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Abstract

A recent CLOUD (Cosmics Leaving OUtdoor Dropletepmber study showed that sulfuric
acid and dimethylamine produce new aerosols vdigiaitly, and yield particle formation
rates that are compatible with boundary layer olzgms. These previously published new
particle formation (NPF) rates are re-analyzechm iresent 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 corregctparticle 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 ggakeent over a wide range (up to ca. 30
nm). Furthermore, the aerosol model is modifiechghat evaporation rates for some clusters
can be taken into account; these evaporation veges previously published from a flow tube
study. Using this model, the findings from the prasstudy and the flow tube experiment can
be brought into good agreement for the high baseitb ratios (~100) relevant for this study.
This confirms that nucleation proceeds at ratet dha compatible with collision-controlled
(a.k.a. kinetically-controlled) new particle forrmat for the conditions during the CLOUD7
experiment (278 K, 38% RH, sulfuric acid concemntratbetween £10° and 3«10’ cnm® and
dimethylamine mixing ratio of ~40 pptv, i.ex10° cni3).
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1. INTRODUCTION

The formation of new particles by gas-to-particnweersion (nucleation or new particle
formation, NPF) is important for a variety of atpbsric 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, leedt al., 2005; Kuang et al., 2008; Kirkby
et al., 2011) and indeed it can explain some ofotbeerved particle formation together with
water vapor for neutral (uncharged) and ion-inducexditions when temperatures are low,
e.g., in the free troposphere (Lee et al., 2008gjay 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, @gumonia, besides sulfuric acid and water,
can lead to much higher NPF rates compared toittaaybsystem (Weber et al., 1998; Ball et
al., 1999; Kurten et al., 2016a). Nevertheless,nimst conditions close to the surface, the
concentrations of }$Qs and NH are too low, or temperatures are too high, toraflignificant
ternary nucleation of these compounds (Kirkby gt28l11; Kirten et al., 2016a). However, the
substitution of ammonia by amines, e.g., dimethyhenf(CHs).NH), leads to NPF rates that
can explain the atmospheric observations over & watge of sulfuric acid concentrations,
even when the amine mixing ratios are in the lowpange (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 collision+todlied, i.e., that it proceeds at the maximum
possible speed (Rao and McMurry, 1989), when aminég ratios are above ~20 pptw(E’
cm®), and sulfuric acid concentrations are betweer0ixin® and 3x10 cni® at 278 K and
38% RH (Kurten et al., 2014). Indications that NfaR be collision-limited were reported more
than 30 years ago based on the analysis of chamickration experiments (McMurry, 1980),
although the involvement of amines, which were ply present as a contaminant during
those experiments, was not considered. Indicatimatsatmospheric nucleation might occur by
a collision-limited process have also been prewopegesented (Weber et al., 1996). Despite
the strong evidence that sulfuric acid-amine nuieais very efficient, it has rarely been
observed in the atmosphere. Only one study haarseported sulfuric acid-amine nucleation
(Zhao et al., 2011) despite amine mixing ratiosto tens of pptv at some sites (Yu and Lee,
2012; You et al., 2014; Freshour et al., 2014; ¥aal., 2016). A global modelling study of
sulfuric acid-amine nucleation has been carriedsoutar (Bergman et al., 2015) applying a
nucleation parametrization based on the measuresmétimeida et al. (2013) and Glasoe et
al. (2015).

Atmospheric boundary layer nucleation can als@X@ained by the existence of highly-
oxygenated organic molecules (Crounse et al., 2B8b8; et al., 2014), e.g., frompinene.
These highly-oxygenated molecules have been faunddleate efficiently in a chamber study
even without the involvement of sulfuric acid, esp#ly when ions take part in the nucleation
process (Kirkby et al., 2016).

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

In this study, we reanalyze data from CLOUD (Casmmieaving OUtdoor Droplets)
chamber experiments conducted at CERN during Oofdbeember 2012 (CLOUD7
campaign). New particle formation rates as a famctf the sulfuric acid concentration from
CLOUD7 were previously published (Almeida et alQ13). However, these data are re-
analyzed in the present study using an advancedogé¢bat takes into account the effect of
self-coagulation in the estimation of new particiemation rates (Kurten et al., 2015a). The re-
analyzed data and NPF rates obtained from Scankiagility Particle Sizer (SMPS)
measurements are compared to results from a kiaet@sol model. Modeling is also used for
a comparison between results from a flow tube s{ddwg et al., 2016a) and CLOUD.

The reanalyzed data cover sulfuric acid concentratfrom ca. 1x10to 3x10 cnr®, which
fall into the range for most observations of atni@sjc boundary layer new particle formation
events (e.g. Kulmala et al., 2013). The dimethytamixing ratio for most of the data shown
in this study is ~40 pptv (1x2@n73), which is within the rather wide range of obseivas
(0.1 to 157 pptv, i.e., 2.5x%00 4x18 cn) for C2-amines to which dimethylamine belongs to
(Yao et al., 2016).

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 plegicin chemically diverse systems.
Additionally, the influence of ions on new partié@mation (NPF) and growth can be studied
inside the 26.1 felectro-polished stainless steel chamber (Kirkbyale 2011). For the
experiments discussed in this paper, NPF is ietidty illuminating the air inside the chamber
with UV light by means of a fiber-optic system (Kupt al., 2011), which produces sulfuric
acid (HbSQu) photolytically from reactions involving £ H.O, SQ and Q. Diluted
dimethylamine and sulfur dioxide are taken from gatles; inside the chamber, these trace
gases mix with clean synthetic air (i.e. @d N with a ratio of 21:79 from evaporated
cryogenic liquids). To ensure homogenous conditithvesair is mixed with magnetically driven
fans installed at the top and bottom of the char{Neigtlander et al., 2012). A thermal housing
controls the chamber temperature to 278.15 K witlemeral hundredths of a degree. The
temperature was not varied for the experiments/aglefor this study. The relative humidity
was kept constant at 38% by humidifying a fractwdhe inflowing air with a humidification
system (Duplissy et al., 2016). In order to keep gihessure inside the chamber at 1.005 bar,
the air that is taken by the instruments has todmtinuously replenished. Therefore, a flow of
150 I/min of the humidified air is continuously glied to the chamber. For the sulfuric acid,
dimethylamine and water system, ions do not hasteasg enhancing effect on the nucleation
rates for most conditions (Almeida et al., 2018Bgrefore, we do not distinguish between the
neutral and charged pathway in such runs.
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A suite of instruments is connected to the CLOUfarmber to measure particles, ions,
clusters and gas concentrations. A summary of tines@iments is provided elsewhere (Kirkby
et al.,, 2011; Duplissy et al., 2016). For this gtutheasured sulfuric acid and particle
concentrations are relevant. A Chemical loniza#tdmospheric Pressure interface-Time Of
Flight Mass Spectrometer (CI-APi-TOF) was emplot@theasure sulfuric acid and its neutral
clusters in this study (Jokinen et al., 2012; Kiirten et al., 2014). The particle concentrations
originate from a scanning mobility particle siz&MPS, Wang and Flagan, 1990), which
measured the particle size distribution betweemanrdt~80 nm. The SMPS uses a differential
mobility analyzer built by the Paul Scherrer Ingt it includes a KP charger to bring the
particles into a charge equilibrium before they @esssified. The retrieval of the particle size
distributions requires corrections for the chargamgl the transmission efficiency, which were
performed according to the literature (Wiedensohderd Fissan, 1988; Karlsson and
Martinsson, 2003). The mixing ratio of dimethylamivas determined by ion chromatography
with a detection limit of 0.2 to 1 pptv ¥&C° to 2.5¢<10" cm®) at a time resolution between 70
and 210 minutes (Praplan et al., 2012; Simon g2@l.6).

2.2 Calculation of particle formation rates

Particle formation rate¥(cnt® st) are calculated from the measured size distripst{assumed
to consist oh bins). For the size bin with the index the rate at which particles with a diameter
equal or larger thady are formed can be calculated according to Kirtexh. e2015a:

_ szm

Jom =

+ X (ki - N + ki - Nog + i n(Zhisij - Kij - Ny - Np). (1)

This equation takes into account the time deriwat¥the number density of all particles for
whichdp > dm, i.e.,N>m, and corrects for the effects of wall loss (siepehdent wall loss rates
kw,), dilution (dilution ratekqi), and coagulation (collision frequency functilir)), whereN;
andN; are the particle number densities in differen¢ $iins. The rate of losses to the chamber
walls can be expressed by Crump and Seinfeld, 1981:

kW(dp) =Cy - 1ID(dzo)' (2)

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

kp'T-Cc

D(dp) = 5 (3)

whereky, T, 77, are the Boltzmann constant, the temperaturetrendas viscosity, respectively.
The Cunningham slip correction factQx;, is a function of the particle Knudsen numisén,=
22/dp, and’. is the mean-free-path of the gas molecules. Thererally derived proportionality
coefficient,Cw, depends upon the chamber dimensions and ont#resity of turbulent mixing.
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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 dedaylburic acid when the UV light is turned
off, was 554 s (wall loss rate 0.0018%),swith the experimentally determined diffusivityig
yields a factorC, of 0.00667 crt s%°. However, in this study diffusivities were caldeale
according to equation (3), so the calculated momatfieisivity (for a monomer with a density
of 1470 kg m? and a molecular weight of 0.143 kg mMpsee section 2.4) required a different
scaling, resulting in a value @, = 0.00542 cnt s%° that was used throughout this studly.

Dilution is taken into account by a loss rate tisaindependent of size and equkls =
9.6x10° s'. Correcting for particle-particle collisions retes 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,)1984ding to a maximum
enhancement factor of ~2.3 for the smallest clastefative to the collision rate in the absence
of van der Waals forces. The factor of 2.3 hasipteslty been shown to give good agreement
between measured and modeled cluster and partinlzentrations for the chemical system of
sulfuric acid and dimethylamine (Krten et al., 20lehtipalo et al., 2016). In order to consider
the collisions of particles in the same size bis¢aling factos is used in equation (1), which
is 0.5 when =j and 1 otherwise.

2.3 Reconstruction method

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

the following;dp2 corresponds to the index= 1). The method starts by calculating the number
density in the first newly introduced smaller sime (indexm = 0, diameted,2 - ddp):

Jzm Jzm
N1 = (dpm — dpm-1) e ddy, - 22 4)

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 introdubgdis known
this information can be used to calculdta. In the further steps, the numbks. andJm.2 are
calculated and so on. In this way, the size distidn can be extrapolated towards smaller and
smaller sizes in a stepwise process until eventuadiching the diametelp:.

The method has so far only been tested againstatied data but not against measured size
distributions (Kurten et al., 2015a). In this studg smallest measured SMPS diametdpis
4.3 nm; 26 new size bins witldg= 0.1 nm were introduced and this enabled theution of
the NPF rates at,: = 1.7 nm in the smallest size bin. This size wassen since previously
published particle formation rates from the CLOU{periment were reported for this diameter
(e.g. Kirkby et al., 2011; Almeida et al., 2013c€dbono et al., 2014).

The method introduced here explicitly takes intocant losses that occur between particles
with dp1anddp. (self-coagulation). These losses have not beeantako account by Almeida
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et al. (2013). Almeida et al. (2013) deriv@¢bnm from CPC and SMPS measurements by
including the corrections for wall loss, dilutiondacoagulation above 3.2 nm (see also Kirten
et al.,, 2016a). However, the extrapolation to InY was made by using the Kerminen and
Kulmala equation (Kerminen and Kulmala, 2002), vhétes not include the effect of self-
coagulation. For the system of sulfuric acid andethylamine, where a significant fraction of
particles reside in the small size range, this ggeds, however, important.

2.4 Kinetic new particle formation and growth model

The measured particle formation rates are compseradodeled 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 conceioimatand size distributions of particles
formed photochemically from SQn chamber experiments (Clark and Whitby, 1979 ar
consistent with collision-controlled nucleationsuéts from updated versions of this model
have recently been presented (Kurten et al., 2McMurry and Li, 2017). The model used
here has been described previously (Kurten e8ll4; Kirten et al., 2015a, Kirten et al.
2015b) but only brief introductions were reportdterefore, more details are provided in the
following.

As outlined in Kurten et al. (2014), collision-¢aovlled new particle formation accurately
described the measured cluster distributions ferstiifuric acid-dimethylamine system up to
the pentamer (cluster containing five sulfuric acidlecules). In this model, it was assumed
that the clusters consist of “monomeric” buildingdks, each containing one dimethylamine
and one sulfuric acid molecule. Evidence that this-ratio between base and acid is
approximately maintained for the small clusters pr@sented from neutral and charged cluster
measurements (Almeida et al., 2013; Kirten et2814; 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 mol and dimethylamine with 0.045 kg mi) and the density as 1470 kg®m
(Qiu and Zhang, 2012).

During the reported experiments (CLOUD?7 in fallLl2), dimethylamine was always present
at mixing ratios above ca. 20 pptw(@?® cn®). Dimethylamine (DMA) was supplied from a
certified gas bottle and diluted with synthetic la@fore it was introduced into the chamber to
achieve the desired mixing ratios. Sulfuric acid\ganerated in situ from the reactions between
SO and OH whenever the UV light was turned on (see@®2.1). Since the UV light intensity
and the gas concentrations were kept constantghoat each individual experiment, it is
justified to assume a constant monomer productaie ;. The equation describing the
temporal development of the monomer concentrabionis

Fral P - (kl,w + kair + ¥ Nmax K j N]) Ny %)

j=1
and, for the clusters containing two or more siudfacid moleculesk(> 2),

AN _ 1
2t =7 Zirj=ie Koy Ni Nj = (ki + kau + Ejr Kigj - Nj) - Ne. (6)
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The same loss mechanisms (wall loss, dilution avaduglation) as for the calculation of the
particle formation rates (section 2.2) are congdevhen 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 sizetlohthe SMPS used in CLOUD7. Tracking
each individual cluster/particle up to this largeesvould be computationally too demanding,
so the size distribution was divided into so-calealecular size bins (tracking each individual
cluster), and geometric size bins, where the midtpdiameters 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 birfjile 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 simildhéomolecular bins, except that the collision
products were distributed between the two closest bins. Two smaller particles with
diametersly,i anddpj generate a cluster with size

1/3
dpx=(d3;+d3;)"". 7
If it is assumed that the collision product fafitoi the size range covered by the geometric bins,
its diameter will be between two size bk anddp k+1. The production rate of particles with
diameterdp x is

Px :Si,j.Ki,j'Ni.]Vj' (8)

For the geometric size range, the resulting pagiare distributed between the two bins to
conserve mass, i.e.,

d; k+1_dz3;x
— D, X\
Fie = (d3 —d3 ) B o)
p.k+1 p.k
dy k+1_dz37x
— D, X\
Pk+1 - (1 - a3 —d3 ) Px- (9b)
pk+1” “pk

When the collision product falls into the moleculsize bin regime the calculation is
straightforward because the diameter of the prodgotes exactly with a molecular bin and
does not need to be distributed between two b ffse production term in equation (6)). In
case the collision products exceed the largestlisimeter, the product is entirely assigned to
the largest bin, while taking into account the isgasuch that the total mass is conserved.

In the model, no free parameter is used as theecwration of monomers is constrained by
the measurements. Therefore, the productiorP@ateadjusted such that the resulting monomer
concentration in the model matches the measuréarsudcid concentration. The model is used
to simulate the experiments for a duration of 10,80wnith a time resolution of 1 s. For the
small clusters and patrticles this leads to a ststatg between production and loss; therefore,
the resulting concentrations are essentially tintependent.

The model introduced here was compared with thdeindescribed in McMurry and Li
(2017) and yielded almost indistinguishable residtsseveral scenarios when the same input
parameters were used. We take this as an indicétiaihboth models correctly describe

8
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collision-controlled nucleation, especially sinbe models were independently developed and
do not share the same code. The model in this pepaised on defining size bins according to
their diameter, while the model by McMurry and D7) uses particle volume.

2.5 Nucleation and growth model involving selected evapor ation rates

Measured cluster concentrations for the sulfurid-deamethylamine system from flow tube
experiments indicated that finite evaporation rabast for some clusters (Jen et al., 2014; Jen
et al., 2016a). This was supported by the obsemvatiat diamines can yield even higher
formation rates than amines for some conditions @eal., 2016b). Within the flow tube
experiments dimethylamine was mixed into a gas ftowtaining a known amount of sulfuric
acid monomers. The products, i.e., the sulfurid-altmethylamine clusters were measured
after a short reaction time< 20 s) with a chemical ionization mass spectroméisosm the
measured signals, the cluster evaporation rates kegnieved from model calculations (Jen et
al., 2016a). The main differences to the CLOUD gtiglwithin the much shorter reaction time
(20 s vs. steady state in CLOUD) and in the muadttewrange of base to acid ratios used by
Jen et al. (2016a, 2016b). This allowed them taenet even relatively slow evaporation rates
for the sulfuric acid-dimethylamine clusters. Theasured cluster/particle concentrations
increased with increasing base to acid ratio, emdlyt approaching a plateau at a
dimethylamine to acid ratio of ~1. Therefore, thghhdimethylamine to acid ratio used in the
CLOUD7 experiment (~ 100) can probably explain vaduy NPF rates are compatible with
collision-controlled nucleation.

However, this was further tested by incorporatihg evaporation rates from Jen et al.
(2016a) in our model. For this purpose, the mo@skcdbed in section 2.4 was modified in a
way that allows retrieving the cluster concentragiof the monomer, dimer, trimer and tetramer
as a function of their dimethylamine content (sgpéndix A). The abbreviationBy denotes
the concentration of a cluster containxgulfuric acid x = 1 for the monomer) anglbase
(dimethylamine) molecules. It is assumed thaty for all clusters, i.e., the number of bases is
always smaller or equal to the number of acid mdésc The reported cluster concentrations
(Fig. 3) refer to the number of acid moleculeshia tluster, i.eN1 = A1 + A1B1, N2 = AoB1 +
A2B2 andNs = AsB1 + AsB2 + AsBs.

The evaporation rates consideredkar@s1 = 0.1 &, keass1 = 1 %, keass2= 1 s* (Jen et al.,
2016a). Jen et al. (2016a) suggested that the fammaf stable tetramers requires at least two
base molecules. In this case the evaporation fakeae: is infinity. In the model, this was
solved by not taking into account the formationchfsters AB: (from AsB: and A) at all.
Further details about the modeling involving evapion rates can be found in Appendix A and
in Table 1, which gives a summary over the différandel studies.

3.RESULTS

3.1 Comparison between Almeida et al. (2013) and SMPS derived NPF rates
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Using the model described in section 2.4, a corsparbetween the previously published NPF
rates from Almeida et al. (2013) and the modeleééesravas performed. Almeida et al. (2013)
derived NPF rates for a particle mobility diamesér.7 nm. Using a density of 1470 kg®m
and a molecular weight of 0.143 kg mpit can be calculated that a spherical clustetainimg
nine monomers (nonamer) has a geometric diametet.dfnm, i.e., a mobility diameter of 1.7
nm (Ku and Fernandez de la Mora, 2009, see alserqip A); therefore, the modeled nonamer
formation rates were used for the comparison.

Figure 1 shows the modeled formation rates ahfinand the Almeida et al. (2013) data as
a function of the sulfuric acid concentration (wWhis equivalent to the monomer concentration
in the model, see section 2.4, since it is assuhmdll sulfuric acid is bound to DMA). It can
be seen that the modeled NPF rates are significhigher. This indicates that the previously
published formation rates underestimate the truadtion rates if sulfuric acid-dimethylamine
nucleation is indeed proceeding at the collisiomili Previously published results indicated
that this is the case (Kirten et al., 2014; Leldigaal., 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)lerestimated the formation rates.

It should be noted that the displayed experimehtai values (open red triangles in Fig. 1)
are identical to the values from Almeida et al.12)) while the sulfuric acid concentration has
been corrected. In Almeida et al. (2013) data velx@vn from CLOUD4 (spring 2011) and
CLOUD7 (fall 2012). For consistency, the sulfuricich 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@@id 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)owever, taking into account a subtraction of
this instrumental background (reaching sometimdsiegaabove 1xf0cm?®) leads to a
shallower slope fodi.7znm vs. sulfuric acid and brings the corrected CIM3uga in a good
agreement with the sulfuric acid measured by th&RiIFTOF. In the present study, the data
from the CI-APi-TOF were used. The slope 8@rnm vs. sulfuric acid now yields a value of
close to 2, while the previously reported value was/ (Almeida et al., 2013). The higher
value resulted from the bias in the sulfuric acshaentration and the consideration of data
points at low sulfuric acid concentration, whergvrparticle formation is significantly affected
by losses to the chamber walls, which tends to thiesslope towards higher values (Ehrhart
and Curtius, 2013).

3.2 Comparison between NPF rates from the kinetic model and SMPS measur ements

The formation rates in Almeida et al. (2013) weaécalated from measured particle number
densities with a condensation particle counter hlaata lower cut-off diameter of ~3 nm. The
derivation of particle formation rates at 1.7 nreréfore required an extrapolation to the smaller
diameter (Kerminen and Kulmala, 2002). With theilade model, we are now, in principle,
able to calculate NPF rates for any particle dimaibel compare the result to directly measured
rates. This was done for the SMPS size channetgponding to a mobility diameter of 4.3 nm
(Ja.3nm) with the method described in section 2.2. Usheg$MPS data has the advantage that
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the size-dependent loss rates can be accuratag tato account, which is not possible when
only the total (non size-resolved) concentratioonfra condensation particle counter is
available. On the other hand, the smallest SMP& diannels need to be corrected by large
factors to account for losses and charging proitab{section 2.1), which introduces
uncertainty.

The result foda.znmis shown in Figure 1 together with the modelediglarformation rates
for the same diameter. The agreement between ntbdeté measured NPF rates is very good
indicating that the collision-controlled model aratiely describes 4.3 nm patrticle production
rates for these experiments. This is further ewiéahat 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 follmpsection.

3.3 Reconstruction model results

Recently, a new method was introduced, which alldtws extrapolation of NPF rates
determined at a larger sizép{) to a smaller diameted{:). The advantage of that method is
that the effect of cluster-cluster collisions (sadfagulation) can be accurately taken into
account (Kirten et al., 2015a). So far, the metreinot 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 naittley 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 wasweerifrom fitting a linear curve to the mode
diameter determined from the SMPS size distribuftdinsikko et al., 2005). It was then used
as a constant (i.e., it was assumed that it ispiedéent 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 nedét high sulfuric acid concentration
(above ~5x1®cm®); therefore, the reconstruction method was ordtetd 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 systéihis explains why the Almeida et al. (2013)
data strongly underestimate the particle formataias.

While the reconstruction method gives good resultthe 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 unceties due to the non-linear nature of the
method. This can be seen for some of the data aiith large error bars in the positive
direction. The errors are calculated by repeatiegé¢construction with growth ratéf + dGR,
where @GR (£ 20%) is the error from the fitted growth raféherefore, the accuracy of the
method strongly depends on good growth rate meamunes, and relies on the assumption that
the growth rate does not change as a function z#. sThis seems to be a reasonable
approximation for collision-controlled nucleationder the present conditions (Kurten et al.,
2015a), but it could be different in other chemigdtems.

The higher formation rates are also consistenth waalculations from the ACDC
(Atmospheric Cluster Dynamics Code) model (McGrathal., 2012) that were previously
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published in Almeida et al. (2013). Figure 1 shdhes rates calculated by the ACDC model
(black lines). It should be noted that these vaheésr to a mobility diameter of 1.2 to 1.4 nm

and therefore, somewhat higher rates are expectedadthe smaller diameter compared to
Ji.7nm However, the agreement between the measuredraditted rates from ACDC are now

in much better agreement than before.

Hanson et al. (2017) recently reported an expsadsr the calculation of particle formation
rates as a function of the sulfuric acid concemnatdimethylamine concentration and
temperature. According to their formula the forroatrate of tetramers (mobility diameter of
~1.4 nm, see Appendix A) follows the expression

]1.4nm = exp (—129 + 1627(30 K) . ( al! )3 ' (DMA)LS. (10)

cm™3 cm™3

The formation rated: 4nmare shown in Fig. 1 (green line) for a DMA mixiragio of 40 pptv
(1x10° cm®) and a temperature of 278 K. At the first glantde agreement between the
experimental CLOUD data and the ACDC simulatioremarkably good. However, one should
note that Hanson et al. (2017) recommended tohee équation only for DMA between 2
pptv (5¢10° cm®) and 16 pptv (410° cmi®) if sulfuric acid is present betweer0° cm® and
2x10’ cni. Using the equation in this range avoids thatftmmation rates can exceed the
kinetic limit. When using larger concentrations #inetic limit is eventually exceeded due to
the power dependency of 3 regarding sulfuric acd the 1.5 power dependency for DMA.
Further comparison between equation (10) and thdtsefrom the present study are shown in
Fig. 3 (lower panel).

3.4 Size distribution comparison between model and SMPS

Further comparison between modeled and measuradwvdat performed for one experimental
run (CLOUD7 run 1036.01) in which the particles evagrown to sizes beyond 20 nm.
Therefore, the time-dependent cluster/particle eotrations were modeled for a monomer
production rate of 2.9x2@nT® s, which results in a steady-state monomer concémtraf
1.07x10 cn for the model; this is the same as the measunéatisiacid concentration. The
measured and modeled size distributions are showigi 2 (panels a, b and c) at four different
times, i.e., at 1h, 2h, 4h and 6h after the stathe experiment. Given that there is no free
parameter used in the model, the agreement betweerbase case simulation and the
measurement is very good (Fig. 2a). For the earlisse shown (1h) the modeled
concentrations overestimate the measured concensdty up to 30%, whereas for the later
times ¢ 4h) the model underestimates the measured coatiens by up to 30%. It is unclear
whether these discrepancies are due to SMPS meassnirencertainties, or if the model does
not include or accurately describe all the releyantesses. If, for example, the SMPS would
underestimate the concentrations of the smalldicpes (< ca. 15 nm) and overestimate those
of the larger patrticles, the observed differend&vben modeled and measured concentrations
could also be explained.

A comparison between measured and modeled aemlsmhe concentrations is shown
in Fig. 2d. In order to enable direct comparisdr, tnodeled size distribution was integrated
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starting at 4.3 nm since the SMPS did not captorallsr particles. In the beginning of the

experiment the modeled aerosol volume is up to ~4@%er than the measured one, but,
towards the end of the experiment (ca. 4h aftestéd), the volumes agree quite well. Possibly
this is because the overestimated modeled pantighaber density at small diameters is
compensated by the underestimated particle coratemtrin the larger size range (see Fig. 2a).
This trend leads eventually to a slight underestiiom of the aerosol volume by the model.

If one assumes that the SMPS is not responsibléghf® slight disagreement, then the
following conclusions can be drawn regarding theusacy of the model. The particle growth
rate is well represented by the model given thedgagreement between the positions of the
local maxima in the size distribution and the is&mtions between the size distributions and
thex-axis. This good agreement between measured andletbgrowth rates has already been
demonstrated in Lehtipalo et al. (2016) for a patdiameter of 2 nm. The results shown here
indicate that no significant condensation of oth@ce gases contribute to the growth of
particles because, in this case, the measuredlpasite distributions would be shifted towards
larger diameters 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 giggibution dynamics correctly (McMurry,
1980; Chan and Mozurkewich, 2001; Kirten et all,£2Qehtipalo et al., 2016). Regarding the
underestimation of the modeled size distributiondi@metersz15 nm, one explanation could
be that the size-dependent particle loss ratdseiCLOUD 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. Deditatall loss experiments could be performed
in the future to investigate this hypothesis furthe

In order to test the model sensitivity to certaamiations quantitatively further simulations
were performed (Fig. 2b and Fig. 2c). A variatidrtle steady-state sulfuric acid monomer
concentration by +20% was achieved by using differeonomer production rates for the high
sulfuric acid caseRy = 4.17x10 cn® s1) and for the low sulfuric acid casBi(= 2.01x10
cm® st Fig. 2b). This rather small variation leads tgn#icant mismatches between the
modeled and measured size distributions that esfalsnd for the aerosol volumes (Fig. 2d).

Two further scenarios were tested with the moBekt, the enhancement due to van der
Waals forces were turned off. This scenario resalsgnificantly slower growth rates and the
modeled size distributions do not match the measanes at all anymore (Fig. 2c); the same
is found when comparing modeled and measured demsimnes (Fig. 2d). Second, the aerosol
density and the molecular weight of the condendimgnomer” were changed. In the base-case
simulations (Fig. 2a), the density of dimethylamamibisulfate is 1470 kg thand the
molecular weight is 0.143 kg mbbecause a one to one ratio between DMA and scilficl
is assumed. Since full neutralization of sulfuctday DMA would require a 2:1-ratio between
base and acid, collision-controlled nucleationt#S0s)((CHs)2NH)2 “monomers” instead of
(H2SQy)((CHs)2NH) was tested. Therefore, the density was decddap€% to account for the
density change between dimethylaminium-bisulfatt@methylaminium-sulfate (see Qiu and
Zhang, 2011) and the molecular weight was set 188kg mot'. As expected, the particle
growth is now slightly faster due to the additiomalume added by the further DMA molecules
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(Fig. 2c). However, the changes are rather smdltlae modeled size distributions move a little
further away from the measurements compared tbdke case scenario (Fig. 2a).

Comparison between modeled and measured sizédigins yielded similar results for
other experiments from CLOUD7. However, the expentrshown in Fig. 2 was carried out
over a relatively long time (6 h) at high sulfuacid concentrations. Therefore, the particles
could grow to large diameters and the comparisbnden model and experiment covers a wide
size range.

3.5 Sensitivity of cluster concentrations and NPF ratesregarding DMA

The data presented in the previous sections prauttence 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; Lehtpatl al., 2016). In this section, we compare
whether for CLOUD conditions the collision-conteddl assumption is consistent with the Jen
et al. (2016a) results that showed that some chisteaporate at the rates given in section 2.5
and Table. 1.

For the following discussion, both versions of tlueleation and growth model (section 2.4
and section 2.5) were used. Figure 3 shows a cosopmabetween calculated cluster (dimer,
trimer, tetramer and pentamer) concentrations usoilision-controlled nucleation (section
2.4) and the model described in section 2.5. WHBMA mixing ratio of 40 pptv (¥10° cnr®)
is used (this was the average mixing ratio of DM#Ainlg the CLOUD7 experiments), there is
almost no difference between the two scenarioss Tidicates that, under the CLOUD7Y
conditions, new particle formation proceeded ataaihthe same rates that result for collision-
controlled nucleation. Nevertheless, this doesimply that all cluster evaporation rates are
zero. The conditions are only such that, due tdtgle DMA mixing ratio, most of the clusters
(including the monomer) probably contain as manyAidolecules as sulfuric acid molecules;
this results in very stable cluster configuratig@stega et al., 2012). When DMA mixing ratios
are low, most sulfuric acid clusters contain, hogrewenly a small number of DMA molecules.
As these clusters can evaporate more rapidly,ubeat formation rate is slowed down (Ortega
et al., 2012; Hanson et al., 2017). For low bas#ctd ratios, it can therefore matter whether a
cluster is stabilized by a dimethylamine, a diam(ihen et al., 2016) or by both an amine and
an ammonia molecule (Glasoe et al., 2015). Thisecgulain the more efficient NPF due to
diamines or the synergistic effects involving arsia@d ammonia at low base to acid ratios. At
high base to acid ratios, the differences in tliecélve evaporation rates become small (Jen et
al., 2016b).

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 decwitisaelecreasing DMA levels. The figure
shows the concentrations and the NPF rate nornaiahig¢he results for the collision-limit. The
NPF rate drops by about a factor of three when DislAeduced to 2.5x1&n (~ 1 pptv).
Below that level, the reduction thand in the trimer, tetramer, and pentamer conaBonts is
approximately linear with DMA. The dimer is les$eatted since, in the model, its evaporation
rates are set to zero while the evaporating trirnendribute to the dimer concentration. From
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this perspective, very high particle formation sashould be observed even at DMA mixing
ratios around 1 pptv (280" cn®), which should be almost indistinguishable frontesa
calculated for collision-controlled nucleation. Bibdities why such high rates have so far not
been observed are discussed in section 4.

For a comparison, the expected formation rates quation (10) are shown in Fig. 3, lower
panel, by the grey line. The values were scaledasino the simulated data by setting the value
for 40 pptv (X10° cni®) to 1. Although this DMA mixing ratio is outsidbe range for which
the Hanson et al. (2017) formulation is recommeride(between 810” cn® and 4«10 cnid),
from Fig. 1 it can be concluded that both, the ldanst al. (2017) equation and the kinetic
model agree quite well at this DMA mixing ratio.&$lope ofl vs. DMA seems to be, however,
different in the relevant range of DMAXE0’ cm® and 410° cmi®). This is due to the fact,
that the model predicts a steep slope (close tevdahe of 1.5 in equation (10)) only for much
lower DMA (< 2.5¢<10° cmi®), for higher DMA the slope flattens out and reacheentually a
plateau, when the value for collision-controllectieation is approached. This flatting of the
curve is not reflected in the simple formulatioorfr Hanson et al. (2017). However, in contrast
to the three constant evaporation rates used irmmaeling approach, Hanson et al. (2017)
used a more sophisticated nucleation scheme imglviany different evaporation rates, not
only regarding sulfuric acid but also for dimethyiae. This more complex scheme was,
however, not implemented in our model.

Further experiments are required to derive aceuvalues for evaporation rates in the
sulfuric acid-dimethylamine system; these experitmeshould especially target DMA
concentrations with low base to acid ratios (< 10).

4. DISCUSSION

This study confirms the results derived in previstuglies that new particle formation in the
sulfuric acid-dimethylamine-water system can prdcator close to the collision-controlled
limit (Kirten et al., 2014; Lehtipalo et al., 201&his is the case for sulfuric acid concentrations
between 1x10and 3x10 cni® and dimethylamine mixing ratios around 40 ppty1(@® cni3)

at 278 K and 38% RH. For these conditions parfmimation rates and size distributions can
be reproduced with high accuracy by an aerosol inibdé¢ assumes that particle growth is
exclusively due the irreversible addition 0fS®ue(CHs).NH “monomers” and coagulation.
Even when evaporation rates for the less stabitatsiare introduced in the model (Jen et al.,
2016a) the resulting particle formation rates dfecévely indistinguishable from the kinetic
model results for CLOUD?7 conditions (i.e., at thghhdimethylamine to acid ratio of ~100).
The fact that the measured particle size distriloutan be reproduced with good accuracy
shows that neither water nor other species congibignificantly to particle growth during
these CLOUD chamber experiments. Water could plaglex at higher relative humidities,
although quantum chemical calculations suggestitimddys only a minor role in NPF for the
system of sulfuric acid and dimethylamine (Olergual., 2017); this contrasts the sulfuric acid-
water system (see e.g. Zollner et al. 2012; Dupkdsl., 2016; Yu et al., 2017). In addition, it
is not exactly known how temperature influencesdluster evaporation rates (Hanson et al.,
2017). The evaporation rates from Jen et al. (200@gee derived at temperatures close to 300
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K; therefore the simulation of nucleation in the@UD chamber (278 K) using the Jen et al.
(2016a) rate parameters is likely to overestimagectfect of cluster evaporation.

It is not yet clear what exact base to acid rdteparticles have for a given diameter. The
clusters and small particles (< ~2 nm) seem to drgunaintaining a 1:1 ratio between base
and acid, which follows from measurements usingsisgectrometers (Almeida et al., 2013;
Kirten et al., 2014; Bianchi et al., 2014). Thgé&rparticles could eventually reach a 2:1 ratio
between base and acid, especially at the DMA mixatigs relevant for this study (Ahlm, et
al., 2016). However, even when a 2:1 ratio is agsbim the model (Fig. 2c¢) the expected size
distributions would not change significantly comgzamith the base-case scenario (1:1 ratio).
Therefore, it is not possible from our comparistanénd out if and at what diameter a transition
from 1:1 to 2:1 base to acid ratio takes place.

The question of why sulfuric acid-amine nucleat®mnarely observed in the atmosphere is
still open. Jen et al. (2016a) reported that chssteat contain equal numbers of dimethylamine
and sulfuric acid molecules are ionized at redwusf@diencies than more acidic clusters with
the commonly used NEQHNOs)o2> reagent ions. Still, Kirten et al. (2014) obseryagh
concentrations for large clusters containing aoid base at an average ratio of 1:1. A reduced
detection efficiency was also reported but the cedusensitivity (in relation to the monomer)
was, e.g., only a factor of 3 for the trimer contag DMA. Using the model results from section
3.5 the expected trimer concentration a1@ cm® of sulfuric acid and 1 pptv (280’ cn®)
of DMA should be ~%10° cmi3. Even when the detection efficiency for the trimes reduced
by a factor of 3, such a concentration should Isélivell above the detection limit of a CI-APi-
TOF. However, no sulfuric acid trimers could beed&td in a field study where amines were
present at levels above 1 pptv (218’ cm®, Kurten et al., 2016b). It is, therefore, possibiat
any amines present were not suitable for nuclealibarefore, application of methods capable
of amine speciation should be applied more widelgtmospheric measurements (Place et al.,
2017).

Several CLOUD papers reported particle formatetes 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 (Riccobonale 2014; Duplissy et al., 2016), while
other reported NPF rates were derived from prooesdels 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 diametas performed, which could have led to an
underestimation due to missing self-coagulatiorsides Almeida et al. (2013), the data set
reported by Dunne et al. (2016) and Kirten 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 rares in 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 (2uet al., 2016; Kirten et al., 2016a).
The chemical system in these studies was the beastgm, (HSQs and HO) and the ternary
system involving ammonia. The conditions only ajpgteed the collision-controlled limit at
the lowest temperature (210 K) when the highest amianmixing ratio of ~6 pptv (1:8.C°
cm®) was investigated (Kurten et al., 2015b). Howeveren under these conditions, the
reported rates are only about a factor of 2 slawan the collision-controlled limit (Kirten et
al., 2016a). This is probably related to the lovidamncentrations{ 3x1® cm®) in these
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656  experiments, where the self-coagulation effectoisas strong as at higher acid concentration
657 (see Fig. 1) when wall loss and dilution lead tordased cluster concentrations relative to the
658 monomer. This indicates that previously publishé®OD results, other than the Almeida et
659 al. (2013) data, are most likely not significardi§ected.

660 McMurry and Li (2017) have recently investigatbée effect of the wall loss and dilution
661 rate on new particle formation with their numeriqalbbdel, which uses dimensionless
662  parameters. In order to allow for a comparison betwMcMurry and Li (2017) and the present
663  study, information on the dimensionless paramaté(describing wall loss) and (describing
664  dilution) is provided (see McMurry and Li, 2017y fitne exact definitions). These parameters
665 range from 0.04 to 0.7 and %102 to 4x10? (M) for the experiments shown in this study
666  (Fig. 1). The monomer production ra)ranges from ¥10° to 2x10° cni3 s,

667

668

669 5. SUMMARY AND CONCLUSIONS

670

671 New particle formation rates from CLOUD chamber mwaments for the sulfuric acid-
672  dimethylamine-water system were re-analyzed. Itf@asd that the previously published rates
673 by Almeida et al. (2013) underestimate the NPFsrate up to a factor of ~50 at high acid
674  concentrations (~1xI0cm?). The reason for this underestimation is the ¢fiefc self-

675 coagulation that contributes efficiently to thedax small particles in the size range relevant
676  for the data analysis (between 1.7 and 3.2 nm).pFéeiously used method for extrapolating
677 the NPF rates from 3.2 nm to 1.7 nm did not incltidse effect and therefore the correction
678 factors were too small. Using an advanced recoctsdru method that accounts for the effect
679  of self-coagulation yields much higher NPF rate&r(gn et al., 2015a). These corrected NPF
680 rates are in good agreement with rates calculated &n aerosol model assuming collision-
681  controlled nucleation and with measured NPF rat@® {SMPS data. Furthermore, the model
682  can reproduce the measured size distribution vatdgaccuracy up to ~30 nm.

683 Extending the aerosol model by including evaporatates for some clusters (see Jen et al.,
684 2016a) still yields good agreement between modatetl measured CLOUD NPF rates and
685  cluster concentrations. This indicates that the dat sulfuric acid-dimethylamine from the
686  flow tube study by Jen et al. (2016a) and from CIEDurten et al., 2014) are consistent for
687 the high base to acid ratio relevant for this st(dimmethylamine to sulfuric acid monomer ratio
688  of ~100).

689 The above findings raise some further conclusan questions. These are in part related
690 to the rare detection of sulfuric acid-amine nuitterin the atmosphere. Only one study has so
691 far reported sulfuric acid-amine nucleation (Zhaale 2011). The nucleation of sulfuric acid-
692  amines could occur, however, more often than ctlgré&mought.

693

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

— Better gas-phase amine (base) measurements arednd2etection limits need to reach
mixing ratios even below 0.1 pptv (2BF cnt); ideally the methods should also be
capable of speciating the amines (discriminatedérgethylamine from ethylamine, which
have the same mass when measured by mass specyrbotgirobably behave differently
in terms of their contribution to NPF). High timesplution (several minutes or better) for
the amine measurements during nucleation eveatsasmportant. This can show, whether
amines can be significantly depleted during NPF.aAsgnes are not produced in the gas
phase (unlike sulfuric acid), their clustering wathifuric acid monomers and small sulfuric
acid clusters/particles very likely can lead tagnsicant reduction in the amine mixing
ratios (Kirten et al., 2016b). This would indicdéib@t new particle formation involving
amines in the atmosphere could be self-limiting, after an initial burst of particles, new
particle formation could be slowed down soon afteen amine mixing ratios decrease.

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

The overall contribution of amines to atmospheticleation can only be quantified after these
issues are understood. Besides further atmosplmeeiasurements, controlled laboratory
measurements are necessary. Of special intereshareemperature dependent evaporation
rates of the relevant sulfuric-acid amine (and dineclusters.
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Appendix A:
Model that includes selected evapor ation rates

The kinetic model described in section 2.4 was eagpd in a way that allows calculating the
concentrations of the monomer, dimer, trimer atréieer as a function of their dimethylamine
content. Here, By denotes the concentration of a cluster contairisglfuric acid x = 1 for
the monomer) ang base (y = 1 for dimethylamine monomer) molecuesy for all clusters,
i.e., the number of bases is always smaller orleéquae number of acid molecules. When the
total monomer concentratiomN{) is fixed, i.e., A = Np — A1B: at each time step, then the
following equations result, i.e., for theBy cluster

dA,B;

Nmax
P Ki1 By "Ap — (klw + kqi + keA B, T Z Kl,j Nj) " A1By, (A1)

for the two different identities of the sulfuricidaimer

dA,B

#_(Iﬁl A -A Bl+keA3B1 A Bl) (kW2+kdll+K12 Bl+2 ZNJ)
A,Bq, (A2)
2% — (0.5 Ky - AyBy - AyBy + Ky By ApBy + ke ays,  A3B2) — (kwaz + kau +
Zj=1 2 Nj) - A2Ba, A

and for the three different identities of the sritfiacid trimer

dA3B

ﬁ - (Klz A -A B1) (kw3 + kqip + keA381 +K13 B +Z Kj,3 N] _K1,3 'A1)'
AgBl, (A4)
dA3B

#_ (Kiz2-A1By-A;By + Kyp- Ay - AyBy + Ky 3+ By - AsBy) — (ks + kaip + ke ap, +
K1,3 B+ YY1 Kj3 - N;) - A3B,, (A5)
dA3B3

= (Ky2+A1By " A;By + Ky 3+ By A3By) — (kyz + kay + X321 Kj3 - N;) - A3B3. (A6)

Since the formation of stablesB; clusters is not allowed (see Jen et al., 2018)|dks due to
the A and AsB1 collision is subtracted from the coagulation Itessn in equation (A4).
Tetramers can be formed from trimers and dimers:

dN4—(K13 -A1By " A3By + Ky 3+ Ny - (A3By + A3B3) + 0.5 Ky 5 - Ny Ny) — (kya +
kg + X1 Kja - N;) - Ny. (A7)

Note that the formation of /81 (from AsB:) is not included in the formation rate for tetrame
(see also further below). The concentrations @fdaclusters and particles are calculated with
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the same method as described in section 2.4. Tiséeclconcentrations reported in section 3.5
refer to the number of acid molecules in the clyste.,N: = A1 + A1B1, N2 = AB1 + A2B2 and
N3z = A3B1 + A3B2 + AsBs.

The evaporation rates consideredkarg@si = 0.1 S, kease1 = 1 St, keass2= 1 st (Jen et al.,
2016a). Pure acid clusters are assumed to evapaatly (at 278 K and higher) and are,
therefore, not considered (Hanson and Lovejoy, 20Dén et al. (2016a) suggested that the
formation of stable tetramers requires two basesmubés. Therefore, this would indicate that
the evaporation rate Kss1 is infinity (or very fast), which is also shown Byanson et al. (2017).
However, the AB; formation (and its evaporation) is not explicittgated in equations (A4)
and (A7).

In summary, three different evaporation rates weskided in this model version (equations
(A1) to (A7)), i.e., lkae1= 0.1 ' (cluster AB1), kease1 = 1 st (cluster AB1) and k asg2=1
s? (cluster ABy). All other evaporation rates were not explicitigluded in the model, i.e.,
their rates were assumed to be zero (except Bi,Avhich is assumed to be infinity). Table 1
gives an overview of the different model configioas used to generate the model data in the
figures.

Calculation of particle mobility diameters

The mobility diameter of a cluster containingulfuric acid molecules (andMA molecules)
can be calculated according to

Y
6:i-My, 3 _
dy; = (H_NA_p) +0.3-107° m. (A8)
My, is the molecular weight of the “monomer”, i.e 148 kg mot., p is the density of 1470 kg
m= (see section 2.4) arldh is the Avogadro number, i.e., 6.0a27 mol?. The addition of

0.3 nm in equation (A8) is used to convert the getnimdiameter (first term in equation (A8))
to a mobility diameter (Ku and Fernandez de la M2699).
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1242  Table 1. Overview of the two different model versions usegenerate the data in the figures.
1243

kinetic model model with evaporation rates

used for Fig. 1, Fig. 2, Fig. 3 upper panel (colored lines),
Fig. 3 upper panel (black lines) Fig. 3 lower panel

described in section 2.4 section 2.5, Appendix A
evaporation all zero ke aig1=0.1¢"
rates Keasg1=1 st

Keasgz=1 st
(Ke,a481= 00 ST
all others zero
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Fig. 1. Comparison between experimental and theoretiadicfgaformation rates at different
sizes (mainly at mobility diameters of 1.7 nm arl@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 CLOUD?7 data for the sulfuric acid-dimd#myine-water system (Almeida et al.,
2013), while the blue symbols show the rates ddrisem SMPS size distribution
measurements (this study). The data shown by tieedlred symbols were derived with the
method introduced by Kirten et al. (2015a) by edtating the SMPS data starting at 4.3 nm.
The black lines show the calculated formation rdtesn the ACDC model for a mobility
diameter of 1.2 to 1.4 nm (Almeida et al., 2013ju&ion (10) from Hanson et al. (2017) is

used to generate the green line.
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1260
1261  Fig. 2. Comparison between simulated and measured pagizke distributions for one
1262  experiment (CLOUD7, run 1036.01). The comparisashiswn for four different times (1h, 2h,
1263  4h and 6h) after the start of the experiment (maeb and c). Panel d shows a comparison
1264  between modeled and measured aerosol volume asctofu of time. The shaded regions in
1265 panel a show the model uncertainties when usirgyram of +20% for the wall loss coefficient
1266  (Cw, See equation (2)). Panel b shows the changeisizle distributions when the sulfuric acid
1267 monomer concentration is varied by £20%. The eftdcvan der Waals forces on the size
1268  distribution is shown in panel ¢ along with thewamption that particles grow by the addition
1269 of 2 DMA and 1 sulfuric acid molecule (2:1 raticsitead of 1:1 ratio). See text for further
1270  details.
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Fig. 3. Upper panel: Comparison of modeled clusiér £ dimer,N3 = trimer,Ns = tetramer
andNs = pentamer) concentrations using different scesaiThe dashed black lines use the
collision-controlled nucleation scheme with all peeation rates set to zero (section 2.4); while
the colored solid lines are calculated based omibeel from section 2.5 with a dimethylamine
(DMA) mixing ratio of 40 pptv (¥10° cmi®), which was the average mixing ratio during the
CLOUD7 campaign. Lower panel: Variation in modetdaster concentration antd znm as a
function of the dimethylamine mixing ratio. The @atere normalized to the values from the
collision-controlled limit calculation (upper pahelFor the calculations, a sulfuric acid
monomer concentration df, = 5x1¢ cnT® was used. An expression from Hanson et al. (2017)
to calculate NPF rates as a function of DMA is shdwy the grey line. See text for further
details.
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