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Abstract

Understanding new particle formation and growtimiportant because of the strong impact
of these processes on climate and air quality. Measents to elucidate the main new particle
formation mechanisms are essential; however, thesghanisms have to be implemented in
models to estimate their impact on the regional ghlabal scale. Parameterizations are
computationally cheap ways of implementing nucteaichemes in models but they have their
limitations, as they do not necessarily includeralevant parameters. Process models using
sophisticated nucleation schemes can be usefuh&generation of look-up tables in large-
scale models or for the analysis of individual nawticle formation events. In addition, some
other important properties can be derived fromac@ss model that implicitly calculates the
evolution of the full aerosol size distributionge.the particle growth rates. Within this study,
a model (SANTIAGO, Sulfuric acid Ammonia NucleaTland GrOwth model) is constructed
that simulates new particle formation starting frilv@ monomer of sulfuric acid up to a particle
size of several hundred nanometers. The smallffsrisiuacid clusters containing one to four
acid molecules and varying amount of base (ammem&pllowed to evaporate in the model,
whereas growth beyond the pentamer (5 sulfuric awidecules) is assumed to be entirely
collision-controlled. The main goal of the presstudy is to derive appropriate thermodynamic
data needed to calculate the cluster evaporaties es a function of temperature. These data
are derived numerically from CLOUD (Cosmics Leavi@iytdoor Droplets) chamber new
particle formation rates for neutral sulfuric agwdter-ammonia nucleation at temperatures
between 208 K and 292 K. The numeric methods irchrdoptimization scheme to derive the
best estimates for the thermodynamic datd &hd &) and a Monte Carlo method to derive
their probability density functions. The derivedalare compared to literature values. Using
different data sets forttland & in SANTIAGO detailed comparison between model ltesu
and measured CLOUD new particle formation ratekssussed.
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1. INTRODUCTION

The formation of new aerosol particles from the ghase (nucleation) is the most important
source of cloud condensation nuclei (CCN) in thefand upper troposphere (Dunne et al.,
2016; Gordon et al., 2017). Binary new particlenfation (NPF) from sulfuric acid and water
is thought to be an important mechanism at coldlitmms that can be enhanced by ions (Lee
et al., 2003; Kirkby et al., 2011; Duplissy et 2016). The ternary system involving ammonia
besides sulfuric acid and water can yield signifibaenhanced NPF rates (Ball et al., 1999;
Benson et al., 2009; Glasoe et al., 2015; Kirkbglet2011; Kirten et al., 2016). The addition
of only a few pptv of ammonia can increase NPFsrhieseveral orders of magnitude compared
with the pure binary system (Kirten et al., 20T6)e importance of ammonia in terms of NPF
is highlighted by recent modeling studies, wheleege fraction of CCN originates from ternary
H>SQu-H20-NH3 nucleation (Dunne et al., 2016; Gordon et al., 720TThe detection of
ammonia above several pptv in the upper troposgherecent satellite measurements supports
these findings (Hopfner et al., 2016). Furthermareaircraft campaign up to ~5 km altitude
measured elevated Nldoncentrations over Texas (Nowak et al., 2010¢rétore, it is likely
that ammonia plays an important role in new patidrmation in the free troposphere. An
expected future increase in the anthropogenic aranemissions could even increase the
significance of ammonia in terms of NPF (Clarissalg 2009).

At cold conditions, NPF from #¥$Qu-H20O-NH;z is efficient enough to explain NPF at
atmospherically relevant concentrations of sulfded and ammonia (Kirkby et al., 2011,
Dunne et al., 2016; Kirten et al., 2016). Howetrez involvement of ammonia in the formation
of new patrticles at the relatively warm conditiahsse to the surface is not clear yet. A recent
study indicates that ion-induced ternary nucleatian explain some new particle formation
events in the boreal forest in Finland (Yan et 2018); evidence that NHs important in
polluted boundary layer environments has been ptedeearlier (Chen et al., 2012). Most
recently, Jokinen et al., (2018) showed that ichuted ternary nucleation is important in
coastal Antarctica. The importance of ammonia inagrcing boundary layer nucleation in the
presence of highly-oxygenated molecules (HOM) frmonoterpenes and sulfuric acid has
recently been described (Lehtipalo et al., 2018).

In order to model nucleation, knowledge aboutteluavaporation rates is required. This can
either be gained by measurements in a flow tubegblaand Eisele, 2002; Jen et al., 2014; Jen
et al., 2016; Hanson et al., 2017) or in a charsbheh as CLOUD (Cosmics Leaving OUtdoor
Droplets, Kurten et al.,, 2015a). Another possipilis to apply quantum chemical (QC)
calculations (Kurtén et al., 2007; Nadykto and 2007; Ortega et al., 2012; EIm et al., 2013;
Elm and Kristensen, 2017; Yu et al., 2018). Congmaribetween experimental data measured
at the CLOUD chamber and modeled formation rata@sgusie ACDC (Atmospheric Cluster
Dynamics Code) model (McGrath et al., 2012) withpwation rates from quantum chemistry
(Ortega et al., 2012) yielded good agreement foresoonditions (208 and 223 K). For higher
temperatures> 248 K) the model generally overestimated the faionarates up to several
orders of magnitude. A more recently developedeat@n model, also relying on evaporation
rates from QC calculations, yields good agreemettit the CLOUD data for some conditions
(Yu et al., 2018).
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For the global modeling studies by Dunne et @16 and Gordon et al. (2017) CLOUD
data have been parameterized to yield nucleatites for four different channels (binary
neutral and ion-induced, and ternary neutral andriduced). The parameterization works well
and describes the nucleation rates over a wideerahgonditions (Dunne et al., 2016) but it
also has its limitations. First, it does not give @nsights on the stability of individual sulfuric
acid-ammonia clusters. Second, the influence oéroffarameters on nucleation (e.g., the
condensation sink) cannot be tested, while the iMnd¥u et al. (2018) considers the effect of
the condensation sink on the nucleation rate. Thivd parameterization provides only the
nucleation rate, while a full nucleation modeliatilg size bins over a wide diameter range can
also yield the particle growth rates (Li and McMuyr2018).

In the present study a model covering the aersigel distribution over a wide size range,
i.e., from the monomer of sulfuric acid up to sevdémundred nanometers, is constructed. The
model simulates acid-base nucleation and cons&d@soration rates for the clusters containing
one to four sulfuric acid molecules and variablenber of base molecules. The model allows
calculating new particle formation and growth ragéslifferent sizes and considers sinks like
wall loss, dilution and coagulation. SANTIAGO (Swit acid Ammonia NucleaTlon And
GrOwth model) is an extension of a previous simpiledel version used to simulate acid-base
nucleation involving dimethylamine (Kirten et &014; Kirten et al., 2018). The model
extension in the present study is a prerequisitéii® main goal to derive the thermochemical
parameters (d and &) for the sulfuric acid-ammonia system from CLOUBamber data
(Dunne et al., 2016; Kurten et al., 2016). The dateer electrically neutral conditions for the
clusters up to the tetramer (containing four sidfarcid molecules and up to four ammonia
molecules). First, a model has been developedutes molecular and geometric size bins to
cover a wide particle size range (starting with thenomer of sulfuric acid). Second, two
numeric algorithms yield a best fit for théddand &6 values and their probability density
functions (pdf). The pdf are obtained by using ankéaCarlo method introduced by Kupiainen-
Maatta (2016). In total, CLOUD data from 125 expweits are considered; these cover the
range from 208 K to 292 K and a wide range of afhesically relevant sulfuric acid and
ammonia concentrations. The results of the modetampared to the measured CLOUD data
and further comparison regarding the thermochendiatl from literature (Ortega et al., 2012;
Hanson et al., 2017; Yu et al., 2018) is presented.

2.METHODS

The aim of the present study is to find valuesiférand & of selected clusters (11 different
clusters) such that modeled new patrticle formafidBF) rates represent measured NPF rates
from the CLOUD experiment with a small error. Idler to perform this task, a model has been
developed that calculates the NPF rates basedwem gioncentrations of sulfuric acid and
ammonia, relative humiditygH, and temperaturd, (Section 2.2). The data set from Kdirten et
al. (2016) for 125 neutral NPF rates is used tivdedH and & A best-fit thermodynamic data
set is obtained by using an optimization methoct{Se 2.4). Moreover, the distributions of
the probability density functions for each cluséee explored with a Monte Carlo method
(Kupiainen-Maéatta, 2016 and Section 2.5).

3
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2.1 Experimental data from the CLOUD experiment

The experimental data used to develop the modet waken at the CLOUD (Cosmics
Leaving OUtdoor Droplets) chamber at CERN (Europ®@eganization for Nuclear Research).
The 26.1 m stainless steel chamber allows conducting nucdeaind growth experiments
under atmospherically relevant conditions regardivegtrace gas concentrations, temperature,
relative humidity and ion concentrations (Kirkbyakt 2011). The chamber and the results for
different chemical systems have been describedvetre in the literature (e.g., Kirkby et al.
2011; Almeida et al., 2013; Duplissy et al., 2016}he present study no new data are presented
from CLOUD; instead the data from the Dunne e(2016) and Kirten et al. (2016) studies
are used. Whereas in the previous publicationsirtfieence of the ion concentration on
nucleation was also discussed, this study focuseseatral nucleation only. The parameter
space covers temperatures between 208 K and 2€i2ekd{fferent temperatures) and a wide
range of atmospherically relevant sulfuric acid amdmonia concentrations. No systematic
investigation of the relative humidity was carriedt; for most experiments, the relative
humidity was at 38%. The new particle formatioresatire reported for a mobility diameter of
1.7 nm (1.4 nm geometric diameter, see Ku and Relemde la Mora, 2009).

2.2 Acid base model

The model used in the present study solves afsdifferential equations describing the
concentrations of clusters and particles (McMudr980; Kirten et al., 2014; Kiirten et al.,
2015a; McMurry and Li, 2017; Kurten et al., 2018he model from Kiirten et al. (2018)
describes nucleation for the system of sulfuriddeand dimethylamine, where the formed
clusters are stable against evaporation at a temyserof 278 K. For this reason, the system
can be treated as quasi-unary and the kinetic appr@@ll cluster evaporation rates equal zero)
yields very good agreement between modeled and urezhgarticle concentrations and
formation rates over a wide range of particle digarge The model treats the smallest clusters
in molecular size bins, based on the number ofusalfacid molecules in a cluster, while
geometric size bins are used for the larger clefarticles (Kurten et al., 2018). In the present
study 12 molecular bins and 25 geometric bins witfeometric growth factor of 1.25 result in
a maximum particle diameter of 295 nm. Comparedh whe earlier study by Kirten et al.
(2018) the number of bins is reduced in order tuce computation time.

While the approach of using a quasi-unary systeti zero evaporation worked well for
sulfuric acid-dimethylamine, this assumption canbetused for sulfuric acid and ammonia
because some small clusters evaporate rapidly ftaa@yd Yu, 2007; Ortega et al., 2012; Jen
et al., 2014). In the following, the number of swif¢ acid molecules denotes the clusters as
monomers (1 sulfuric acid), dimers (2 sulfuric a&}jdrimers (3 sulfuric acids), etc. The clusters
from the monomer to the tetramer can contain dfienumbers of ammonia molecules, where
the maximum number of ammonia molecules is notwath to exceed the number of acid
molecules. This results in the acid-base reactiberme shown in Figure 1, where denotes
the sulfuric acid monomer concentration andtf®e ammonia concentration. For the larger
clusters and particles (starting with the pentaymer)differentiation regarding the base content

4
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is applied. The full set of differential equatiomsed in SANTIAGO (Sulfuric acid Ammonia
NucleaTlon And GrOwth model) is listed in SI Tex@tompared with its previous version
SANTIAGO can more accurately describe nucleatiomfsulfuric acid and ammonia because
of the consideration of clusters with different amts of acid and base that are allowed to
evaporate.

While a mixed acid-base cluster can in principleske either acid or base, the following rule
was implemented in the model: clusters containimgenacid than base can only evaporate an
acid molecule, while clusters containing equal narabof acid and base can loose a base
molecule only. While this is a simplification ofefreality, quantum chemical calculations
support that this assumption generally considersitiminant evaporation processes (Yu et al.,
2018). In principle, acid and base evaporation @dad implemented for each cluster in the
model but this would increase the number of fremup@ters from 22 (with the simplification)
to 40 (with all possible evaporations) which wogldbably not lead to better results but
increase the computation time significantly. Thistnce of clusters containing more base than
acid is excluded in SANTIAGO, which is also suppdrby quantum chemical calculations
(Ortega et al., 2012; Yu et al., 2018).

The thermodynamic parameters for the two smaflest acid clusters (Aand A are taken
from Hanson and Lovejoy (2006). In their study, Biam and Lovejoy report dependencies of
the dimer and trimer evaporation rates regardieg¢fative humidity, which are also adopted
in the present study (evaporation rate proportioteal(20%RH)%® for the dimer and
(20%RH)*> for the trimer). The same dependency was useddmetrehe evaporation rate for
the pure tetramer (A was scaled by the sarRel-dependent factor as for the pure acid trimer.
Further humidity effects are not applied; therefehe results for the thermodynamic data can
be interpreted as a weighted average over the rahte different water contents for each
cluster. The equations for calculating an evaponatate from &8 and Sare given in SI Text2
(see also Ortega et al., 2012). In general, sl@vaporation rates result from more negative
values of ¢H and from less negative values & the evaporation rate varies exponentially with
dH and & How strong the evaporation rate varies with terafpee, is determined by the value
of dH.

Forward reaction rates are calculated based oredoations for the collision frequency
function by Chan and Mozurkewich (2001) with a \eati 6.4102° J for the Hamaker constant
(Hamaker, 1937). An enhanced collision-rate betwsreall clusters and particles due to van
der Waals forces was reported in recent CLOUD pabithns (Kirten et al., 2014; Lehtipalo et
al., 2016; Kirten et al., 2018). SANTIAGO takesiatcount dilution and wall loss, which are
relevant loss processes in the CLOUD chamber (Kiddbal., 2011; Kiirten et al., 2015a; SI
Textl). The value of the modeled new particle faiamarate,Jmodey is taken for the nonamer
(Kurten et al., 2015b):

Jmodet = Zi+j2m Ki,]' "N; N] @

The nonamem( = 9) has approximately a mobility diameter of &rd for which CLOUD new
particle formation rates are derived (Kirkby et a011; Dunne et al., 2016). The formation rate
calculation takes into account that the collisiétveo smaller clusters with concentratioNs
andN, yield a particle equal or larger than the nonafike differential equations are integrated

5
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over the same time that each of the 125 indivi@i&UD runs lasted; this time varied between
roughly half an hour and several hours dependetti@gas concentrations. The latest value of
the calculated nucleation rate defines the modei# rate. Further details regarding the model
can be found in Kirten et al. (2015a, 2018) anglifiextl.

The particle growth rate§R, can be calculated using the monomer and clusterentrations
in SANTIAGO:

T .43
GRy = S Sl K N, @)

=1 T[/Z'dlzhm

The increase in diameter depends on the partidenetier for which the growth rate is
determinedd,m, and the colliding cluster/particle diametds; (Nieminen et al., 2010). Note
that equation (2) does not only consider the graduth to monomer additions%£ 1) but also
the gain due to collisions with all clusters/pdesc smaller than the considered diameter.
Lehtipalo et al. (2016) have highlighted the imparte of such cluster-cluster or cluster-patrticle
collisions, especially for systems containing hadisster concentrations like the sulfuric acid-
dimethylamine system. In the present st@R/is calculated fom = 9, which corresponds to a
mobility diameter of 1.7 nm.

2.3 Metric for averageerror of the model

In order to optimize the thermodynamic parameitassnecessary to define a criterion that
describes the overall deviation between the 125uared and modeled new particle formation
rates. Since the NPF rates span a large range (foghly 10° to 1¢ cni® s?) it is reasonable
to compare the ratios between modeled and meamtesirather than the absolute differences.
In this way, it is avoided that mainly the high we$ of the NPF rates are brought into
agreement. In addition, it is taken into accouat the data covers five different temperatures
(208, 223, 248, 278 and 292 K) with different nunsl&f experiments conducted at each of the
temperatures. In order to weigh each of the tentpes equally and not to bias the error
calculation towards the temperature where mosthefdaxperiments were conducted at the
following error functionf, was defined:

f = lOg (é . (nil . Z:lzll 10|lo.g(]model,i)_l"g(]exp,i)| + niz . Z:lzzl 10|109(fmodel,i)‘lOQ(]exp,i)| +
7,%3 ) Z?=31 10|log(]model,i)_lo.g(]exp,i)| + 7‘%4 . Z?:l 10|109(]model,i)_lo.g(]exp,i)| + nis .

Z:lzsl 10|log(]model,i)—log(]exp,i)|)) (3)

In this equation the values to ns indicate the number of experiments at each tenyera

2.4 Optimization method
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The optimization method used was introduced byih&tey (1983) and uses an
approximation for the functior, that should be minimized. A quadratic model (secorder
Taylor expansion) approximates the function:

1
M (xy + si) =f(xk)+gl:'sk+§'sl7;Hksk- 4)

In this study, the pointk is the current set of thermodynamic parametersdfi’and 11 &
values, i.e., 22 parameters in total) @ik the vector that moves the point to a new pmsiti
that ideally yields a smaller error (i.e., a smallalue forf). The gradient vector is denoted by
gk and the Hessian matrix bi. Steihaug’s conjugated gradient method figdfat minimizes

M (Steihaug, 1983; Nocedal and Wright, 2006). Tiger’hm takes into account that the length
of the vectors stays within a certain trust regiof (i.e., Isd < 4x). The value of

_ FO)—f (xgetsi)
T M) -MCxp+sg) (5)

Pk

is used to decide whethgg can be increased, stays unchanged or should beaga@fter each
iteration,k. The empirical factor: is used to determine after each iteration whethetep
should be taken or not:

(X tSk pr=m
Yiet1 = { Xi Pr <n1 (©)

The trust region radius is updated by using thieohg rules:

by A Pr <12
Ak+1 = min(tZ ) Ak:Amax) Pk =Mz (7)
Ay N2 < P <73

where the empirical parameters #s, t1 andt, are used. The algorithm in this study was run
with parameterglo = 0.5, 4max = 2,11 = 0.25,t> = 2.0,/71 = 0.20,7. = 0.25,773 = 0.75 and
converged approximately after 20 steps. The valoeso (initialization) are the d and &
values from Ortega et al. (2012).

2.5 Monte Carlo method

With the Monte Carlo method (Differential Evolutidarkov Chain algorithm, DE-MC,
see Ter Braak, 2006; Ter Braak and Vrugt, 2008;i#opn-Maéatta, 2016) the probability
density functions (pdf) of the thermodynamic partere are explored. The pdf give
information on the uncertainties of the paramefeugsd by the optimization algorithm, as it is
very likely that the optimized values represenb@al minimum in the parameter space that is
just one possible solution out of many others. DEeMC algorithm aims at finding the most
probable values for the parameters instead ofrippdine optimal values (Kupiainen-Maatta,
2016). Therefore, the Monte Carlo solutions cande to evaluate if the optimized values are
within the range of the most probable solutions.

7
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2.5.1Initialization for generating the prior distributions

At the start of the Monte Carlo simulation, thegmaeters H and & are initialized, where
each value is randomly selected from a range ddiplesvalues. In this study, this range was
defined by the values from Ortega et al. (2012D#aal mot! for dH and + 10 cal mol Kt
for dS. For these randomly selected thermodynamic paem)ehe initial error (equation (3))
is calculated.

2.5.2Main loop

Within the main loop (iterated 5000 times), thmstfistep involves the random variation of
the parameters. The value for eathahd &is updated with a probability of 0.2. Given that
22 parameters are used, this means that on avdrdgparameters changed during each
iteration. If, however, the situation occurs thatupdate for any of the parameters is requested,
the selection process is repeated until at least thermodynamic parameter is updated
(Kupiainen-Maatta, 2016). If a value should be updats step width is chosen from a normal
distribution with a standard deviation of 0.05 tgike width of the allowed range (i.e., 20 kcal
mol? for dH and 20 cal mot K for dS). If a step would lead to the crossing of the uppe
lower bound for any of the parameters, a new randalwe is chosen until the updated value
stays within its allowed range. With the new sejpafameters, the new errdfx + ), is
calculated. If(x« + ) <f(x), then the new set of parameters is accepted. eweven iff(x«

+ ) is larger tharf(x) the step might still be accepted with the proligbi

P =exp <—# (f Cx + s3) — f(xk))>: ®)

where ao of 0.2 has been chosen (same as by Kupiainen-8)&16). This means that even
steps in the “wrong” direction (making the erraigler) have a chance of being taken. This can
avoid that the parameters might become trappedidca minimum, which can, e.g., be the
case with minimization methods. In any cage. is set to« +  if a step is taken before a new
iteration starts. The error as well as the fullafggarameters are recorded after each iteration.

2.5.3 Generation of the prior distribution

In total 20 data sets (each containing 5000 steEsyenerated with the methods described
in Section 2.5.1 and 2.5.2. From each of the 28 setts the average error was determined from
the last 2500 points. Whenever the error for orta dat is smaller than the geometric mean
from all 20 errors, the data set was selected (@opn-Maatta, 2016). All selected data sets
combined and thinned to 5000 data points representprior distribution,Zo. For each
parameter the standard deviatign is determined.

254 DE-MC algorithm
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In the DE-MC (Differential Evolution-Markov ChaimJgorithm, five Markov chains are run
in parallel, where each of the chain starts framalom point of the joint historyp (Ter Braak,
2006; Ter Braak and Vrugt, 2008; Kupiainen-M&a&2(@1.6). In the algorithm, the probability
to jump from an old poinkoig, to & Nnew pointhew, should be the same as moving fradw to
Xoid- This is achieved, by calculating the new positientor according to

Xnew = Xo1a + V- (X1 —x2) + 6, 9)

wherex; andx. are randomly selected points from the joint higt@s. The factor is taken as
(Ter Braak, 2006)

2.38 2.38
Y = \/ﬁ = ﬁ = 0.359 (10)

or 0.98 (at every fifth step). Each individu&l dnd & value for the new point is updated with
a probability of 0.2 (see Section 2.3.3)s drawn from a normal distribution with= 0.05 Gini
(calculated from the prior distribution, see aboviéje decision process whether a step should
be accepted or not is the same as in Section @§uation (8)).

The points from the five chains are appended egdamt history,Zo, and the new points in
the following iterations are drawn from the updatéstory. This way, eventually convergence
should be reached after many iterations resultinghe posterior distributions (probability
density functions) for all parameters. The metnai¢ating convergence is given by
(Kupiainen-Maatta, 2016):

c+1

~ k-1
R==-+=

. (11)

SIS

with the parametek indicating the step index; the number of chains#s5. The variance of
the means for each parametgris calculated from

b= %'216:1(11 — 12, 12)

whereji is the average of a parameter over all chaingiaiscthe average for each of the chains,
I. The mean of the varianca¥, is calculated from

W ==-%f,Van, (13)

whereVar, is the variance for each parameter in one of ti@ns. Convergence is assumed
whenR (for each of the 22 parameters) reaches a valseldf. In the present study, this was
the case after more than®iterations.

3.RESULTS
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3.1 Thermodynamic data

The results for the thermodynamic parameters lawevs in Figure 2. This figure indicates
the results from the optimization method (dashedd) and the probability density functions
(pdf, solid lines) along with their medians (dottldes) for the 11 different clusters. A
comparison between the pdf and the values fromgangt al. (2012) and Hanson et al. (2017)
is shown in Figure S1. The pdf result from genaghistograms of the values frafs, where
the first 5000 points are neglected (see SectibrR.Discussion on the thermodynamic data
follows in Section 4.

An overall comparison between modeled and measNfd rates is shown in Figure 3.
SANTIAGO uses the thermodynamic data from Steihaugptimization method. The
maximum ratio for the deviation between the modaled measured nucleation rates is below
a factor of 10 with only a few exceptions. The ager deviation is a factor of ~4. Some of the
cases where the ratio deviates by more than arfatid® correspond to the lowest temperature
(208 K) binary experiments where the model ovemesties the measured NPF rates (Section
3.2). As intended (Section 2.3) the data in Figud® not indicate an apparent bias.

3.2 Comparison between modeled and experimental data: J1.7nm vs. [H2SO4]

To further evaluate the performance of SANTIAG@ thalculated NPF rates are shown
together with the measured rates as a functiomeftlfuric acid concentration for the five
different temperatures (Figure 4). The color coglgesents the ammonia mixing ratio, while
grey symbols indicate pure binary nucleation (séeté6 et al., 2016; Duplissy et al., 2016).
Again, as in Figure 3 the agreement between modeiddmeasured data is good. The same
applies to the parameterization; in some cases,ptrameterization yields even better
agreement compared with the model. This is the, @age for the binary nucleation at 208 K
and the data at 278 K and 292 K for the lowest anianmixing ratios. However, one clear
advantage of SANTIAGO is that it describes the fiomal behavior of the system more
accurately. At a temperature of 208 K for the haghmonia mixing ratio the model line shows
a pronounced curvature, whereas the parameterizgtitds a straight line on the log-log-plot.
The curvature is due to the fact that the suryivabability of subcritical clusters (i.e., clusters
below the nonamer) can be strongly affected by Vest (Ehrhart and Curtius, 2013). This
effect is most strongly pronounced when the comaéinh of the nucleating vapor is relatively
low, which results in slow cluster/particle growtties. Other thermodynamic data sets can be
used to generate model curves similar to the anBgyure 4. Using the data from Ortega et al.
(2012) and Hanson et al. (2017) generates Figuen8Figure S4. Figure S2 shows the model
curves using @ and & from the medians of the Monte Carlo simulatione Thedians also
give good results, except for an overestimatiore4® K and 278 K at the lowest NH
concentration. This is probably due to comparagyivelv dG values for the sulfuric acid
tetramer (Table 1). Unfortunately, Yu et al. (2088) not provide H and & values but only
dG values at 298 K; therefore, their data set cooldbe tested.

3.3 Comparison between modeled and experimental data: J1.7nm vs. [NH3]

10
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SANTIAGO can yield the dependency of the NPF rédesarying ammonia concentrations
at fixed sulfuric acid concentration. Figure 5 skdWese data for five different temperatures
over a wide range of Ndtoncentrations. The modeled data agree overallgeod with the
experimental CLOUD data. The data points indicatefigure 5 are obtained by normalizing
the CLOUD data to one sulfuric acid concentrationgach of the temperatures (see Kirten et
al., 2016); the sulfuric acid concentrations foe thormalization are indicated in the figure
annotation.

For the lowest temperature (208 K) the new pa&rficimation rates show almost no increase
with [NH3z] when ammonia is present at low concentratienstf cni®); this indicates that NPF
is dominated by the pure binary channel. The datat for pure binary conditions are placed
at the estimated N¢-background concentrations for 208 K and 223 Kigufe 5 (Kurten et
al., 2016). However, in the model for generating lthes at pure binary conditions (Figune 4
zero NH; is assumed. For larger [NHhe NPF rates increase until they reach a plat¢du
10° crm®). In this case new particle formation is only lied by the availability of sulfuric acid;
evaporating ammonia molecules from clusters argyeker, rapidly replaced because the
arrival rate of ammonia is similar or faster thhe ammonia evaporation rate. For the data at
223 K the situation is very similar. The platealuea agree very well with the calculated values
for collision-controlled new particle formation (Kén et al., 2018), which can be seen as a
validation of SANTIAGO.

For both temperatures (208 K and 223 K) the erpamial pure binary new particle
formation rates are well represented by the modle248 K and above, the modeled rates at
low [NH3] very likely overestimate the NPF rates (dashetices of the curves, see discussion
in Section 4) because the model considers onlyaatipn up to the sulfuric acid tetramer,
which is not sufficient to accurately model binamycleation at these conditions. For higher
[NH3] the rates increase steeply. Although the slofélencurves flatten somewhat towards
high ammonia concentrations, no plateau is reaghamh at concentrations of 0cnt3
(approximately 4 ppbv).

3.4 Particle growth rates

Figure 6 shows calculated growth rates as a fumatiothe sulfuric acid concentration
according to equation (2). Additionally, a curverfr the equations given by Nieminen et al.
(2010) is included. The model results from the néstudy show a linear increasedR as a
function of the sulfuric acid monomer concentratienexpected (Nieminen et al., 2010). The
higher values from SANTIAGO can be explained bydiféerent methods for calculating the
collision rate constant that includes van der Waalsancement for the model of the present
study (c.f. Kurten et al., 2018). The increas&R at low temperature (208 K) is not intuitive
as the collision rates decrease somewhat with teahpe, which should lead to slowéR.
However, the clusters are more stable at low teatper and their elevated concentrations can
contribute to particle growth (Lehtipalo et al., 1®). This effect is pronounced at 208 K with
some ammonia. The possibility of deriving growtliesawith the model is an important
advantage over a parameterization. It enablesdudbmparison to experimental data and the
future study of particle growth to climatically eslant diameters.
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4. DISCUSSION
4.1 General discussion on the thermodynamic values
4.1.1 Resultsfrom the optimization and Monte Carlo method

The posterior distributions with the median valf@sdH and & for all clusters are shown
in Figure 2. For comparison, the values from Stegfmoptimization method are also shown.
For the & values, the medians and the optimized values ageeg well. However, the
distributions are rather flat indicating that these wide possible range of entropies that lead
to reasonable agreement between modeled and medsBFe rates. This is also reflected in
Table 1 when comparing thé&tb the Ortega et al. (2012) data. These were esattialize
the optimization method. However, no large diffaescan be found between the initialized
and optimized values.

The distributions for thel values show more structure. However, the onlytelushere a
clear peak can be found is theBA cluster (for the B evaporation). The median valti¢he
distribution is somewhat lower (by ~2 kcal Mptompared with the optimized value but it is
well within the half-width of the distribution. Fonost dH values there exist flat regions of the
probability density function, e.g., for they cluster (A evaporation) between -28 kcal thol
and -39 kcal mot. In this range the evaporation rate varies betvged®® s and 101! s?

(at 278 K and 8 = -43 cal mof K, SI Text2). In practice, it does not matter whaske of
these evaporation rates is used; the magnitudéefetaporation rate in this range has
essentially no effect on the outcome because tistetlis stable on the considered time-scale
(Kupiainen-Maatta, 2016).

For some clusters, limits seem to exist fdt &or example, theHllvalue for the Ais below
-15 kcal mott and for the ABs clusters (A evaporation) the upper limit is appnately -19
kcal moft. The pdf for the AB: and the AB: clusters show local maxima, which indicate
elevated probability densities around -16.5 kcal fand -23 kcal mol.

4.1.2 Comparison of dH and dSto literature data

For most of the clusters, the agreement betweettega et al. (2012) data and the data
from the present study is quite good. One exceptothe A cluster, where the pdf indicates
a median value of -23.1 kcal mlofor dH (-19.7 kcal mot from the optimization method) in
contrast to -16.78 kcal mbby the Ortega et al. (2012) study. The much lovedne found in
the present study is reasonable since Ortega €l2) did not include water vapor in their
calculations. The available water in the CLOUD eipent can lead to significant slower
evaporation rates indicated by the lowet vhlue. The difference to the Hanson et al. (2017)
data is generally much larger. Especially, theeriand tetramer with one ammoniaRA and
A4B1) evaporate significantly slower for the Hansomle{2017) data. This might explain the
much higher NPF rates observed at the warm tempemtor the Hanson et al. (2017)
predictions compared with the CLOUD data (Figurg. ¥ et al. (2018) report@ values
(Table 1) in their study. While the agreement betwgneir model and CLOUD data is generally

12
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good for ion-induced conditions, the agreementnieutral conditions is only good for low
temperature conditions. At temperatuxe®48 K the Yu et al. (2018) model underestimates th
measurements by up to many orders of magnitude. Gdni at least partly be explained by the
significantly higher & values for some clusters (e.g3BA and AB;) in comparison to the
other literature data and the values from the prtesteidy.

4.2 Uncertainties and limitations of SANTIAGO

One limitation of the model from the present stiglyhat the effect of water vapor is not
taken into account explicitly, i.e., no clustersitzining different amounts of water molecules
are considered. However, for the clusters contgimia ammonia to some extent humidity
effects are included. This is achieved by scalivgevaporation rates of the sulfuric acid dimer,
trimer and tetramer by a factor (20%H)P with p = 0.5 for the dimer and 1.5 for the trimer
and tetramer. The first two values for the paramgtare from Hanson and Lovejoy (2006).
For the tetramer the same dependency as for theertris assumed, which introduces
uncertainty. The reportedHdand & values for the sulfuric acid tetramer are themrefiberived
for a relative humidity of 20% in order to be catsnt with the Hanson and Lovejoy (2006)
data. In Figure 4 the agreement between the model@dneasured pure binary data (at 208 K
and 223 K) is relatively good, especially for t28K data. For the 208 K data SANTIAGO
overestimates the measured data. It has to be ,nthi@idthe model calculations assume an
averageRH (33% at 208 K and 28% at 223 K), whereas the nmieasent conditions cover
varying relative humidities (12% to 57% at 208 Kldri% to 52% at 223 K). This can explain
some of the scatter in the measured data but raytstematic overestimation for the 208 K
data by the model. However, the general agreenentelen model and measurement 223
K is considered good for both ternary and binamyditions. For the warmer temperatures (
248 K) the pure binary conditions can currently hetaccurately represented by the model.
This can be seen in Figure 5 for the dashed sectibthe curves, which approximately mark
the limit of the parameter space regarding thensdtb NH; concentrations. For the very low
NHs concentrations, the modeled NPF rates approactpthie” binary conditions. However,
comparison with the data by Ehrhart et al. (20169 wimulated pure binary nucleation for the
CLOUD chamber with the SAWNUC (Sulfuric Acid WatsiJCleation) model indicate that
the apparent binary data in Figure 5 is signifigaaverestimating the true binary NPF rates.
For 248 K the overestimation seems to be withiacdr of 10 but for 278 K and 292 K the
overestimation amounts to many orders of magni(itiehart et al., 2016). For this reason, the
solid line sections for 248 K and warmer have #sfined such that the contribution from the
overestimated binary conditions is in any casetless 10%. This means that SANTIAGO can
be applied, e.g., at 292 K for Nidoncentrations above ca<10’ cn® (= 0.4 pptv). It can be
seen that NEl has a large effect even at these tiny concentigtiovhich are below the
measurable range of ammonia in the atmosphere.

The effect of water vapor on particle growth rateseds to be studied in the future.
Comparison between measured and modeled growthatsenall diameters (2 nm) in the acid
base system (sulfuric acid-dimethylamine and sigdfacid-ammonia) indicates that water has
no significant effect on particle growth (Lehtipabal., 2016). The same can be concluded for
the sulfuric acid-ammonia system at larger diansetetO nm, see Chen et al., 2018).
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The fact that no larger clusters than the tetraman evaporate in SANTIAGO apparently
leads to truncation errors as discussed befornéobinary conditions. This truncation leads to
the overestimation of new particle formation rdtasthe pure binary conditions at the warm
temperatures. To what extent truncation affectstémeary new particle formation can be
discussed based on the cluster evaporation ratébedetramers at the warmest temperature
(292 K). The evaporation rates are ~300@A4B1), ~75 s' (A4B2) and ~0.02$ (A4B3) using
the thermodynamic parameters from Table 1 (firstiroms) and the equations to convelrt d
and &5to an evaporation rate (see Sl Text2). This indicthat new particle formation proceeds
most efficiently via the clusters containing atsethree base molecules. For this cluster the
forward reaction rate is larger than the evapomatiate when the total sulfuric acid
concentration is larger than xR0’ cm®, If the AsBs and AB4 clusters are the dominant ones,
this indicates that even if a pentamer with a smathber of base molecules evaporates rapidly
it is probably not very important in terms of cabtiting to the new particle formation rates as
the main nucleation pathway will follow the clugtevith high ammonia content. If truncation
nevertheless plays a role, it can lead to an otieraSon of evaporation for a smaller cluster,
thereby compensating for the missing evaporatidhefarger clusters. Therefore, it is possible
that some evaporation rates in the present stualg &@ overestimated. However, the data that
are shown in Table 1 for a comparison have beeivatefrom similar methods, where the
effect of evaporation is also considered only ua ¢ertain cluster size limit. Truncation effects
are discussed in detail by Hanson et al. (2017).

Similarly, to truncation the negligence of evagimraof either acid or base for all considered
clusters can potentially lead to errors (see Se@i@). The model includes only the cluster
evaporation rates, which seem to be most relegast Figure 1 and cf. Ortega et al., 2012; Yu
et al., 2018). For each cluster, one evaporatitmisancluded (either acid or base). This means,
that the negligence of the second evaporation @iaran lead to an overestimation of the
cluster concentration. However, in case the omitgdporation rate is smaller than the
considered one, this effect is very likely smahleTselection of the considered evaporation rates
are guided by the literature data on QC calculati@rtega et al., 2012; Yu et al., 2018). This
does, however, not rule out that important evapmmathannels could be neglected. On the
other hand, increasing the number of free parametszs not necessarily improve the accuracy
of the model but only its complexity and the congpiatnal demands for the optimization and
Monte Carlo calculations.

4.3 Implementation of literature datain SANTIAGO

The previous study by Kirten et al. (2016) compatiee CLOUD data with ACDC
(Atmospheric Cluster Dynamics Code, McGrath et 2012) model calculations using the
thermodynamic data from Ortega et al. (2012). Ushngg same data Figure S3 shows this
comparison using the model from the present stBdyprisingly the agreement between model
and measurement is better than in the study byeldiet al. (2016). One difference between the
two studies is that the ACDC model used the foromatate for neutral clusters containing six
sulfuric acid molecules instead of nine in the prestudy. This difference was tested with the
present model but it does only lead to a very sofahge in the simulated formation rates. An
effect that can, however, explain the discrepasdhat the ACDC model calculations did not
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consider a wide range of particle sizes. This ctedd to inaccuracies regarding the coagulation
sink for the formed clusters. Especially at higld@oncentrations when growth and nucleation
rates are large, the particles can create a signifisink that can reach similar magnitude as the
wall loss rate in the CLOUD chamber (Kirten et2015b). Neglecting the full size distribution
can lead to an overestimation of cluster concentratand formation rates (S| Textl). This
effect needs to be studied in more detail in theréu In any case, taking into account particles
over a wide size range should improve the accusheymodel due to the described effect.

The comparison between the CLOUD data and SANTIAGIDg the Hanson et al. (2017)
data is shown in Figure S4. Hanson et al. basedaéh on flow tube measurements performed
at rather warm temperatures (~295 K). The agreebanteen the modeled and measured data
is good, however, mostly at the low temperaturd38 (K and 223 K); for the warmer
temperatures, the model using the literature dgtaficantly overestimates the NPF rates. This
can partly be due to the fact that the model dagsntlude all possible evaporation effects
(acid and base for each cluster). Hanson et al.qR@erived their data, however, by including
many more possible evaporation channels. Theirigegte shifts the new particle formation
rates to higher values. It is likely that this effés stronger at warm temperatures because at
very cold conditions the evaporation rates fordlusters are generally very low except for the
A1B1 cluster. For this cluster only one possible evapon channel exists that is included in
the model. By including the new particle formatiates reported by Hanson et al. (2017) for
278 K at CLOUD chamber conditions (additional sytsbim Figure S4 at 278 K), the
agreement is somewhat better but still signifigahtgher than the CLOUD data. Therefore,
the missing evaporation channels in this study caexplain the full extent of the discrepancy.

5. SUMMARY AND CONCLUSIONS

The model (SANTIAGO, Sulfuric acid Ammonia Nucldaii And GrOwth model)
describes new particle formation and growth frora teactions between sulfuric acid and
ammonia. The effect of water vapor is taken inmaat but the capability of simulating binary
nucleation is limited to low temperaturesZ23 K) because cluster evaporation rates are only
considered up to the tetramer; at warmer tempearsiewvaporation of larger pure acid clusters
becomes important.

SANTIAGO implements evaporation of the smallegstérs, containing one to four sulfuric
acid molecules and a variable number of ammoniacoutés. The thermodynamic datad(d
and & for 11 different channels is used to calculatapsration rates as a function of
temperature. Two numeric methods have been appliefihd the best set of parameters
(Steihaug algorithm) and their probability dendipctions (Differential Evolution-Markov
Chain algorithm, DE-MC). This is achieved by conipgrthe model output to the CLOUD
data set for neutral nucleation in the ternaryesysof sulfuric acid-water-ammonia (Dunne et
al., 2016; Kurten et al., 2016). The average ragittveen modeled and measured data is found
to be as small as ~4 for a wide range of conditi(2@3 K to 292 K, sulfuric acid at
atmospherically relevant concentrations, exgsx10° cm® at 208 K andk 2x10° at 292 K)
when using the best fit parameters. SANTIAGO cary veell represent the neutral measured
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CLOUD data for all tested conditions. This mearet #ven binary neutral nucleation at the
lowest temperatures (208 K and 223 K) can be wesdtdbed.

The optimization and the Monte Carlo method warecessfully applied to explore the
landscape of the cluster thermodynamics for theleatiog system of sulfuric acid and
ammonia. However, the probability density functiéreen the DE-MC algorithm do not yield
a very clear picture of the most likely values dibt and & as the derived probability density
functions are rather flat and indicate a wide ramigerobable values. Therefore, the parameters
reported in the present study have a rather higertsinty. Future experiments and quantum
chemical calculations are necessary to narrow dbese uncertainties.

Implementation of the literature data in the moidelicates that the Ortega et al. (2012)
thermodynamic data describes the CLOUD data b#tser previously thought (Kirten et al.,
2016). This could be because of the negligencargelparticles in the previous study. It seems
essential to include the larger nucleated particéise model as these contribute to the sink for
the small nucleating clusters and particles. Thedda et al. (2017) data overestimate the new
particle formation rates for the warm temperat(@8 K and 292 K). No direct comparison to
the Yu et al. (2018) is possible as no temperatiegendent evaporation rates can be calculated
from their reported @ values at 298 K.

SANTIAGO allows calculating new particle formatiorates for a wide range of
experimental conditionsT( RH, sulfuric acid and ammonia concentration). In casttto the
parameterization from Dunne et al. (2016) for th€@OD data it is also capable of considering
different external sinks (e.g., due to chamber/ftalae walls in laboratory experiments or the
presence of pre-existing particles in the atmosgghtitat can affect nucleation and particle
growth (Kerminen and Kulmala, 2002; Ehrhart andtiDar 2013). With the model, growth
rates can also be determined.

Finally, the strong dependence on [jlHegarding NPF even at levels below 1 pptv
highlights the need for improved instrumentatiorewlone wants to understand the impact of
ammonia on nucleation as no available techniqueregasure such low atmospheric ammonia
concentrations in real-time.
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Nomenclature

-3 "=

Var

X1, X2
Xnew

variance of the means for each parametdrqddS)

Hessian matrix of regarding all 8 and & values

number of chains

particle diameter

enthalpy for one of the reactions (see Table 1)

entropy for one of the reactions (see Table 1)

average error for all modeled and measured paffiicination rates
gradient vector of regarding all 8 and & values

particle growth rate

index

index

experimental formation rate (from CLOUD experiment

modeled formation rate

iteration index in numeric algorithms

collision rate constant for clusters/particles

index

index for critical cluster sizen(= 9)

approximated function value in Steihaug’s method

number of experiments{ for 208 K,n, for 223 K,n3 for 248 K,n4 for 278 K,ns for
298 K)

total number of coefficients, i.e., alHdand & values Qcoets= 22)
cluster/particle number density

power dependency of an evaporation rate regattimgelative humidity
acceptance probability in Monte Carlo algorithm

statistical metric to indicate convergence forMante Carlo simulation
relative humidity

vector of step changes (aMdand & values) in one iteration

empirical parameter needed in Steihaug’s optiridnalgorithm {, t2)
temperature

variance for a parameter in one of the chains

mean of the variances over all chains for onerpater

current vector of allld and &values (Monte Carlo simulation)

drawn vectors of allld and & values from history (Monte Carlo simulation)
new vector of all H and & values (Monte Carlo simulation)

old vector of all tH and & values (Monte Carlo simulation)

joint history for all chains in the Monte Carlargilation

term in the calculation of the new vector in therite Carlo algorithm
radius of trust region in Steihaug’s method

maximum allowed radius of trust region in Steiaugethod

scaling factor in the calculation of the new vedtothe Monte Carlo algorithm
empirical parameter needed in Steihaug’s optinanalgorithm 1, 772, 173)
mean value for one parameter
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727 @ mean value over all chains for one parameter

728 p ratio between actual and predicted function reédadn Steihaug’s method
729 O standard deviation

730 oni  standard deviation of the parameters from ther gligtribution
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Figure l. Acid-base scheme implemented in SANTIAGO (Sulfaddd Ammonia NucleaTlon
And GrOwth model). ABy denotes a cluster of sulfuric acid and ammoni& wiulfuric acid
molecules angtammonia molecules. The arrows indicate the consitlevaporation rates. Red
colors mark the evaporation channels optimized witmeric methods in the present study.
Evaporation rates for the channels marked with rgrreows were taken from Hanson and
Lovejoy (2006). Forward reactions are not shown the model considers all possible
collisions, i.e., cluster-cluster collisions and tnqust the additions of monomers.
Clusters/particles beyond the pentamer (with comagan Ns) are not allowed to evaporate;
for these larger clusters, the base content isodidered.
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1038  Figure 2: Probability density functions ofHtland 6 values for 11 clusters in the acid base
1039  system (ABy = cluster of sulfuric acid and ammonia withsulfuric acid molecules ang
1040 ammonia molecules). The vertical lines indicate va&ies from the optimization method
1041  (dashed lines) and the medians of the probabiétysdy functions (dotted lines).
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1044  Figure3: Calculated new particle formation (NPF) ratesmeasured NPF rates (from Kdirten
1045 et al.,, 2016). The color code indicates the tempesa(between 208 K and 292 K). The
1046 calculated values are from the model using thentbdynamic data from Steihaug’'s
1047  optimization method. The solid line indicates time-0-one correspondence, while the dashed
1048 lines indicate a factor of ten deviation from theedo-one line. The error bars include the
1049  uncertainty of the [EBQy] (factor of 2) and the [NK (see Kiirten et al., 2016).
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1052  Figure 4. Comparison between simulated and measured newlpddrmation rates for five
1053  different temperatures. The color code indicatesaimmonia mixing ratio; the grey symbols
1054 indicate pure binary conditions. The model (solitk$) uses thermodynamic data from the
1055  optimization scheme according to Steihaug (198%ti@e 2.4). The average ratio for the
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1060 Figure 5. New particle formation rates as a function of #tramonia concentration. The
1061 triangles show the neutral formation rates from GigOUD experiment normalized to the
1062 indicated sulfuric acid concentration for five @ifént temperatures (Kurten et al., 2016). The
1063 lines show calculated NPF rates from the modelgushe thermodynamic data from the
1064  optimization method (Table 1). The dashed sect{fms248 K, 278 K and 292 K) indicate
1065  regions of the parameter space where the modelrdegve accurate results as the true binary
1066  rates are expected to be lower (Ehrhart et al.6201
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1069  Figure 6: Particle growth rates as a function of the sutf@tid monomer concentration. The
1070  black line indicates the theoretical curve frommieen et al. (2010) for a temperature of 278
1071 K and for sulfuric acid vapor. The other lines shibw calculated particle growth rates at two
1072  different temperatures (indicated in the figureeled).
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