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Abstract

A recent CLOUD (Cosmics Leaving OUtdoor Dropletepmber study showed that sulfuric
acid and dimethylamine produce new aerosols vdigiatitly, and yield particle formation
rates that are compatible with boundary layer olz@ms. These previously published new
particle formation (NPF) rates are re-analyzechm piresent study with an advanced method.
The results show that the NPF rates at 1.7 nm are than a factor of 10 faster than previously
published due to earlier approximations in corregtparticle measurements made at larger
detection threshold. The revised NPF rates agraestlperfectly with calculated rates from a
kinetic aerosol model at different sizes (1.7 nnd 48 nm mobility diameter). In addition,
modeled and measured size distributions show ggaskenent over a wide range (up to ca. 30
nm). Furthermore, the aerosol model is modifiechsihat evaporation rates for some clusters
can be taken into account; these evaporation vetes previously published from a flow tube
study. Using this model, the findings from the praisstudy and the flow tube experiment can
be brought into good agreement. This confirms thatleation proceeds at rates that are
compatible with collision-controlled (a.k.a. kinglly-controlled) new particle formation for
the conditions during the CLOUD7 experiment (27838% RH, sulfuric acid concentration
between 1 and %10’ cmi® and dimethylamine mixing ratio of ~40 pptv). Fiyalthe
simulation of atmospheric new particle formatioveas that even tiny mixing ratios of
dimethylamine (0.1 pptv) yield NPF rates that coeglain significant boundary layer particle
formation. This highlights the need for improveceaiation and quantification techniques for
atmospheric gas-phase amine measurements.
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1. INTRODUCTION

The formation of new particles by gas-to-partictenwersion (nucleation or new particle
formation, NPF) is important for a variety of atmbsric processes and for human health.

It has been shown in numerous studies that salagid (HSQy) is often associated with
NPF (Weber et al., 1997; Kulmala et al., 2004; ledt al., 2005; Kuang et al., 2008; Kirkby
et al., 2011) and indeed it can explain some ofotheerved particle formation together with
water vapor for neutral (uncharged) and ion-inducedditions when temperatures are low,
e.g., in the free troposphere (Lee et al., 2003gjay et al., 2004; Duplissy et al., 2016; Ehrhart
et al., 2016; Dunne et al., 2016). However, attlem® additional stabilizing compound is
required in order to explain boundary layer nudteatat warm temperatures. Acid-base
nucleation, which involves a ternary compound, egumonia, besides sulfuric acid and water,
can lead to much higher NPF rates compared toittagybsystem (Weber et al., 1998; Ball et
al., 1999; Kurten et al., 2016a). Nevertheless,nfimst conditions close to the surface, the
concentrations of f5Qs and NH are too low, or temperatures are too high, torafignificant
ternary nucleation of these compounds (Kirkby et24111; Kirten et al., 2016a). However, the
substitution of ammonia by amines, e.g., dimethyten{(CHs).NH), leads to NPF rates that
can explain the atmospheric observations over & wasge of sulfuric acid concentrations,
even when the amine mixing ratios are in the lotwpnge (Kurtén et al., 2008; Nadykto et
al., 2011; Ortega et al., 2012; Chen et al., 2@l2ieida et al., 2013; Glasoe et al., 2015). A
recent study even showed that NPF is collisiontotlet, i.e., that it proceeds at the maximum
possible speed (Rao and McMurry, 1989), when ammixéng ratios are above ~20 pptv, and
sulfuric acid concentrations are between Pxd®® and 3x16 cmi® at 278 K and 38% RH
(Kurten et al., 2014). Indications that NPF carcblision-limited were reported more than 30
years ago based on the analysis of chamber nuanestperiments (McMurry, 1980), although
the involvement of amines, which were probably enésas a contaminant during those
experiments, was not considered. Indications thrabsgpheric nucleation might occur by a
collision-limited process have also been previopsbsented (Weber et al., 1996). Despite the
strong evidence that sulfuric acid-amine nucleaisorery efficient, it has rarely been observed
in the atmosphere. Only one study has so far regalfuric acid-amine nucleation (Zhao et
al., 2011) despite amine mixing ratios of up testehpptv at some sites (Freshour et al., 2014;
Yao et al., 2016). A global modelling study of sulf acid-amine nucleation has been carried
out so far (Bergman et al., 2015) applying a numeaparametrization based on the
measurements of Almeida et al. (2013) and Glasaé €015).

Atmospheric boundary layer nucleation can als@x@ained by the existence of highly-
oxygenated organic molecules (Crounse et al., 28h38; et al., 2014), e.g., frompinene.
These highly-oxygenated molecules have been foomilitleate efficiently even without the
involvement of sulfuric acid, especially when idage part in the nucleation process (Kirkby
et al., 2016).

Even though oxidized organics seem to be gloliadportant for NPF (Jokinen et al., 2015;
Gordon et al., 2016; Dunne et al., 2016), the fdionaof new particles by sulfuric acid and
amines should still be considered because sulfgid-amine nucleation rates exceed those
from oxidized organics as soon as the concentmtdithe precursor gases (sulfuric acid and
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amines) are high enough (Berndt et al., 2014). 8foee, at least locally or regionally, i.e., close
to sources, amines should be relevant.

In this study, we reanalyze data from the CLOURwpaign (during October/November
2012, see Almeida et al., 2013; Kiirten et al., 20ading an advanced method that takes into
account the effect of self-coagulation in the eation of new particle formation rates (Kirten
et al., 2015a). These re-analyzed data and NP§ oatained from Scanning Mobility Particle
Sizer (SMPS) measurements are compared to resuttsaf kinetic aerosol model. Modeling is
also used for a comparison between a flow tubeygtieh et al., 2016a) and the CLOUD results,
and for comparison to atmospheric boundary layer perticle formation rates.

2. METHODS
2.1 CLOUD experiment and instruments

The CLOUD (Cosmics Leaving OUtdoor Droplets) expemt at CERN was designed to
investigate nucleation and growth of aerosol pigicin chemically diverse systems.
Additionally, the influence of ions on new partiétegmation (NPF) and growth can be studied
inside the 26.1 melectro-polished stainless steel chamber (Kirkbyalg 2011). For the
experiments discussed in this paper, NPF is ieiidgy illuminating the air inside the chamber
with UV light by means of a fiber-optic system (Kupt al., 2011), which produces sulfuric
acid (HSQu) photolytically from reactions involving £ H.O, SQ and Q. Diluted
dimethylamine and sulfur dioxide are taken from pa#tles; inside the chamber, these trace
gases mix with clean synthetic air (i.e.; @nd N with a ratio of 21:79 from evaporated
cryogenic liquids). To ensure homogenous condititiresair is mixed with magnetically driven
fans installed at the top and bottom of the charteigtlander et al., 2012). A thermal housing
controls the chamber temperature to 278.15 K wilgmeral hundredths of a degree. The
temperature was not varied for the experiments/agliefor this study. The relative humidity
was kept constant at 38% by humidifying a fractbrhe inflowing air with a humidification
system (Duplissy et al., 2016). In order to keep pihessure inside the chamber at 1.005 bar,
the air that is taken by the instruments has todminuously replenished. Therefore, a flow of
150 I/min of the humidified air is continuously gligd to the chamber. For the sulfuric acid,
dimethylamine and water system, ions do not hasteomg enhancing effect on the nucleation
rates for most conditions (Almeida et al., 2018grefore, we do not distinguish between the
neutral and charged pathway in such runs.

A suite of instruments is connected to the CLOUiarnber to measure particles, ions,
clusters and gas concentrations. A summary of tinegeiments is provided elsewhere (Kirkby
et al., 2011; Duplissy et al.,, 2016). For this gtucheasured sulfuric acid and particle
concentrations are relevant. A Chemical loniza#dmospheric Pressure interface-Time Of
Flight Mass Spectrometer (CI-APi-TOF) was emplotetheasure sulfuric acid and its neutral
clustersin this study (Jokinen et al., 2012; Kiirten et al., 2014). The particle concentrations
originate from a scanning mobility particle sizéfgng and Flagan, 1990), which measured the
particle size distribution between ~4 and ~80 nine Tixing ratio of dimethylamine was
determined by ion chromatography (Praplan et 8l122 Simon et al., 2016).

4
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2.2 Calculation of particle formation rates

Particle formation ratel(cm? s) are calculated from the measured size distrinstiassumed
to consist of bins). For the size bin with the index the rate at which particles with a diameter
equal or larger thadm are formed can be calculated according to (Kietead., 2015a):

_ AdN>m

Jem =

+ X m(kwi * Ni) + kai * Nom + 2im(Z7i 50 Kij - Nj - Ny). 1)

This equation takes into account the time-ratekafrge of the number density of all particles
for which dp > dm, i.e.,N-m, and corrects for the effects of wall loss (siepehdent wall loss
rateskw,i), dilution (dilution ratekgi), and coagulation (collision frequency functi€i), where

Ni andN; are the particle number densities in differenediins. The rate of losses to the
chamber walls can be expressed by (Crump and &kidf81):

kw(dy) = Cy - /D(d,,), )

whereD(dp) is the diffusivity of a particle of diametdg, which is given by the Stokes-Einstein
relation (Hinds, 1999),

kp'T-Cc

D(dp) = grray 3)

whereky, T, 5, are the Boltzmann constant, the temperaturettendas viscosity, respectively.
The Cunningham slip correction fact@x, is a function of the particle Knudsen numbsan,=
24/dp, and/ is the mean-free-path of the gas molecules. Therarally derived proportionality
coefficient,Cw, depends upon the chamber dimensions and ontdwesity of turbulent mixing.
The rate of loss of sulfuric acid to the chambelisvia generally used to characteri2g. The
diffusivity of sulfuric acid is 0.0732 cfrs* at 278 K and 38% RH (Hanson and Eisele, 2000).
The measured life time, determined from the dedaylfuric acid when the UV light is turned
off, was 554 s (wall loss rate 0.0018%),swith the experimentally determined diffusivityig
yields a factoiCw of 0.00667 crt s%5. However, in this study diffusivities were caldigid
according to equation (3), so the calculated momdtifteisivity (for a monomer with a density
of 1470 kg ¥ and a molecular weight of 0.143 kg mpsee section 2.4) required a different
scaling, resulting in a value @ = 0.00542 cim s that was used throughout this study.
Dilution is taken into account by a loss rate tisaindependent of size and equkls =
9.6x10° s'. Correcting for particle-particle collisions regs the calculation of the collision
frequency function. We used the method from Chath Mozurkewich (2001). This method
includes the effect of enhanced collision rate®ugh van der Waals forces. A value of
6.4x10%° J was used for the Hamaker constant (Hamaker,)1983ding to a maximum
enhancement factor of ~2.3 for the smallest clgstetative to the collision rate in the absence
of van der Waals forces. The factor of 2.3 hasipresty been shown to give good agreement
between measured and modeled cluster and partiokentrations for the chemical system of

5
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sulfuric acid and dimethylamine (Kurten et al., 20llehtipalo et al., 2016). In order to consider
the collisions of particles in the same size biscaling factos; is used in equation (1), which
is 0.5 wheri =j and 1 otherwise.

2.3 Reconstruction method

Recently a new method was introduced, that malgsgible to retrieve new particle formation
rates at sizes below the threshold of the instrumsed to determine the particle number
density. This method is capable of consideringefiect of self-coagulation (Kurten et al.,
2015a). It requires introducing new size bins betbe/threshold of the SMPS (termegd in

the following;dp2 corresponds to the index= 1). The method starts by calculating the number
density in the first newly introduced smaller siEe (indexm = 0, diametedy; - ddy):

Nyne1 = (dym — dpym—s) - G{;m ~ dd, /;;l 4)

m-1

Here, the particle growth ra@R (nm s') needs to be used as well as the difference batwee
two adjacent size bins dg). Once the number density in the newly introdubadis known
this information can be used to calculdte. In the further steps, the numbéks. andJn-2 are
calculated and so on. In this way, the size distiiim can be extrapolated towards smaller and
smaller sizes in a stepwise process until evertuatiching the diametelp..

The method has so far only been tested againsiatied data but not against measured size
distributions (Kdrten et al., 2015a). In this stullg smallest measured SMPS diametdpis
4.3 nm; 26 new size hins witltg= 0.1 nm were introduced and this enabled theutation of
the NPF rates a1 = 1.7 nm in the smallest size bin. This size wassen since previously
published particle formation rates from the CLOU®eriment were reported for this diameter
(e.g. Kirkby et al., 2011; Almeida et al., 2013c&dbono et al., 2014).

2.4 Kinetic new particle formation and growth model

The measured particle formation rates are comptredodeled formation rates assuming
collision-limited particle formation, i.e., all dters are not allowed to evaporate. McMurry
(1980) was the first to show that number conceiotnatand size distributions of particles
formed photochemically from SGn chamber experiments (Clark and Whitby, 197% ar
consistent with collision-controlled nucleationsuéts from updated versions of this model
have recently been presented (Kurten et al., 20Nurry and Li, 2017). The model used

here has been described previously (Kirten et8ll4; Kirten et al., 2015a, Kirten et al.
2015b) but only brief introductions were reporttgrefore, more details are provided in the
following.

As outlined in Kurten et al. (2014), collision-¢oolled new particle formation accurately
described the measured cluster distributions ferstiifuric acid-dimethylamine system up to
the pentamer (cluster containing five sulfuric agidlecules). In this model, it was assumed
that the clusters consist of “monomeric” buildifigdks, each containing one sulfuric acid and
one dimethylamine molecule. Evidence that this ratle between acid and base is
approximately maintained for the small clusters presented from neutral and charged cluster

6
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measurements (Almeida et al., 2013; Kirten et28l14; Bianchi et al., 2014; Glasoe et al.,
2015). The molecular weight was, therefore, chase0.143 kg mdi (sum of sulfuric acid
with 0.098 kg mot and dimethylamine with 0.045 kg m9) and the density as 1470 kg®m
(Qiu and Zhang, 2012).

During the reported experiments (CLOUDY in fall2] dimethylamine was always present
at mixing ratios above ca. 20 pptv. DimethylamibdM@) was supplied from a certified gas
bottle and diluted with synthetic air before it wagoduced into the chamber to achieve the
desired mixing ratios. Sulfuric acid was generatesitu from the reactions between S&hd
OH whenever the UV light was turned on (see se@i@h Since the UV light intensity and the
gas concentrations were kept constant throughait iedividual experiment, it is justified to
assume a constant monomer production Rte The equation describing the temporal
development of the monomer concentratidp,is

dN,

. =P - (k1,w + kg + ZNmax K1,j N]) Ny (5)

j=1

and, for the clusters containing two or more sidfacid moleculesk(> 2),

dNg _ 1 N

Tat 2 Livj=k Kij - Ni-Nj = (kw,k + kan + Zj:l K j N]) * Ng. (6)

The same loss mechanisms (wall loss, dilution aralyglation) as for the calculation of the
particle formation rates (section 2.2) are congidavhen modeling the cluster concentrations.
In this study, the particle size distribution wadcalated from the monomer up to a diameter
of ~84 nm, which corresponds to the upper sizetlothihe SMPS used in CLOUDY. Tracking
each individual cluster/particle up to this largeesvould be computationally too demanding,
so the size distribution was divided into so-calilealecular size bins (tracking each individual
cluster), and geometric size bins, where the midtptiameters of two neighboring size bins
differ by a constant factor. The number of molecsiae bins was set to 400 (which results in
a diameter of ~5 nm for the largest molecular birfile the number of geometric size bins was
set to 190 with a geometric factor of 1.015 (maximdiameter of the last bin is 83.7 nm). The
treatment of the geometric size bins was similahéomolecular bins, except that the collision
products were distributed between the two closest bins. Two smaller particles with
diametergly i anddpj generate a cluster with size

1/3
dpx = (dg.i + dg.j) : %

If it is assumed that the collision product falioi the size range covered by the geometric bins,
its diameter will be between two size bl andd, k+1. The production rate of particles with
diameterdp x is

PJC:Si,j.K".Ni-IVj' (8)

L

The resulting particles are distributed betweentwwebins to conserve mass, i.e.,
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268 P = (—Z?"“ij’;") Py, (9a)
pk+1 %k
d3 i1 —d5
269  Ppq = (1 — H) -P,. (9b)
pk+1" %k
270
271 The first terms on the right hand side of equati@®ag and (9b) determine the fraction by how
272 much the diameter of the newly-formed particle tenassociated with either of the two
273 neighboring bins. The second factor accounts ferfétet that the total mass of the newly-
274  formed particles needs to be conserved, therefosealing with the particle diameters to the
275  power of three is necessary. When the collisionlpebfalls into the molecular size bin regime
276  the calculation is straightforward because the di@mof the product agrees exactly with a
277  molecular bin and does not need to be distribuetdiden two bins (see the production term in
278  equation (6)). In case the collision products escte largest bin diameter, the product is
279  entirely assigned to the largest bin, while takirig account the scaling such that the total mass
280 is conserved.
281 In the model, no free parameter is used as theetration of monomers is constrained by
282  the measurements. Therefore, the productiorPateadjusted such that the resulting monomer
283  concentration in the model matches the measuréarigtdcid concentration. The model is used
284  to simulate the experiments for a duration of 10,60with a time resolution of 1 s. For the
285 small clusters and particles this leads to a statatg between production and loss; therefore,
286 the resulting concentrations are essentially tinteependent.
287 The model introduced here was compared with thdaindescribed in McMurry and Li
288 (2017) and yielded almost indistinguishable resfdtsseveral scenarios when the same input
289  parameters were used. We take this as an indic#tiah both models correctly describe
290 collision-controlled nucleation, especially sinbe models were independently developed and
291  do not share the same code. The model in this papeased on defining size bins according to
292  their diameter, while the model by McMurry and D7) uses particle volume.
293
294
295 3. RESULTS
296
297 3.1 Comparison between Almeida et al. (2013) and SMPS derived NPF rates
298
299  Using the model described in section 2.4, a corsparbetween the previously published NPF
300 rates from Almeida et al. (2013) and the model¢dsravas performed. Almeida et al. (2013)
301 derived NPF rates for a particle mobility diameién..7 nm. Using a density of 1470 kg®m
302 and a molecular weight of 0.143 kg mMpit can be calculated that a spherical clustetainimg
303 nine monomers (nonamer) has a geometric diametet.dfnm, i.e., a mobility diameter of 1.7
304 nm (Ku and Fernandez de la Mora, 2009); therefbeemodeled nonamer formation rates were
305 used for the comparison.
306 Figure 1 shows the modeled formation rates ahthand the Almeida et al. (2013) data as
307 afunction of the sulfuric acid concentration (whis equivalent to the monomer concentration
308 inthe model, see section 2.4, since it is assuimadhll sulfuric acid is bound to DMA). It can
309 be seen that the modeled NPF rates are significhigher. This indicates that the previously

8
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published formation rates underestimate the trumdition rates if sulfuric acid-dimethylamine
nucleation is indeed proceeding at the collisionitli Previously published results indicated
that this is the case (Kurten et al., 2014; Lelidigaal., 2016); however, we will provide further
evidence that this assumption accurately desctite®xperiments in the present study and
provide an explanation why Almeida et al. (2013)lemestimated the formation rates.

It should be noted that the displayed experimehtak values (open red triangles in Fig. 1)
are identical to the values from Almeida et al.}2)) while the sulfuric acid concentration has
been corrected. In Almeida et al. (2013) data vets@vn from CLOUD4 (spring 2011) and
CLOUDY (fall 2012). For consistency, the sulfuricica concentrations from the chemical
ionization mass spectrometer (Kurten et al., 204é)e used, as the CI-APi-TOF was not
available during CLOUDA4. Especially during CLOUDWe chemical ionization mass
spectrometer (CIMS) showed relatively high sulf@did concentrations even when no sulfuric
acid was produced from the UV light system inside €LOUD chamber; no correction was
applied for this effect in Almeida et al. (2013)owfever, taking into account a background
subtraction leads to a shallower slopeJommVvs. sulfuric acid and brings the corrected CIMS
values in a good agreement with the sulfuric ackhsored by the CI-APi-TOF. In the present
study, the data from the CI-APi-TOF were used. Jlbpe forJ: 7nmvs. sulfuric acid now yields
a value of close to 2, while the previously reponalue was ~3.7 (Almeida et al., 2013). The
higher value resulted from the bias in the sulfada concentration and the consideration of
data points at low sulfuric acid concentration, veheew particle formation is significantly
affected by losses to the chamber walls, whichddndbias the slope towards higher values
(Ehrhart and Curtius, 2013).

3.2 Comparison between NPF rates from the kinetic model and SM PS measurements

The formation rates in Almeida et al. (2013) weatcclated from measured particle number
densities with a condensation particle counter tlagta lower cut-off diameter of ~3 nm. The
derivation of particle formation rates at 1.7 nreréfore required an extrapolation to the smaller
diameter. With the available model, we are nowprinciple, able to calculate NPF rates for
any particle dimeter and compare the result toctliyeneasured rates. This was done for the
SMPS size channel corresponding to a mobility diemef 4.3 nm J4.3nm) with the method
described in section 2.2. Using the SMPS datalimadvantage that the size-dependent loss
rates can be accurately taken into account, wiictof possible when only the total (non size-
resolved) concentration from a condensation partidunter is available. On the other hand,
the smallest SMPS size channels need to be cadrbytiarge factors to account for losses and
charging probability, which introduces uncertainty.

The result fords.snmis shown in Figure 1 together with the modelediplarformation rates
for the same diameter. The agreement between mibdetE measured NPF rates is very good
indicating that the collision-controlled model acatiely describes 4.3 nm particle production
rates for these experiments. This is further ewidehat particles are formed at the collision-
limit. However, it is also an indication that thénfeida et al. (2013) data underestimate the
NPF rates, which is further discussed in the foltmpsection.
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3.3 Reconstruction model results

Recently, a new method was introduced, which alldhes extrapolation of NPF rates
determined at a larger sizéy4) to a smaller diametedfy). The advantage of that method is
that the effect of cluster-cluster collisions (ssdfagulation) can be accurately taken into
account (Kurten et al., 2015a). So far, the metiaginot been tested for measured particle size
distributions. However, the effect of cluster-ckrstollisions should be largest in the case of
collision-controlled nucleation since it results the highest possible cluster (particle)
concentrations for a given production rate of naiittey molecules. Therefore, the current data
set is ideal for testing the new method. It requitlee measured growth rate as an input
parameter (equation (4)); this growth rate wasvaerifrom fitting a linear curve to the mode
diameter determined from the SMPS size distribufidinsikko et al., 2005). It was then used
as a constant (i.e., it was assumed that it ispeddent of size) for the full reconstruction of
the size distribution, in order to obtain a forroatrate at 1.7 nm. The growth rate could only
be accurately determined for experiments with nedht high sulfuric acid concentration
(above ~5x10cnt®); therefore, the reconstruction method was orstet for these conditions
(Figure 1). The comparison with the modeled fororatiates at the same size (1.7 nm) shows
that the reconstruction method yields quite aceurasults, highlighting the importance of
cluster-cluster collisions in this chemical systdrhis explains why the Almeida et al. (2013)
data strongly underestimate the particle formataias.

While the reconstruction method gives good resinltthe present study, it needs to be
mentioned that the errors for this method can becqgoite large. Small inaccuracies in the
growth rate, can be blown up to very large uncetigs due to the non-linear nature of the
method. This can be seen for some of the data eiith large error bars in the positive
direction. The errors are calculated by repeatiegéconstruction with growth ratéfR + dGR,
where @GR is the error from the fitted growth rate. Therefothe accuracy of the method
strongly depends on good growth rate measurementsyelies on the assumption that the
growth rate does not change as a function of 3ilzis. seems to be a reasonable approximation
for collision-controlled nucleation under the pretseonditions, but it could be different in other
chemical systems.

3.4 Sizedistribution comparison between model and SMPS

Further comparison between modeled and measuradivdat performed for one experimental
run (CLOUD7Y run 1036.01) in which the particles eegrown to sizes beyond 20 nm.
Therefore, the time-dependent cluster/particle eotrations were modeled for a monomer
production rate of 2.9x2@m? s, which results in a steady-state monomer condamraf
1.05x10 cnv® for the model; this is the same as the measunéaristacid concentration. The
measured and modeled size distributions are shovigi. 2 (upper panel) at four different
times, i.e., at 1h, 2h, 4h and 6h after the sththe experiment. Given that there is no free
parameter used in the model, the agreement isgaog. For the earliest time shown (1h) the
modeled concentrations overestimate the measurezbotrations by up to 30%, whereas for
the later timesX 4h) the model underestimates the measured coatiens by up to 30%. It
is unclear whether these small discrepancies a¢a@8MPS measurement uncertainties, or if
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the model does not include or accurately desctilibarelevant processes. If, for example, the
SMPS would underestimate the concentrations ofsthaller particles (< ca. 15 nm) and
overestimate those of the larger particles, theeolesl difference between modeled and
measured concentrations could also be explained.

The lower panel of Fig. 2 compares measured ardEhad aerosol volume concentrations.
In order to enable direct comparison, the modeied distribution was integrated starting at
4.3 nm since the SMPS did not capture smaller@esti In the beginning of the experiment the
modeled aerosol volume is somewhat larger thamisured one, but, towards the end of the
experiment (ca. 4h after its start), the volumeseagquite well, possible because the
overestimated modeled particle number density allsdiameters is compensated by the
underestimated particle concentration in the lagiee range (see Fig. 2, upper panel). This
trend leads eventually to a slight underestimadibtine aerosol volume by the model.

If one assumes that the SMPS is not responsibleh® slight disagreement, then the
following conclusions can be drawn regarding theuaacy of the model. The particle growth
rate is almost perfectly represented by the modetngthe good agreement between the
positions of the local maxima in the size distribatand the intersections between the size
distributions and the x-axis. This good agreemeetiwvben measured and modeled size
distributions has already been demonstrated inijhalotet al. (2016) for a particle diameter of
2 nm. The results shown here indicate that no fsgmit condensation of other trace gases
contribute to the growth of particles because, his tcase, the measured particle size
distributions would be shifted towards larger diten® compared to the model.

The good agreement between model and measuresradabia confirmation of the effect of
van der Waals forces, when a Hamaker constant4efl62° J is used, a value that has been
demonstrated previously to represent particle diggibution dynamics correctly (McMurry,
1980; Chan and Mozurkewich, 2001; Kirten et alLl&2Q.ehtipalo et al., 2016). Regarding the
underestimation of the modeled size distributiondiametersz15 nm, one explanation could
be that the size-dependent particle loss ratdsiftCt OUD chamber are weaker than assumed
(kw ~D°%; see equation (2)). A weaker size dependence weattito higher predicted particle
concentrations at larger sizes (Park et al., 208djvever, no evidence was found from the
existing CLOUD data that this is the case. Deditatell loss experiments could be performed
in the future to investigate this hypothesis furthe

3.5 Comparison of CLOUD chamber datato flow tube measurementshby Jen et al. (2016a)

The data presented in the previous sections prawakence that the new particle formation in
the sulfuric acid-dimethylamine system during CLOUproceeds at rates that are consistent
with collision-controlled nucleation, in agreemevith results for this data set obtained using
different approaches (Kirten et al., 2014; Lehtpetl al., 2016). However, measured cluster
concentrations for the sulfuric acid-dimethylamisgstem from flow tube experiments
indicated that finite evaporation rates exist fame clusters (Jen et al., 2014; Jen et al., 2016a).
This was supported by the observation that dianiaasyield even higher formation rates than
amines for some conditions (Jen et al., 2016kthiksection, we compare the results by Jen et
al. (2016a) to the results from the present studgrder to perform the comparison, the model
described in section 2.4 was expanded in a wayall@ts to calculate the concentrations of
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the monomer, dimer and trimer as a function ofrttenethylamine content. In the following
AxBy denotes the concentration of a cluster contairisglfuric acid ¥ = 1 for the monomer)
andy base (dimethylamine) molecules. It is assumedxthat for all clusters, i.e., the number
of bases is always smaller or equal to the numbacid molecules. When the total monomer
concentration (A+ A1B,) is fixed then the following equations result, f& the ABs cluster:

dA.B,

P Ki1-By-4A — (kl,w +kay +keap, + ¥, max K, ; N]) *A1By, (10)

j=1

for the two different identities of the sulfuriciddimer:

dA,B
f = (K1,1 “Ay - AB1 + ke B, 'A3B1) - (kw,z +kagu + K12 B+ 21};1 K- N]) :
A,Bq, (11a)
dA,B
% = (0-5 "Ky1°A1By " A1By + Ky 5By - A3By + ke agp, 'AsBz) - (kw,z + kg +

jy=1 Kj,z ’ N;) Ay B, (11b)

and for the three different identities of the sritfuacid trimer:

d43B

= (K12 Ay~ A2By) = (kws + kay + ke azp, + Ki3 - Bi + X1 Kjs ;) - A3 By, (128)
dA3B

d3t 2= (K2 A1By+A3By + Ky Ay - AyBy + Ky 3+ By - A3By) — (ks + kay + ke, +
Kis B+ X}, Kj3- N;) - A3B,, (12b)
dA3B;

Fra (K12 A1By - AzBy + Ky 3 By A3By) — (ks + kay + YK N;) - A3B3. (12¢)
Stable tetramers are formed from trimers and diniersrder to be stable they need to contain
at least two base molecules (Jen et al., 2016a):

dN.
= (Ki3-A1By - A3By + Ky3° Ny - (A3By + A3B3) + 0.5 Ko - Ny - Ny) — (K a +

kg + X1 Kja - N;) - Ny. (13)

The concentrations of larger clusters and partieles calculated with the same method as
described in section 2.4. The evaporation ratesidered aré a1g1= 0.1 &%, ke a181= 1 s' and
ke,arg1=1 st (Jen et al., 2016a). Pure acid clusters are agbtovevaporate much more rapidly
at this temperature (278 K) and are, thereforecansidered (Hanson and Lovejoy, 2006). The
cluster concentrations reported in the followinfgerdo the number of acid molecules in the
cluster, i.e.N1 = A1 + A1B1, N2 = A2B1 + A2B2 andN3 = AsB1 + AsB2 + AsBs.

Figure 3 shows a comparison between calculatesterludimer, trimer, tetramer and
pentamer) concentrations using collision-controltectleation (section 2.4) and the model
described in this section. When a DMA mixing ratfo40 pptv is used (this was the average
mixing ratio of DMA during the CLOUD7 experimentthere is almost no difference between

12
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the two scenarios. This indicates that, under th®@D7 conditions, new particle formation
proceeded at almost the same rates that resublaion-controlled nucleation. Nevertheless,
this does not imply that all cluster evaporaticiesaare zero. The conditions are only such that,
due to the high DMA mixing ratio, most of the clerst (including the monomer) contain as
many DMA molecules as sulfuric acid moleculeshi tatio between acid and base is 1:1 the
clusters are most stable if their evaporation ratesassumed zero as in the model by Jen et al.
(2016a). This assumption is supported by quantuematal calculations (Ortega et al., 2012).

The effect of the dimethylamine concentration ba tluster concentrations and on the
particle formation rate was further investigatede Tower panel of Fig. 3 shows that the cluster
concentrations and the NPF rate at 1.7 nm deceitlsalecreasing DMA levels. The figure
shows the concentrations and the NPF rate nornddlig¢he results for the collision-limit. The
NPF rate drops by about a factor of three when DislAeduced to 2.5xI@ni® (~ 1 pptv).
Below that level, the reduction ihand in the trimer, tetramer, and pentamer conagatrs is
approximately linear with DMA. The dimer is les$eafted since, in the model, its evaporation
rates are set to zero while the evaporating trimerdribute to the dimer concentration. From
this perspective, very high particle formation saghould be observed even at DMA mixing
ratios around 1 pptv, which should be almost imdligtishable from rates calculated for
collision-controlled nucleation. Possibilities whych high rates have so far not been observed
are discussed in section 4.

3.6 Simulation of atmospheric nucleation at low DM A mixing ratio

A comparison between modeled and measured atmaspiea is shown in Fig. 4. The
measured data at a mobility diameter of 1.5 nnfrara a station in a boreal forest in Finland
(Kulmala et al., 2013). Sipila et al. (2015) repartrecently that no dimethylamine could be
detected at this site. However, the detection lohthe instrument was ~0.12 pptv; this would
leave open the possibility that tiny concentratiohOMA could be present. Therefore, the
model described above was used to estimate whatr&tE§would result for a comparable low
dimethylamine mixing ratio of 0.1 pptv for varyiegncentrations of sulfuric acid. The adjusted
model described in section 3.5 was used to caktiat NPF rates at 1.5 nm (cluster containing
six sulfuric acid and six DMA molecules) in order be consistent with the atmospheric
measurements (Kulmala et al., 2013). The effecthef condensation sink by pre-existing
particles that can scavenge sulfuric acid and #helyrformed particles was considered by
introducing a monomodal log-normal size distribotigith a mode diameter of 100 nm and a
geometric standard deviation of 1.5. The totalipi@toncentration of the pre-existing aerosol
was scaled such that the condensation sink is2&%@or sulfuric acid. To cover a wide size
range the geometric factor for the size bin waseased from 1.015 to 1.035. For these
simulations, the wall loss factor and the dilutrate constant were set to zero.

The results from Fig. 4 (green line) indicate tthet expected NPF rates would be higher
than the measured rates in most cases; espectalligla sulfuric acid concentrations, the
calculated rates are significantly faster. Thiglie to a steeper slope of the NPF rates as a
function of sulfuric acid. However, keeping the @itmylamine mixing ratio constant at 0.1 pptv
for all acid concentrations is probably not readigor two reasons: (1) a high sulfuric acid
concentration is, in some cases, related to a@igiconcentration; OH can, however, deplete
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DMA in the gas phase; and (2) the DMA is consumgthle newly-formed particles. In order
to consider these effects, the DMA concentratiaassumed to scale inversely with the sulfuric
acid concentration, i.e., at 1>81€n2 of sulfuric acid, the DMA mixing ratio is 0.1 pptwhile

it is only 0.01 pptv at 1xT0cm?® of sulfuric acid. This is a very strong assumptiiiout the
connection between sulfuric acid and DMA, but tbenario (magenta curve) results in much
slower NPF rates at high acid concentrations aedrtbdel curve can in principle replicate the
measured NPF rates including the shallower sldpkas to be noted that very small DMA
mixing ratios (e.g., 0.01 pptv equal ~2.5%1d73) are assumed, which are up to ~100 times
lower than the acid concentration. Therefore, tenario might seem unphysical at the first
glance. However, not all amine molecules are bdarglilfuric acid. The model indicates that
only a tiny fraction of the sulfuric acid monomemtains a dimethylamine molecule, so there
would still be a high fraction of free DMA. What isowever, required for such a scenario is a
local source term that replenishes the DMA; otheewthe DMA would be rapidly depleted by
the condensation sink. Evidence that amine mixiap$ decreased during new particle
formation events has been reported (Kurten eR@lgb).

In addition, it should be noted that we do no¢raft to explain new particle formation in
the boreal forest from sulfuric acid and dimethyilagnas no direct evidence has been found
that this occurs. Rather, our analysis shows thanhe mixing ratios below current detection
limits could lead to significant NPF rates.

4. DISCUSSION

This study confirms the previous conclusion thaw mparticle formation in the sulfuric acid-
dimethylamine-water system can proceed at or ¢to#ige collision-controlled limit (Kirten et
al., 2014; Lehtipalo et al., 2016). This is thescs sulfuric acid concentrations between 1%10
and 3x10 cnt® and dimethylamine mixing ratios around 40 ppt2#8 K and 38% RH. For
these conditions particle formation rates and dig&ributions can be reproduced with high
accuracy by an aerosol model that assumes thaiclpagrowth is exclusively due the
irreversible addition of EBye(CH3)2NH “monomers” and coagulation. Even when
evaporation rates for the less stable clustersnén@duced in the model (Jen et al., 2016a) the
resulting particle formation rates are effectivielgistinguishable from the kinetic model results
for CLOUD7 conditions. This indicates that the fltmbe study by Jen et al. (2016a) and the
CLOUD data are in good agreement. The fact thatibasured particle size distribution can
be reproduced with good accuracy shows that neitveger nor other species contribute
significantly to particle growth during these CLOWbamber experiments. Water could play
a role at higher relative humidities, however, ddition, it is not clear yet how temperature
influences the cluster evaporation rates. The ewaipn rates from Jen et al. (2016a) were
derived at temperatures close to 300 K; therefoeestmulation of nucleation in the CLOUD
chamber (278 K) using the Jen et al. (2016a) ratarpeters is likely to overestimate the effect
of cluster evaporation.

The question of why sulfuric acid-amine nucleati®mnarely observed in the atmosphere is
still open. Jen et al. (2016a) reported that chgdteat contain equal numbers of dimethylamine
and sulfuric acid molecules are ionized at redweffidiencies than more acidic clusters with
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the commonly used NEYHNOs)o> reagent ions. Still, Kirten et al. (2014) observégh
concentrations for large clusters containing aoid base at an average ratio of 1:1. A reduced
detection efficiency was also reported but the cedwsensitivity (in relation to the monomer)
was, e.g. only a factor of 3 for the trimer conitagnDMA. Using the model results from section
3.5 the expected trimer concentration ®t@ cni® of sulfuric acid and 1 pptv of DMA should
be ~&x10° cnmi. Even when the detection efficiency for the trimers reduced by a factor of
3, such a concentration should still be well abtive detection limit of a CI-APi-TOF.
However, no sulfuric acid trimers could be detedted field study where amines were present
at levels above 1 pptv (Kirten et al., 2016b)s/ttherefore, possible that any amines present
were not suitable for nucleation. Therefore, agpian of methods capable of amine speciation
should be applied more widely in atmospheric messents (Place et al., 2017).

Several CLOUD papers reported particle formatites for a diameter of 1.7 nm. Some of
these published formation rates were derived froectimeasurements using particle counters
with cut-off diameters close to 1.7 nm (Riccobona@le 2014; Duplissy et al., 2016), while
other reported NPF rates were derived from prooessels describing the nucleation process
in the CLOUD chamber (Kirkby et al., 2011; Kirkbyad., 2016). Therefore, no extrapolation
of the NPF rates from a larger threshold diametes performed, which could have led to an
underestimation due to missing self-coagulatiorsites Almeida et al. (2013), the data set
reported by Dunne et al. (2016) and Kurten et 2016a) did make use of the NPF rate
extrapolation method from 3.2 to 1.7 nm withoutingkinto account the effect of self-
coagulation. However, the reported formation ratesin almost all cases, considerably slower
than those for the collision-controlled limit atgaven sulfuric acid concentration since no
dimethylamine was present in the CLOUD chamber (i2uet al., 2016; Kirten et al., 2016a).
The chemical system in these studies was the bsyatem, (HSOQs and HO) and the ternary
system involving ammonia. The conditions only agfted the collision-controlled limit at
the lowest temperature (210 K) when the highest anianmixing ratio of ~6 pptv was
investigated (Kurten et al., 2015b). However, euader these conditions, the reported rates
are only about a factor of 2 slower than the doltiscontrolled limit (Kurten et al., 2016a).
This is probably related to the low acid conceirat & 3x1® cn®) in these experiments,
where the self-coagulation effect is not as strasgt higher acid concentration (see Fig. 1)
when wall loss and dilution lead to decreased elusbncentrations relative to the monomer.
This indicates that previously published CLOUD teswther than the Almeida et al. (2013)
data, are most likely not significantly affected.

McMurry and Li (2017) have recently investigatée effect of the wall loss and dilution
rate on new particle formation with their numeriodel, which uses dimensionless parameters.
In order to allow for a comparison between McMuarnd Li (2017) and the present study,
information on the parametevé (describing wall loss) anld (describing dilution) is provided
(see McMurry and Li, 2017, for the exact definispnThese parameters range from 0.04 to 0.7
(W) and %1072 to 4x10? (M) for the experiments shown in this study. The nmeoproduction
rate P1) ranges from ¥10° to 2x10° cm® s,
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5. SUMMARY AND CONCLUSIONS

New particle formation rates from CLOUD chamber mwaments for the sulfuric acid-
dimethylamine-water system were re-analyzed. Itfeasd that the previously published rates
by Almeida et al. (2013) underestimate the NPFsratg up to a factor of ~50 at high acid
concentrations (~1x10cm?®). The reason for this underestimation is the effefc self-
coagulation that contributes efficiently to theda¥ small particles in the size range relevant
for the data analysis (between 1.7 and 3.2 nm).pFaeiously used method for extrapolating
the NPF rates from 3.2 nm to 1.7 nm did not incltide effect and therefore the correction
factors were too small. Using an advanced recoctidru method that accounts for the effect
of self-coagulation yields much higher NPF rateér(&n et al., 2015a). These corrected NPF
rates are in good agreement with rates calculated &n aerosol model assuming collision-
controlled nucleation and with measured NPF rat@s SMPS data. Furthermore, the model
can reproduce the measured size distribution vatidgccuracy up to ~30 nm.

Extending the aerosol model by including evaporatates for some clusters (see Jen et al.,
2016a) still yields good agreement between modatet measured CLOUD NPF rates and
cluster concentrations. This indicates that tha ffain the flow tube study by Jen et al. (2016a)
and from CLOUD (Kdurten et al., 2014) are consistent

The aerosol model including the evaporation rest@dso used to simulate atmospheric new
particle formation. Assuming low DMA mixing ratig¢s 0.1 pptv) the atmospheric NPF rates
can be reproduced reasonably well; however, tlaively low slope of NPF rate vs. sulfuric
acid concentration requires the use of a decred@img concentration with increasing sulfuric
acid concentration. Such conditions are, howeveaswonable because the incorporation of
amines into newly formed particles leads to depietf the amines, whiled3Qy is efficiently
replenished by the production from OH and.SO

The above findings raise some further conclusam questions. These are in part related
to the rare detection of sulfuric acid-amine nutteain the atmosphere. Only one study has so
far reported sulfuric acid-amine nucleation (Zhaale 2011). The nucleation of sulfuric acid-
amines could occur, however, more often than ctigrémought.

— It is unclear to what extent previously publishech@spheric NPF rates are affected by
incompletel extrapolations. Som&measurements were made at diameters close to 3 nm
and extrapolated to a smaller size. If self-codgpravere important, the formation rates at
the small sizes could be significantly underestedatand, therefore, in reality be much
closer to rates consistent with collision-contrdligucleation than previously thought. In
such a case, DMA (or other equally effective amjiramild have been responsible for
nucleation as they are among the most potent rticaheprecursors (in combination with
sulfuric acid). To avoid such ambiguities, the Nakes should, in the future, be directly
measured at small diameters whenever possible.

— Better gas-phase amine (base) measurements arednéaetection limits need to reach

mixing ratios even below 0.1 pptv; ideally the noeth should also be capable of speciating
the amines (discriminate e.g. dimethylamine frohykimine, which have the same mass
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when measured by mass spectrometry but probablgveetiifferently in terms of their
contribution to NPF).

— Itis not clear why no clusters containing threenore sulfuric acid molecules are frequently
observed during atmospheric new particle formatidren amines are expected to be
present. This could be due to incorrect assumptidomit the amine concentrations, the
amine identities, or a reduced detection efficienafy chemical ionization mass
spectrometers (Jen et al., 2016a). The potentialdtion of complex multi-species clusters
(containing sulfuric acid, amines, ammonia and ized organics) in the atmosphere could
distribute the clusters over many different ideéesitand therefore result in concentrations
too low to be detected by the current instrumemniafor the individual species.

The overall contribution of amines to atmosphericleation can only be quantified after these
issues are understood. Besides further atmosplmeei@surements, controlled laboratory
measurements are necessary. Of special interesh@nemperature dependent evaporation
rates of the relevant sulfuric-acid amine clusters.
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Fig. 1. Comparison between experimental and theoreticelicfg formation rates at two
different sizes (mobility diameters of 1.7 nm an8 @m). The lines indicate calculated particle
formation rates from the collision-controlled aerianodel described in section 2.4 for CLOUD
chamber conditions. The shaded regions show thehundertainties when using an error of
+20% for the wall loss coefficien€(, see equation (2)). The open red symbols showaqursly
published CLOUD7 data for the sulfuric acid-dimé#mine-water system (Almeida et al.,
2013), while the blue symbols show the rates ddrifimm SMPS size distribution
measurements (this study). The data shown by tieedIred symbols were derived with the
method introduced by Kirten et al. (2015a) by edfating the SMPS data starting at 4.3 nm.
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1082 Fig. 2. Comparison between simulated and measured pasizke distributions for one
1083  experiment (CLOUD7, run 1036.01). The comparisoshiewn in the upper panel for four
1084  different times (1h, 2h, 4h and 6h) after the starhe experiment. The lower panel shows a
1085 comparison between modeled and measured aeroswheas a function of time. The shaded
1086  regions show the model uncertainties when usingrar of £20% for the wall loss coefficient
1087  (Cw, see equation (2)).
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1090 Fig. 3. Upper panel: Comparison of modeled clusier £ dimer,Ns = trimer,Ns = tetramer
1091 andNs = pentamer) concentrations using different scesaihe dashed black lines use the
1092  collision-controlled nucleation scheme with all paeation rates set to zero (section 2.4); while
1093 the colored solid lines are calculated based onntioelel by Jen et al. (2016a) with a
1094 dimethylamine mixing ratio of 40 pptv, which wasetlaverage mixing ratio during the
1095 CLOUD7 campaign. Lower panel: Variation in modet#gister concentration anld.7nmas a
1096  function of the dimethylamine mixing ratio (Jeraét 2016a). The data were normalized to the
1097 values from the collision-controlled limit calcultat (upper panel). For the calculations a
1098  sulfuric acid concentration of 5x406n® was used. See text for further details.
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