary sulfuric
acid-water-dimethylamine system are included (iiecles in Fig. 6, Kirten et al., 2014). In additjon
the lower dashed line shows the expected dimerdtomdue to ion-induced clustering (IIC) of suiéur
acid monomers in the CI-APi-TOF ion reaction zoHar{son and Eisele, 2002; Zhao et al., 2010).
The data indicate that the measured dimer corat@nis are clearly above the background level set

by ion-induced clustering. On the other hand theceatrations are lower than what has been measured

13



476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494
495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
510
511

in CLOUD for kinetic nucleation in the sulfuric aewater-dimethylamine system at 5°C and 38% RH
(Almeida et al., 2013; Kirten et al., 2014). Clgathe neutral sulfuric acid dimers were stabilibych
ternary compound, otherwise their concentrationalevoot 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 et20115). On the other hand the ternary stabilizing
agent evaporates after charging of the sulfurid doners because no cluster between the sulfuidc ac
dimer and another compound (besides Hf@Gm the ion source) could be identified. This mehat
although the dimers contained at least one additiomlecule in the neutral state, the ionized dimer
will be detected as (i$O)HSQ: (Ortega et al., 2014; Jen et al., 2014), whichesakimpossible to
identify the stabilizing agent. Only when largeusters of sulfuric acid are present (trimer andday
stabilizing agents like ammonia or amines canistélye cluster after charging with the nitrate {@ghao
etal., 2011; Kirkby et al., 2011; Ortega et abd12; Kirten et al., 2014). Unfortunately, no lasgéfuric
acid clusters (trimer and larger) were measurallend the campaign, probably because their
concentrations were too low. Therefore, only spattahs about the stabilizing agent responsibléifer
high dimer concentrations can be made. It is quitikely that ammonia would be the only stabilizing
compound for the dimers since previous studies Bawe/n that the relatively high dimer concentration
measured at rather low sulfuric acid monomer comatans (< %10’ molecule cr¥) cannot be
explained by sulfuric acid-ammonia-water nucleaijBlanson and Eisele, 2002; Jen et al., 2014). In
addition, efficient clustering between sulfuricéeind iodic acid can probably be ruled out (progide
that these compounds would be capable of produziotuster with a low evaporation rate) as the
concentrations of iodic acid are quite low (<18 molecule cni at maximum, see Section 3.5). This
means that the arrival rate of iodic acid on awidfacid dimer is on the order of 1&* (using a
collision rate of 510'° cm® molecule! s?). Due to the high evaporation rate of the puréusial acid
dimer no significant dimer stabilization by iodiciéhcan 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 (Kirten et al.,
2014) could be attributed to the higher temperatirethe present study, which result in faster
evaporation rates. Another explanation would bedter amine mixing ratios. In the CLOUD study
dimethylamine was present at 10 pptv, or higheraddition, it cannot be concluded that e.g. the
measured C2-amines are all dimethylamine, if aitsogmt fraction of them were, e.g., ethylamins, it
stabilizing effect could be significantly lower. iSlremains somewhat speculative as no data reggardin
NPF from ethylamine and sulfuric acid was foundyaweer, triethylamine was reported to have a
relatively weak effect on nucleation compared toAM TMA (Glasoe et al., 2015). Other compounds
which are present and have been shown to form ragtickes are HOM (Schobesberger et al., 2013;
Ehn et al., 2014; Riccobono et al., 2014;) althotlnghir stabilizing effect on neutral sulfuric acitiners

remains to be elucidated.
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Regarding the observations shown in Fig. 6, iusthbe noted that no ion filter (high voltage etect
field in the CI-APi-TOF inlet to remove ambient &)nwas used in the present study. This could in
principle lead to the detection of ambient ions alters, which did not undergo charging in the ClI
API-TOF ion reaction zone. If this were the caserepresentative concentrations of the correspgndin
neutral sulfuric acid dimer would be derived. CLOWudies reported that charged sulfuric acid
monomers (HS®) and dimers ((bFBQ))HSOy) could be observed with a different nitrate chehic
ionization mass spectrometer (CIMS) under someitiond (Rondo et al., 2014; Kirten et al., 2015).
However, for ambient measurements, no significatecould be observed for sulfuric acid monomers
(Rondo et al., 2014). In principle, the sulfuricddadimer could be more strongly affected by the
detection of ambient ions since the neutral dinercentration is much lower than the sulfuric acid
monomer, while the negative ambient ion spectrumbeadominated by the charged sulfuric acid dimer
(Eisele et al., 2006). Therefore, we cannot entingle out that ambient ions had some effect ordtia
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® 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 theptam
line is electrically grounded. This means nega#iwgbient ions would need to overcome a repulsing
electric field which acts as a barrier. Light iamdl be efficiently deflected due to their high mibiy
but heavier ions can in principle penetrate morglyaConsequently, CIMS measurements at the
CLOUD chamber showed that the apparent dimer signeglsured by the CIMS correlated with large
ion clusters (pentamer, i.e. {6)sHSQ and larger, which underwent subsequent fragmemakiut
not with the (HSQy)HSQ;™ signal; the charged clusters were measured sinedtasly with an APi-
TOF (Junninen et al., 2010; Kirten et al., 201%) TI-APi-TOF used in this study utilized a higher
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 nfiiceitly from entering the ion source than in the
study by Kirten et al. (2015). In addition, the exlice of any trimer signal (8Qi).HSQy) in the
spectra argues against ambient ion detection.dregous study by Eisele et al. (2006) ambient ion
measurements showed, besides signals SBQIHSQ:, also signals for (b50Qy).HSOy~ which were
on average ~50% of the dimer signals. Since th&RHTOF 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 sigraigues against a significant bias in the data due t

charged ambient clusters.

3.8 Highly oxidized organic molecules (HOM)

Recently, the rapid autoxidation of atmosphericadligvant organic molecules, such as isoprene and
monoterpenes, was described (Crounse et al., HhiBet al., 2014). There is evidence that these HOM

are involved in the formation of secondary aer@sa can even promote the formation of new aerosol
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particles (Jokinen et al., 2015; Kirkby et al., @8D1Nitrate chemical ionization mass spectrometry i
capable of detecting a suite of HOM when the Oii&na 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 teidized compounds (Aljawhary et al., 2013).
Many recent publications report peak lists foreliéint compounds identified from chamber or ambient
measurements with nitrate chemical ionization (Ehal., 2012; Kulmala et al., 2013; Ehn et al.,£01
Mutzel et al., 2015; Praplan et al., 2015; Jokiekal., 2015; Kirkby et al., 2016). The speciesrfithe
previous studies are mainly C10 (containing 10@adioms) or C20 (containing 19 or 20 carbon atoms)
compounds originating from reactions between mapetges (in most cases franpinene) and ozone
and/or OH.

The C10 compounds can be further segregated in H@&ditals (RQ i.e. GoHi50i6), HOM
monomers (@H140i=7 and GoH160i>6) and HOM involving reactions with nitrate {§1sNO;=7 and
Ci0H16N20i8) (Jokinen et al., 2014). Dimers (C19/C20 compolimdiginate from reactions among
HOM RQ; radicals (Ehn et al., 2014).

The spectra were evaluated according to the figtadhiown in Table 2 regarding HOM. It should be
noted that the listed compounds represent somédnaof the observed signal in the monomer and
dimer region although not all of the peaks thaiaesent are identified yet. Figure 7 shows a coispa
between the average day time and the averagetmghspectra for the mass to charge range between
m/z 300 and 650. According to Fig. 7 the main diffeeetween day and night are the significantly
higher signals in the dimer region during the night

Fig. 8 shows the diurnal variation of the HOM (@e&gted into HOM radicals, HOM monomers, HOM
nitrates and HOM dimers according to Table 2) thgetvith other parameters (NO, N@:; and global
radiation). One striking feature is the pronounoekimum concentration of HOM dimers during the
night. During the day when the global radiationsb@alues above zero the dimer signals drop bytabou
one order of magnitude and reach levels, whichckrge to the detection limit of the instrument. The
low day-time dimer concentrations are probably ttuenhanced NO, HOand R'Q concentrations
during the day. These compounds can react with H radicals and thereby inhibit the formation
of dimers; which are a result of the reaction betwtvo 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 principlscaexplain 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% cosdpiar the daily average. Slightly higher values
around noon could be explained by the highgai@ OH concentrations during mid-day, which lead t
enhanced formation of HOM through reactions betwteese compounds and monoterpenes (Jokinen
et al., 2015; Kirkby et al., 2016). The HOM nitsta@i-nitrates and radicals show almost the same

profile as the HOM monomers. This might be expeétedhe HOM radicals as these can be regarded
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as the precursors for the HOM monomers but thetfettthe HOM nitrates follow an almost identical
pattern is somewhat surprising as the NO mixingp refiows a different profile and is thought to be
involved in the formation of the HOM nitrates. Howee, further involvement of e.g. OH, H@nd R'G

in the HOM formation should also play a role andréfore influence their diurnal pattern. The
elucidation of the HOM formation mechanisms is belythe scope of this article and will therefore not
be discussed further. More field and chamber expmis are needed to identify the influence of

different trace gases and radicals on the formatiahconcentration of HOM.
3.9 Particle formation rates

The presence of small particles (< ~20 nm) was rebsgeon almost every day during the campaign.
However, often nanometer-sized particles appearddesly 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 oneghiich a new particle formation ratd) 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 NPlesat

In accordance with other previous studies (Metagal., 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 diametedpaf= 1.7 nm in a second step. The formation daigis
obtained from the time derivative of the small éetconcentration, which follows from the diffen
in particle concentrationdNgs.19 measured by the TSI 3776 (cut-off diameter of itnd and a TSI
3010 (cut-off diameter of 10 nm):

__dN35-19 GR

Jay, =— 45— 1t CSap, Nas-10+ *N2.5-10- (7)

10nm-2.5nm
The second term on the right-hand side in equéfipaccounts for the loss of small particles oriplas
larger than 2.5 nm, while the third term accountdiie growth of particles out of the size rangdain
consideration (Kulmala et al., 2012). The coagatasink CSip. is calculated from the particle size
distribution measured by the nDMA and the SMPS. §dwond step involves an exponential correction
to obtain the particle formation rate at the smalee,Jqp1, by taking into account the coagulation sink
and the growth raté€3R) of particles (Lehtinen et al., 2007):

CSq
Jays =Jay, - exp (22 dpy ). (®)

The factory is defined as follows (Lehtinen et al., 2007):
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wheres is the slope of the coagulation sink as a functibsize for the size range betwedyn anddy,

(s = 10g(CSupd CSypr)/log(do2/dp1)). 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 wigh th
values reported by Lehtinen et al. (2007). The ghawate was derived from the nDMA measurements
in the size range between 3 and 10 nm by fittikgpassian function to the particle size distribution
determine the mode diameter for all measured sigteilnitions. 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 ratds. as well as
systematic errors 0B8R (factor of 2),dy. (factor 1.3) andCS (factor 1.5).

Figure 9 shows a comparison betwdgnfrom this study, data from other field studies &rthation
rates from CLOUD chamber studies for the systesutitiric acid, dimethylamine and water at 278 K
(Almeida et al., 2013) as well as for oxidized argacompounds 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
regarding NPF. Figure 10 shows a comparison farigty of parameters by comparing nucleation days
to no nucleation days (red bars) and periods viith sulfuric acid dimer concentrations to no nutitea
days when there are also no high dimer concentifiolue 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 higror bars take into account the standard deviati
of a parameter both for the nucleation days andchtheucleation days). The enhanced sulfuric acid
concentrations confirm the importance of this commqmbregarding NPF, which has also been shown in
numerous other studies (e.g. Weber et al., 199Iim#la et al., 2004; Fiedler et al., 2005; Kuanglet
2008). The OH concentration and the global radiadie also enhanced during nucleation, which is not
surprising given the fact that the parameteiS®, OH and global radiation are connected. The radati
humidity is generally lower during nucleation peispwhich has also been reported in previous studie
(Hamed et al., 2011; Nieminen et al., 2015).

Regarding amines and ammonia Fig. 10 reveals @c@melation between their concentration and
the occurrence of NPF or sulfuric acid dimer forimra(factor 2 to 5 lower during nucleation). Howgve

this does not necessarily mean that these companinidtét the formation of particles. On the congrar
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it could mean that amines and ammonia are effigiéaken up by small clusters and therefore are als
involved in the formation of new particles. Unligalfuric 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. Duringeation the condensation sink is slightly
enhanced (Fig. 10), probably because of the newiyiéd 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 acichomer can be bound to dimethylamine (Ortega et al.,
2012; Klrten et al., 2014). Therefore, continuowslpction of sulfuric acid and its clusters wilabkto

a depletion of amines away from their sourcespalgih no mixed clusters of sulfuric acid and amines
could be observed; this is probably the case becthgsr concentrations were too low to be measured
with the CI-APi-TOF. As sulfuric acid concentrat®are 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, thmited pool of amines can also be the explanatiothi®
relatively low slope from Fig. 6 (sulfuric acid démvs. 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 waataunambiguously conclude if the amines are
involved in the very first steps of nucleation,ifothey are depleted due to clusters, which donestd

the help of amines in order to nucleate. One adspect that could explain the low amine ratiofiés t
somewhat enhanced OH concentration during the atiofedays, as amines react with OH. However,
the life-time of amines regarding their reactionghwDH is on the order of hours (Ge et al., 2011),
whereas the uptake on particles is significantiyefa(if CSis on the order of 10to 10? s?).

Regarding the possibility that sulfuric acid amdres 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 expectedfsric acid trimer concentration and discuss what
parameters can lower this concentration. The maxiimeasured sulfuric acid dimer concentration is
around 1x18 molecule cr¥ for a sulfuric acid monomer concentration of 1%hiblecule cni. A
sulfuric acid trimer will be formed through the lisibn between a monomer and a dimer (collisior rat
K1,2), whereas the loss rate of the trimer is defingdhe sum of the condensation siky and its
evaporation ratek{s. At steady-state this would yield the followingjuation for the trimer
concentratiorNs; as function of the monomer and dimer concentratidnandN, (for simplicity this

neglects a potential contribution from tetramerp®ration):

— Ki2'N1'N,
3 CS+kes

(10)
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Using a value of 5x18 moleculée' cn? s for K1, and a condensation sink%) of 5x10° s? for the
above mentioned monomer and dimer concentrationddwgield a trimer concentration of 1x°10
molecule cri if the trimer evaporation rate would be zero. Tduacentration should be detectable with
our CI-APi-TOF. The fact that we do not see theén could indicate that the trimer evaporation rate
is non-zero. For a high amine to sulfuric acidaatucleation proceeds at or close to the kinetnit li
(Jen et al., 2014; Kirten et al., 2014). Howevethe 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 Ortegh, et
2012) and therefore could evaporate rapidly. Thasilal 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 the titf acid and amine mixing ratios are even higher (
very close to amine sources) such clusters carbbereable (Zhao et al., 2011). Recently, Jen et al.
(2016b) provided evidence that nitrate chemicaization could not be sensitive towards sulfuricaci
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 the adese
of clusters beyond the dimer in the present stidyther 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) H@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.
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 caodg 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 Kerpreted as an indication that if HOM are involved
in NPF it requires additional compounds such agusal acid to initiate significant nucleation.
Alternative explanations for the absence of nightet nucleation could be the suppression of the
formation of HOM that can nucleate by Bl@uring the night, or low [OH], which is requiredrfthe
formation of nucleating HOM.

Kulmala et al. (2013) proposed thaidisNOs (detected as a cluster with MGt 339.0681 Th)
could be important because NPF correlated eveprbgith this compound compared to sulfuric acid.
During nucleation days this compound is only sliglelevated (Fig. 10) and this could be due to the
generally higher OH levels although the exact farommechanism of gH1sNOg 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 odltlexistence as the concentrations could be btlew
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CI-APi-TOF detection limit, or a low charging efiégmcy 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 earihat have been previously measured. The present
data seem to agree a bit better to CLOUD chamber 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 et 2014). However, a direct comparison is difficult
as the conditions between this ambient study aadCthOUD chamber experiments are not identical

(with respect tdl, 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 wasarimity (within 450 to 1100 m distance) of three
larger dairy farms. The perspective of this campaigs to evaluate if there is a connection between
new particle formation and the concentration ofragaiand/or ammonia. Furthermore, the impact of
highly oxidized organic molecules (HOM) from surngiing forests was investigated. A nitrate
Chemical lonization-Atmospheric Pressure interfgae Of Flight mass spectrometer (CI-APi-TOF)
was used to identify gas-phase compounds and dud®article counters and differential mobility
analyzers were used to characterize the aerossldsstribution and number density. The following
conclusions can be drawn from our measurements:

« Nitrate CI-APi-TOF can be used to measure sulfagi, iodic acid, amines, a nitrosamine,
ammonia and HOM; the measurement of iodic acid, ami@and the nitrosamine has not been
described before; the method is therefore even menmgatile 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 SQ@ and global radiation) for this site with a simikaccuracy 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; largeusialfacid clusters (trimer and beyond) were not
observed.

¢« Amines (C1-, C2-, C3-, C4- and C6-amines) are pmrieat 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 folldhe 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
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768 high sensitivity towards iodic acid and its presemedicates long-range transport of iodine

769 containing substances (although a local source ataentirely be ruled out); using OH
770 concentrations also OIO concentrations can be atgiin however, both [HKD (~3x1C°
771 molecule crf) and [OIO] (~%10° molecule cni) are probably too low to affect new particle
772 formation significantly at this site.

773 e The diurnal pattern of HOM dimers shows maximumaogarrations during the night but no night
774 time nucleation is observed; the day time concéotraould be low due to the presence of NO
775 and/or HQ which suppress the HOM dimer formation.

776 » Relatively high particle formation rates are foumdhich are rather at the upper end of the
777 atmospheric observations for other rural sites;réites are compatible with CLOUD chamber
778 data both for the systems of sulfuric acid, watet dimethylamine (Almeida et al., 2013), as well
779 as for a system involving sulfuric acid, water ax@lized organics (Riccobono et al., 2014); no
780 definitive answer can be given which system is nmetevant.

781 « Nucleation seems to be favored on days with redbtilow RH and high sulfuric acid; an anti-
782 correlation with the amine and ammonia signaldseoved, this could be due to efficient uptake
783 of these compounds on clusters and particles dUudR§ as amines and ammonia are not
784 produced in the gas-phase.

785  The above bullet points seem to support recenirfgedabout the relevance of amines in terms of NPF
786 and early growth (Chen et al., 2012; Almeida et2013; Kulmala et al., 2013; Lehtipalo et al., @01
787  However, it cannot be unambiguously concluded dénaihes are more relevant for NPF than HOM at
788 this site because no nucleating clusters couldrieetty observed. More studies like the presentamee
789  necessary in the future to obtain better statistimgit the parameters relevant for NPF (Fig. Hgally,

790  such measurements should include further instrustientincluding a PSM (Vanhanen et al., 2011) for
791 the measurement of clusters and small particle8 (), an APi-TOF (Junninen et al., 2010) for
792  identification of charged nucleating clusters, mstriument for HGROx measurements (Mauldin et al.,

793  2016) and an instrument for sensitive amine measemés capable of speciating the amines.
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1268 Table 1. List of ions used in the identification of sulfaracid (monomer and dimer), iodic acid,
1269 ammonia, amines (C1, C2, C3, C4 and C6) and dirmatigsamine. Cattle farms in the vicinity of the
1270  measurement site are expected to be a sourceeftistidd amines (Ge et al., 2011).

1271

lon Exact mass Neutral compound
HSQOy, (HNG;)HSOy~ 96.9601, sulfuric acid monomer
159.9557
(H2SO)HSQr, 194.9275,  sulfuric acid dimer
(HNO3)(H2SQ)HS Oy~ 257.9231
1037, (H20)1037, (HNGO3)I05 174.8898, iodic acid
192.9003,
237.8854
(NH3)(HNO3)1,,NOs™ 142.0106, ammonia
205.0062
(CHsN)(HNO3)1,2NOs 156.0262, Cl-amines (e.g. methylamine)
219.0219
(CoH7N)(HNOs)1,2NOs 170.0419, C2-amines (e.g. ethylamine, dimethylamine)
233.0375
(CsHgN)(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
(CsH1sN)(HNO3)1,2NO3™ 226.1045, Ce6-amines (e.g. triethylamine)
289.1001
(CoHsN20)(HNQs)1,2NOs~ 199.0320, dimethylnitrosamine
262.0277

1272
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Table 2. Peak list of the highly oxidized organic molecule©M) used in this study.

lon sum Cluster ion Exact mass  Compound
formula

CioH15sNOg™ (CloH 1506) NOs~ 293.0752 HOM R@radical
CloH 15N 010_ (C10H 1507) NO?,_ 309.0701 HOM R@radical
C10H1sNOy11~ (CloH 1508) NOs~ 325.0651 HOM R@radical
C10H1sNOy5 (C10H1509)N03_ 341.0600 HOM R@radical
Ci0H15sNOq13 (C10H15010)N03_ 357.0549 HOM R@radical
C10H1sNOy5 (C10H 15012)N03_ 389.0447 HOM R®@radical
CgH12NO11~ (CsH1208)NO5~ 298.0416 HOM monomer
C9H14NO12_ (C9H1409)N03_ 328.0521 HOM monomer
C10H14NO10_ (C10H14O7)N03_ 308.0623 HOM monomer
Ci10H14aNO11™ (C10H1408)N03_ 324.0572 HOM monomer
Ci10H14aNO15 (C10H1409)N03_ 340.0521 HOM monomer
Ci10H14aNO15 (C10H 14010) NOs~ 356.0471 HOM monomer
Ci10H14aNO14 (CloH 14011) NOs~ 372.0420 HOM monomer
CioH16NOg™ (CloH 1606) NOs~ 294.0831 HOM monomer
Ci10H16NO1g (C10H1507)N03_ 310.0780 HOM monomer
Ci0H16NO11~ (C10H1508)N03_ 326.0729 HOM monomer
C10H16NOy12™ (C10H1509)N03_ 342.0678 HOM monomer
Ci10H16NO13 (C10H 15010) NOs~ 358.0627 HOM monomer
Ci0H16NO14 (C10H 15011) NOs~ 374.0576 HOM monomer
CioH15N2016 (C10H15NO7)N03_ 323.0732 HOM nitrate
CioH15N2011~ (C10H15N08)N03_ 339.0681 HOM nitrate
CioH15N2015" (CioH1sNOg)NOs~ 355.0630 HOM nitrate
CioH15N2013" (CioH1sNO19)NO3~ 371.0580 HOM nitrate
CioH15N2014 (C10H15N011)N03_ 387.0529 HOM nitrate
Ci10H15N2015" (CioH1sNO12)NO3™ 403.0478 HOM nitrate
Ci0H15N2016 (CioH1sNO13)NO3~ 419.0427 HOM nitrate
CioH16N3011~ (CloH 15N208) NOs~ 354.0790 HOM di-nitrate
CioH17N4O14 (CloH 15N208)(H NOS) NOs~ 417.0747 HOM di-nitrate
Ci0H16N3015” (CioH16N20g)NO3™ 370.0739 HOM di-nitrate
CioH17N4O15 (CloH 15N209)(H NOS) NOs~ 433.0696 HOM di-nitrate
CioH16N3013 (CloH 15N2010) NOs~ 386.0689 HOM di-nitrate
Cio0H17N4O16 (CioH16N2010) (HNO3)NOs~  449.0645 HOM di-nitrate
Ci9H30NO16 (C19H30013)N03_ 528.1570 HOM dimer
Ci9H30NO17 (C19H30014)N03_ 544.1519 HOM dimer
Co0H28NO16 (C20H28013) NOs~ 538.1414 HOM dimer
CooH2sNO17 (C20H28014) NOs~ 554.1363 HOM dimer
CaoH28NO1g (C20H23015) NOs~ 570.1312 HOM dimer
Ca0H28NO1g (C20H23016) NOs~ 586.1261 HOM dimer
Co0H2sNOyg (C20H28017)N03_ 602.1210 HOM dimer
CaoH2sNO21~ (Constls)N03_ 618.1159 HOM dimer
CaoH2sNO25 (Constm)NOg_ 634.1108 HOM dimer
CooH2sNOo3 (Conngzo) NOs~ 650.1058 HOM dimer
Co0H30NO17 (C20H30014)N03_ 556.1519 HOM dimer
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1277  Fig. 1. Overview of the different parameters measured éetwMay 18 and June 8, 2014. Temperature
1278  (T) and relative humidity (RH) are shown in the eppanel, the center panel shows the global radiati

1279  and precipitation, while the bottom panel showsnbeber size distribution measured by the nano-
1280 DMA together with the condensation sink (black Jin@rey arrows above the bottom panel indicate

1281  days when significant NPF was observed.

39



100||I|||I|||||||I|||I|||I|||I|||I|||I|||I|||2
3\ (/)
2 80 %
= 3
L2 60 X.
[ 3
2 40 5
X o
E —
- 20 3
© 2
0|||||||||||||||||||||||||||||||||||||||||_2
= 10 —10
2 -6
e L4
© -2
S
£ 13 =1
S 6 -6
%N 4: :4
S 2 — NO -2
S —— NO,
0.1 LI L L L L L L L L L L L B B B B A 0.1
7 — 2.0x10’
— —— monoterpenes| [
2 —— isoprene C 15 2
o — [H2S0,] - é“
° - o
© — 1.0 8,
> \ - 2
X = <)
0.0

18.05 20.05 22.05 24.05 26.05 28.05 30.05 01.06 03.06 05.06 07.06

uTC
1282

1283  Fig. 2. Overview of the trace gas measurements between1@and June 8, 2014. The S&anhd Q
1284  mixing ratios are shown in the upper panel, thedd@ NQ mixing ratios are shown in the center panel
1285 and the bottom panel shows the sulfuric acid momocoeacentration ([FB5Qy]) together with the
1286  isoprene and monoterpene mixing ratios.
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1288  Fig. 3. Diurnal averages for the sulfuric acid §FCx]) and the calculated hydroxyl radical ([OH])
1289  concentrations (axis on the left). The iodine sigaanot converted into a concentration, insteaal th
1290 normalized count rates per second (ncps) are sk@xison the right). A value of 5x®Gcps for iodine
1291  would correspond to a concentration of 3%flecule cni applying the same conversion factor for
1292  iodic acid as for sulfuric acid. The global radiatiindicates that all signals are related to photo-

1293  chemistry. Error bars indicate one standard devndtr the 30-minute averaged values.
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1301  Fig. 5. Diurnal averages for different amines (C1, C2, C8,and C6) and ammonia. The temperature
1302  profile is shown in addition. Error bars represem standard deviation of the 30-minute averages. T
1303  lower detection limits for the different compourate not well-defined, however, the lowest measured
1304  signals during some periods were X168* ncps for C1, ~0.%10* ncps for C2, C3, C4 and C6 and
1305  0.1x10* ncps for ammonia. For most of the time (and fbaaéraged values shown) the signals were

1306  clearly above these “background” levels.
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1308  Fig. 6. Sulfuric acid dimer concentrations as a functiérthe sulfuric acid monomer concentrations.
1309  The legend on the left lists the periods when Higher signals were observed. In addition, data from
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1318  Fig. 8. Diurnal profiles of the NO, NPand Q mixing ratios. The signals for highly oxidized ardc
1319  molecules (HOM) are shown for some C10 (HOM monameiOM nitrates and HOM radicals) and
1320 C19/C20 compounds (HOM dimers), which show a distmaximum during the night. The HOM di-
1321  nitrates show a similar pattern as the other Ch@pmands and are not included in the figure. Theajlo

1322  radiation is shown in addition. Error bars indicabte standard deviation for the 30-minute averages.
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atoms (339 = organic compoundodi1sNOs clustered with N@ having a mass of 339.0681 Th, the
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nucleation days. Similar times of the day (earlyrming) were used as reference periods when no
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