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Key Points:

« Improved particle formation parameterizations have besreldped
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for
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Abstract

We have developed new parameterizations of two-comporeritai homogeneous and
ion-induced sulfuric acid - water particle formation forda ranges of environmental condi-
tions, based on an improved model that has been validatedsagzosmics Leaving OUtdoor
Droplets (CLOUD) experiments at CERN. The neutral paranmton is valid for the fol-
lowing ranges: temperatures 165-400 K, sulfuric acid catreéions 16-10'3 cm—2 and rel-
ative humidities 0.001-100%. The ion-induced paramet#ion is valid for temperatures 195-
400 K, sulfuric acid concentrations 400 cm~ and relative humidities 1®-100%. The
new parameterizations are thus applicable for the full eamigEarth’s atmospheric conditions
where binary sulfuric acid - water particle formation isenednt, including both tropospheric
and stratospheric conditions. They can also be used foridesg particle formation in the
atmosphere of Venus. The model is based on a thermodyndyricaisistent version of Clas-
sical Nucleation Theory normalized using quantum chendeah. The model is also appli-
cable to extreme dry conditions where the one-componefdrgubcid limit is approached.
Parameterizations are presented for critical clusteusalficid mole fraction, radius, total num-
ber of molecules, and particle formation rate. If the caiticluster contains only one sulfu-
ric acid molecule, a simple formula for kinetic particle rization can be used: this threshold

has also been parameterized.

1 Introduction

Aerosols affect Earth’s climate by scattering solar radiaind acting as cloud conden-
sation nuclei Boucher et al.2013] and thus they significantly affect the radiation hatawithin
the Earth’s atmosphere. Sulfur is transmitted into the lEadtmosphere as gaseous,S&hd
other gaseous sulfur species. These species are trandfamtoegaseous sulfuric acid through
atmospheric oxidation. The gaseous sulfuric acid generae atmospheric aerosol particles
through secondary particle formation processes. Globalsaémodels show that secondary
particles formed in the atmosphere dominate the total ¢labasol number concentrations

and generate up to half of global cloud condensation nu€l€iN)[Spracklen et a).2008; Merikanto

et al, 2009]. Observed particle formation rates are often pribgueil to the abundance of gaseous

sulfuric acid Weber et al. 1996;Sihto et al, 2006;Kuang et al, 2008;Petyja et al, 2009], sug-
gesting that sulfuric acid is a key compound in atmosphegig particle formation in the Earth’s
troposphere. However, in the lower troposphere also additicompounds are required to sta-

bilize the sulfuric acid clustersSfipila et al, 2010;Zhao et al, 2010;Pefja et al, 2011] and
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allow their growth to atmospherically relevant siz€xtega et al, 2012]. However, in the up-
per troposphere pure sulfuric acid -water particle fororais likely an efficient mechanism
for new particle formationKirkby et al, 2011;Merikanto et al, 2015]. A significant fraction
of boundary layer CCN originate from particles formed in thgper troposphere_aes 1995;
Merikanto et al, 2009].

Sulfate aerosols also cause ozone destruction througholgeteeous chemical reactions
in the stratospherePeter and Groo32012] and are important components of present and past
atmospheres of other planets of the solar system, such as\@rEarly Mars McGouldrick

etal, 2011].

Besides its tropospheric significance, sulfuric acid -waterticle formation mechanism
is likely responsible for generating a persistent aercgpdil in the stratosphere (the Junge layer)
composed of sulfuric acid-water particldsk et al, 2003]. This layer has a predominantly
cooling effect on the global climaté&plomon et a).2011]. Volcanic eruptions inject variable
amounts of gaseous sulfur and sulfate particles into théhBastratosphere, leading to vari-
ations in the sulfate aerosol concentratiovsrhier et al, 2011; Sawamura et a).2012], while
also changes in anthropogenic sulfur dioxide emissiondezaohto substantial changes in lower
stratospheric sulfate loadin@itari et al., 2002;Hofmann et al. 2009;Hommel et al. 2015].

These effects need to be taken into account in climate madkédnding up to the stratosphere.

Venus’ clouds, which cover the whole planet, and are resptanfor Venus'’ high vis-
ible wavelength albedd|sposito et al.1983], are mainly formed of sulfuric acid solution droglet
at around 50-70 km above the Venusian surface at conditiomparable to those on the Earth
with temperatures and pressures of the ordéf'200-350 K andy=0.01-1 bar. These lay-
ered clouds distributed over 20 km effectively block theligm from reaching the surface of
the planet, where only a few percent of solar radiation igixed. The surface temperatures
on Venus are, however, on average around 700 K because ofgbrelpuse effect of the very
thick CO, atmosphere, although without the clouds the planet wouldvea hotter. It is likely
that binary sulfuric acid - water particle formation playsignificant role in the formation of
the clouds in Venus. Previous models have assurdaahés et a).1997; McGouldrick and Toon
2007;Gao et al, 2014] that cloud droplet formation involves heterogersepucleation of sul-
furic acid on pre-existing particles. No observations hallewed the identification of the pos-
sible CCN, although several candidates have been sugdssigtas sulfur allotropes and me-

teor dust,Young 1983;Gao et al, 2014]. However, the conditions in Venus could also allow
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the droplet formation to be initiated by homogeneous orifauced unary/binary nucleation

and followed by subsequent growth to cloud droplet sizes.

Large scale atmospheric aerosol models require compnoédiyoefficient parameterized
representations of dynamics of the particle formation essdn various ambient conditions.
Such representations can be produced by either calculditéagetical formation rates based
on physical properties of the system in different condgi@md by parameterizing the data or
interpolating from a look-up-table of the data, or by gaithgrexperimental data points and
fitting suitable functions to the data. Since particle fotioahas a complex dependence on
the concentrations of participating species and on tenyexathe latter approach, while pos-
sibly more accurate for describing measured data, is netviarthy for conditions outside the
measurement range. Therefore, it is much safer to base padpations on a theory that can
reproduce the measured data and predict the dynamics afleddrmation outside the mea-

sured range.

The physical understanding of atmospheric particle foimngprocesses has not been sup-
ported by a firm basis, even for the relatively simple binarifusic acid - water system. Dif-
ferent theoretical formulations for binary particle foroa for the neutral systemexler et al.
1994; Pandis et al. 1994;Kulmala et al, 1998;VVehkaréki et al, 2002;Kazil and Lovejoy2007;
Yu, 2008], and for the ion-induced system in particulsioflgil et al, 2005;Kazil and Love-
joy, 2007;Yy, 2010], can produce binary formation rates that vary by sd\@ders of mag-
nitude [Zhang et al. 2010]. The lack of precision and coverage of binary patfokmation
experiments that could be used for quantitative validatibtheoretical models has also con-
tributed to the variation in the formation rates predictgdiiee different parameterizations. For
example, the theory used B§u [2010] probably contains a double counting of the dipolgetk
interaction Ponald et al, 2008], leading to too high binding energies and predictiohthe
formation rate Ponald et al, 2011]. New patrticle formation measurements in controtled-

ditions [Duplissy et al. 2015] finally allow constraining the theoretical modelgedis

The Classical Nucleation Theory [CNDoyle, 1961;Binder and Stauffer1976; Trinkaus
1983; Seinfeld and Pandjsl998] is an old and elegant description of the nucleatiatgss,
but suffers from the assumption of macroscopic bulk progefor the substances at micro-
scopic scales. Recent Cosmics Leaving OUtdoor Droplet)@D) project in CERN has, for
the first time, provided accurate and demonstrably contantifree measurements of binary

sulfuric acid - water particle formation allowing precis@del-data comparisons. In the pro-
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vided parameterization we use the thermodynamically stersi Classical Nucleation Theory
normalized with quantum chemical data on sulfuric acid hyidn as described iMerikanto
et al. [2015]. The model has been validated against the CLOUD éaxeets Puplissy et al,
2015]. The framework of Classical Nucleation Theory enswghysically based behavior for

the developed parameterizations even outside the expaaimange.

2 Methods

In this paper we present new parameterizations of neutdhi@ninduced sulfuric acid-
water particle formation. The thermodynamic data and ti@iegh theoretical model used for
generating the parameterizations are describeédernkanto et al.[2015]. In the framework
of the revised theory oferikanto et al.[2015], both neutral and ion-induced particle forma-
tion can take place in the range of parameterized condigdither through nucleation, where
particle formation involves crossing of the free energyriearfor formation of stable particles,
or through kinetic particle formation, where such free gydrarrier does not exist. Through-
out the paper we generally employ the term "particle forovatito describe the process in gen-
eral, but may substitute it with "nucleation” when the pelgiformation involves a free en-

ergy barrier. When the process is barrierless we use thekeratic particle formation.

The binary particle formation rates at conditions closedmzelative humidity tend closely
towards one-component nucleation rates, but the binagryheannot mathematically handle
zero relative humidity due to singularities in the kinetiefactor for the nucleation rate in this
case. Furthermore, the zero relative humidity limit of thealby kinetic prefactor does not ap-
proach exactly the unary prefactor, producing an incoasst, albeit small, between the bi-
nary and unary models. For mathematical completeness, seesti the difference in binary
and unary prefactors in the Appendix. Within the accuracuied for the parameterization,
the predicted particle formation approaches one-compadfuric acid particle formation at
very low relative humiditiesa > 0.99), and at zero relative humidity the one-component the-
ory is used to produce the data. However, the parametenizatio not include the exaétH=0

point, since they contain logarithms &fH.

The neutral sulfuric acid -water parameterization can lesved as an update to the widely
used Mehkandki et al, 2002] particle formation parameterization. The tempearsand sul-
furic acid concentration ranges of the new parameteriaatare larger than those wehkariki

et al. [2002] andVehkaréki et al. [2003], and the calculations are also extended to very low
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relative humidities. This was motivated by the present tibgraent of sulfuric acid cloud mod-

els for the Venusian atmosphere, which is much drier tharEtr¢h’s atmosphere.

The model behind the present parameterization differs thhenmodel used iehkaréki
et al. [2002] andVehkaréki et al. [2003] in three respects: first we now use analytical formu-
lae for the second derivatives of the formation free enesimge the numerical derivatives were
unstable at the one-component limit. Second, the clus#rildition in the nucleating vapor
is normalized via a known reference concentration, whicNappel et al[2002] andVehkanaki
et al. [2002] was taken to be the sulfuric acid dihydrate. Hereghee use the full monomer
hydrate distribution in the normalization process insteddnly the dihydrate. This modified
approach ensures a smooth transition into a one-compoystens in the pure sulfuric acid
limit. Third, the reference sulfuric acid monomer hydraistribution is based on more accu-
rate quantum chemical results€yrtén et al, 2007;Henschel et a).2014] than inVehkaréki

et al. [2002] andVehkaréki et al. [2003]

In the presence of water, the total concentration of sulphagid molecules can be sig-
nificantly larger that the concentration of free sulphuga@amonomers, and a large fraction
of acid molecules is bound to hydrates. In the conditionsartlies atmosphere, the concen-
tration of water is approximately ten orders of magnitudghler than that of sulphuric acid,
and thus the total concentration of water molecules can heidered equal to the concentra-
tion of free water monomers, as pure water cluster formadimes not play a significant role
either. In the very dry conditions studied in this work, tlesnot necessarily true and the dis-
tinction between total concentration of water and coneiain free of water molecules must
be kept in mind. By definition relative humidity used as anuihparameter in the parameter-

izations is proportional to the concentration of free waterlecules.

3 Size and nature of the ions

If the free energy of formation as a function of cluster sizeédn-induced particle for-
mation exhibits a barrier, the equation yielding the caiticluster radius has two solutions: a
stable (in one dimensional representation free energynmuini) pre-nucleation cluster repre-
senting the ion in surrounded by a few moleculgs,and the actual metastable (free energy

maximum) critical cluster;. [see Figure 2 oMerikanto et al, 2015]. The classical version

of ion-induced nucleation theory used in this work assurhasthe size of the bare ion in smaller

than the lower radius;,,, < i, and in this case the size of the ion does not affect the en-
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ergetics of nucleation. While an extension of the theoryelax this condition is possible, it

is beyond the scope of this study. Thus, care should be takendure that the ions are small
enough to satisfy this condition always when this pararpation is applied. For the whole
validity range of the parametrization the raditjsvaries between 0.6 nm - 1.4 nm. lon size
has a very minor effect on the kinetics of nucleation, whiels been ignored in this study as
this produces an error insignificant compared to other ssuoé uncertainty in the nucleation
rates. We have used ion radius 0.487 nm corresponding toishépbate ion in all the cal-

culations.

In the Earths atmosphere, the dominant molecular anion©{H8IO; ", CI~) forming
the cores of negatively charged cluster ions are mostly éimfugate bases of the strongest at-
mospheric acids, which in turn are small inorganic molesu&milarly, the dominant atmo-
spheric molecular cations tend to be the conjugate acidseogtrongest bases (e.g. Hpyrid-

ium, different aminium ions), though 40" -based clusters are also often present due to the

much larger concentration of water. With the possible eoappf some of the nitrogen-containing

organic cations, these molecular ions are all rather sma#l below 1 nm in diameterHir-

sikko et al, 2011;Ehn et al, 2010;Beig and Brasseur2000]

Though the precise chemical identities of the acids andsbpesent of course vary be-
tween different planetary atmospheres, the fundamenrgaltrthat atmospheric molecular ions
tend to be rather small is likely universal, especially toe anions. As the complicated large
organic molecules present in our atmosphere are almostiabha biogenic, it could even be
argued that the probability of encountering large molecigdas should be even smaller in other

planetary atmospheres compared to ours.

It should be noted that in cases where the core molecularaom$ormed by charging
large organic molecules (e.g. biomolecules), applicatibolassical ion-induced nucleation
theory may suffer from difficulties above and beyond thaated to ion size. In such cases,
the negative or positive charge is very likely localized te@r more specific functional group
of the molecule (e.g. sulfate, nitrate or carboxylate geoimpthe case of anions). Thus, treat-
ing the molecular ion as a uniformly charged sphere (an &ehpproximation for simple
inorganic ions such as bisulfate or ammonium) may lead wel@&rrors even if the ion size

is appropriately accounted for.

In laboratory conditions, molecular ions of arbitrary s@an be created for example in

the form of charged metal clusters. In contrast to the clthlemolecules discussed above,
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heterogeneous nucleation onto such core ions may in phinbip described fairly well by clas-
sical theory, as the charge can be delocalized over thesgntiore or less spherical) cluster.
When applying the classical theory to such studies, theeffeion size on the nucleation bar-

rier must therefore be taken into account.

4 Particle formation parameterizations

Parameterizations are given for neutral and ion-inducetictea formation rates and crit-
ical cluster sulfuric acid mole fraction, radius and totalmber of molecules in the cluster. We
also provide parameterizations for the limit at which paetformation becomes kinetic in both
neutral and ion-induced cases, that is, the conditions evtiex free energy barrier limiting the
particle formation rate disappears. Analytical equatiaresgiven for calculating the particle
formation rate in the kinetic regime. Moreover, a paraniestion for the threshold sulfuric
acid concentration that yield a neutral particle formatiate of 1 cnt3s~! is given for three
separate, but contiguous, temperature ranges (in the idamperature range particle forma-

tion is kinetic).

In the following we present the parameterizations and comfiee obtained theoretical
and parameterized results with each other and also, in thieahease, with the theory and

parameterization offehkanaki et al.[2002].

The validity of the neutral nucleation parameterizatiofirsted to relative humidities
from 0.001% to 100%, sulphuric acid concentration from 1® 103 cm—2, and to temper-
atures from 165 to 400 K. The results of the parameterizaienvalid only if the resulting
particle formation rate i/ >10-"cm~3s~! and the number of sulfuric acid molecules in the
critical cluster isn; >1. The limitn} =1 is related to particle formation becoming kinetic.
We have developed another parameterization that givesuth@is acid concentration required

for the kinetic limit as a function of relative humidity andnperature.

The validity of the ion-induced nucleation parameterizatis limited to relative humidi-
ties from 10° % to 100%, sulphuric acid concentration from*10 10'6 cm~3, and the tem-
perature range 195-400 K. The results of the parametesizatie valid only if the resulting
particle formation rate (assuming a negative ion concéntraf 1 cnt3) is J >10~1%cm3s~!
and, as for the neutral case, total number of sulfuric aciteoudes in the critical cluster is
n’ >1, since below this limit particle formation becomes agaimekic. This ion-induced ki-

netic limit is described by another parameterization. Tdreinduced particle formation rate



237 has to be multiplied by the actual negative ion concentnafigpically some hundreds to some

238 thousand negative ions cm) to get rates in the conditions investigated. Dependinghenchem-
239 istry of the atmosphere studied, negative ion concentratéam depend on the sulphuric acid

240 concentration and vice versa. As the input values of ourrpaterization, these two concen-

241 trations are treated as independent variables, and thdicgugetween them in the studied case

242 can be specified before calling the parametrization.

23 The particle formation calculations using the paramet¢ions are orders of magnitude
244 more computationally efficient than with the full theorydahence the parameterizations are
25 suitable for large scale atmospheric models. A Fortran dodée new parameterization is
26 included in the supplementary electronic material. Whenguthe parameterizations in, for
247 example, a microphysical/atmospheric model, it is adVesat use the same thermodynam-
218 ical data (density, surface tension, activities, etc.,eekanto et al.[2015]) as used here for
249 consistency, and double precision for floats should be used.
250 4.1 Neutral particle formation
251 The mole fraction of sulfuric acid in the critical clusteglid for both neutral and ion-
252 induced case, is given by

r* = 7.9036365428891719- 107" — 2.8414059650092153 - 10™3 T (1)

+1.4976802556584141 - 1072 In(p,) — 2.4511581740839115- 10~ T In(p,)

RH RH
) — 2.8799393617748428 - 10> T In(=——)

431 471066424 - 1073 In(——
+3.4319869471066 073 In( o0 00

RH 1? RH 1?
1+3.0174314126331765 - 10~ [111(1—00)] —2.2673492408841294- 1075 T [m (ﬁ)]
RH 13 RH 13
—4.3948464567032377- 1073 [m(m)] +5.3305314722492146-105T[ln(m)] ,

253 wherep, is the total gas phase concentration of sulfuric acid (3¢t is the absolute tem-

254 perature and? H is the relative humidity in %.

255 The particle formation rate is given by an exponential of iedtbrder polynomial ofin(RH/100)

256 and hl(pa)



J[1/(em®s)] = exp {a(T,2") )
+b(T, 2*) In(RH/100) + (T, z*)[In(RH /100)]?

+d(T, z*)In(RH/100)]® + e(T, z*) In(pa)

+£(T,2*) In(RH/100) In(pq )

+9(T, 2*)[In(RH/100)]* In(p )

+h(T,2")[In(pa)]?

+i(T,2*) In(RH/100)[In(ps)]?

+3 (T, %) [In(pa)]” },

257 where the coefficients(T,z*) ... j(T,z*) are functions of temperature and critical cluster

258 mole fractiona* (calculated using equation (1)):

—-10-



2.1361182605986115- 10~ + 3.3827029855551838 T' — 3.2423555796175563 - 10~ T
8.0286874752695141

x*

+7.0120069477221989- 1075 T3 4

—2.6939840579762231 - 10~ + 1.6079879299099518 T' — 1.9667486968141933 - 102 T
7.8884704837892468

e
4.6374659198909596 — 8.2002809894792153 - 10~ 2 T' + 8.5077424451172196 - 10~ T2
1.4625482500575278

x*

+5.5244755979770844 - 1075 T3 4

—2.6518510168987462- 107673 —

—5.2413002989192037 - 10~ + 5.2755117653715865 - 103 T — 2.9491061332113830 - 10672

5.2663760117394626 - 1072

x*

—2.4815454194486752- 1078 13 —

1.6496664658266762 — 8.0809397859218401 - 10~ T' + 8.9302927091946642 - 10~ T2
8.9505572676891685

x*

—1.9583649496497497- 107> T3 —

—3.0025283601622881 - 10" 4 3.0783365644763633 - 101 T' — 7.4521756337984706 - 10~* T2

1.2872868529673207

x*

—5.7651433870681853- 10~ T3 +

—6.1739867501526535 - 10~ + 7.2347385705333975 - 103 T’ — 3.0640494530822439 - 10~° T

2.8681650332461055 - 102

x*

6.5944609194346214 - 107373 —

6.5213802375160306 — 4.7907162004793016 - 10~2 T — 1.0727890114215117- 10~ * T2
5.4113070888923009 - 10~*

x*

+5.6401818280534507- 10~ T2 +

5.2062808476476330 - 10! — 6.0696882500824584 - 10~ T' + 2.3851383302608477 - 10 ° T

5.6543192378015687 - 102

x*

—1.5243837103067096 - 108373 —

—1.1630806410696815 - 10" + 1.3806404273119610- 103 T — 2.0199865087650833 - 10~ 72

6.9425267104126316 - 1073

x*

—3.0200284885763192- 10~ 7% —

-11-



259 The total number of molecules in the critical clustgf, = n} + nl (wheren} is

260 the number of water molecules in the critical cluster) isegivby

nio, = exp{A(T, z") ®)
+B(T,z*) In(RH/100) + C(T, z*)[In(RH /100)]?
+D(T,z*)[In(RH/100)]? + E(T, z*) In(pa)

+F(T,z*)In(RH/100) In(p,)

+G(T, z*)[In(RH/100)]*In(p,)

+H (T, z*)[In(pa)]?

+I(T, 2*) In(RH/100)[In(p,)]?

+J(T, ") [In(pa)]*},

261 where the coefficientsl(T, z*) ... J(T, z*) again depend on temperature and critical cluster

262 mole fractionz* (from equation (1)):

—12—



263

264

—3.5863435141979573 - 1073 — 1.0098670235841110- 10~ T + 8.9741268319259721 - 10~* T2
1.2080330016937095 - 10+

e
1.1902674923928015 - 10™2 — 1.9211358507172177 - 10~ 2 T + 2.4648094311204255 - 10~ T?
2.0668639384228818 - 102

I*

—1.4855098605195757 - 1076 73 —

—7.5641448594711666 - 107 T3 —

—3.7593072011595188 - 1072 + 9.0993182774415718 - 104 T" — 9.5698412164297149 - 1076 72
1.1026579525210847 - 102

e
1.1530844115561925 - 1072 — 1.8083253906466668 - 10~* T + 8.0213604053330654 - 10~ 7 T2
1.0243693899717402 - 1073

poes
—1.7248695296299649 - 1072 + 1.1294004162437157 - 1072 T — 1.2283640163189278 - 10~ 4 T2
6.8505583974029602 - 102

I*

+3.7163166416110421 - 103 T3 4

—8.5797885383051337- 1071073 +

+2.7391732258259009 - 10~ T3 4

2.9750968179523635 - 10~ — 3.6681154503992296 - 10~3 T 4 1.0636473034653114 - 1075 T2
5.2028866094191509 - 1073

e
7.6971988880587231 - 10~ % — 2.4605575820433763 - 1075 T 4 2.3818484400893008 - 10~ T2
1.6640566678168968 - 10™4

poes
—7.7390093776705471 - 1072 4 5.8220163188828482- 10~ 4 T + 1.2291679321523287- 106 72
5.6357941220497648 - 1073

o
—4.7170109625089768 - 10~2 + 6.9828868534370193 - 10> T — 3.1738912157036403 - 10~ T2
4.2304213386288567 - 10~*

x*

+5.8687098466515866- 10~ T3 —

—8.8474102392445200- 1071073 —

—7.4690997508075749 - 1072 73 —

+2.3975538706787416- 1010 73 +

1.3696520973423231 - 10™2 — 1.6863387574788199 - 1075 T' + 2.7959499278844516 - 10~8 T
8.6136359966337272- 10~°

x*

+3.9423927013227455 - 10~ 11 73 +

The radius of the critical cluster is given as a function a thole fraction and the to-

tal number of molecules in the cluster:

r*[nm] = exp[—22.378268374023630+0.444629536061251002*+0.33499495707849131 In(n;., )].

(4)
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We also present a parameterization for the threshold totatentration of sulfuric acid
that gives particle formation raté&=1 cm3s~!. The threshold concentration depends on the
temperature and the relative humidity as given in the falhgrequations. We divided the tem-
perature range in three parts (155-185 K, where particlmédion is in the kinetic range, 190-
310 K and 310-400 K) to ensure a good quality of the fits. ThellestaRH used for fitting
is 5% (S = 5-10~2). We have included sulfuric acid concentrations above® tin—3 (which
were excluded from the parameterizations/ofr, n,, andr*) to enable the threshold pa-
rameterization to extend to the whole RH range also at higtpé&zatures. For the (nucleation)

range 310-400 K the threshold concentration parameterizét

Pl 1 /em?®) = exp | —2.8220714121794250 + 1.1492362322651116 - 10* Roo

~ 3.3034839106184218 - 103 _ 7.1828571490168133 - 10> RH

T T 100 + 1.4649510835204091 - 10~

RH
—3.0442736551916524 - 1072 100 T — 9.3258567137451497- 107> T2

RH . 1.5184848765906165- 10 In(£L)

_ 1
1.1583992506895649 - 10° In( 100) + T
RH
+1.8144983916747057- 1072 T In (100)
and for the (nucleation) range 190-310 K:
_ RH
pl=H1/em?®] = exp | —3.1820396091231999 - 10% + 7.2451289153199676m (6)

2.672 1 486 - 10* 1492 49 102 RH
N 6729355 77(2089 86-10" 7. 950607; 3069 - 10 %+12617291148391978T

RH
—1.6438112080468487 - 1072 100 T — 1.4185518234553220- 1073 T2

RH . 1.2607421852455602- 10% In(£H)
) + 100
100 T

+1.3324434472218746 - 1072 T In(

—9.2864597847386694 In(——

RH

100)

For the range 155-185 K where particle formation is kingtie threshold concentration pa-

rameterization is:

_ RH
pl= 1 /em?] = 1.1788859232398459~105—1.0244255702550814~104-m (7)
RH
+  4.6815029684321962- 103 - (ﬁ)2 — 1.6755952338499657 - 102 - T..

The following equations give the parameterization for thtaltconcentration of sulfu-
ric acid at the kinetic limit (as a function d8H and7T’). These equations are to be used to
check if the conditions are such that particle formationirgekic, in which case the Egs. (11)

and (12) should be used to calculate the particle formatts instead of Eq. (2). Here we

14—
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divided the relative humidity range in three parfsH{=1%—-100%, 0.01% — 1% and 0.0005%

— 0.01%) to ensure a good quality of the fits. The kinetic lisitfuric acid concentration (above

which particle formation is kinetic) foR H=1%-100% is:

The

The

RH
k“‘[1/cm ] = exp |7.8920778706888086 - 10" + 7.3665492897447082 100 (8)

~ 1.2420166571163805 - 10* ~ 6.1831234251470971 - 10> RH

T T 100 2.4501159970109945- 1072 T

H
—1.3463066443605762 - 102 % T + 8.3736373989909194 - 10~ 72

RH) 3.2141890006517094 - 10" 1n(]1%£)
100 T

RH)

100

—1.4673887785408892 In(

+2.7137429081917556 - 10> T In(

kinetic limit sulfuric acid concentration fd8 7=0.01%—1% is:

RH

P01 /em®] = exp | 7.9074383049843647 - 10" — 2.8746005462158347 - 10" —— 9)
100

1.2070272068458380 - 10 5.9205040320056632 - 10° RH
T T 100

H
—4.3983007681295948 - 102 % T + 2.5943854791342071 - 10~° T

— 2.4800372593452726 - 102 T

H . 9.9186787997857735- 10! In(£Z
—2.3141363245211317 ln(Roo) + - n(300)

RH

+5.6819382556144681 - 10> T In(=—— 100

)|

kinetic limit sulfuric acid concentration fd¢ 7=0.0005%—-0.01% is:

RH

P11 /em®] = exp |8.5599712000361677 - 10" + 2.7335119660796581 - 10° —— 00 (10)

1.1842350246291651 - 107 1.2439843468881438- 106 RH
T T 100
RH
-|-5.08869874253260871—OO T + 7.1964722655507067 - 10~° T

RH . 1.7561478001423779 - 102 In( 22
~2.4472627526306372 In(£55) + . n(100)

— 5.4536964974944230- 102 T

RH

+6.2640132818141811- 1073 T In(=— 100

)|

The neutral particle formation rate in the kinetic rangg,) can be easily calculated

via the following equationsNlerikanto et al, 2015]:

where

C
Jkin,ncutral 2 \/T(p(tlotal) (11)
) 1 1
C = (1o + Tvet) | 87k | — + (12)
me Myef

wherer,.s = r, = 0.3 - 107°m andm,.f = m, = 1.661 - 10~27Kg in the neutral particle

formation case.

-15—-
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4.2 lon-induced particle formation

In the following we present the parameterizations for indticed particle formation rate,
the number of molecules in the critical cluster and the aaltcluster radius as functions of
pa, the total gas phase concentration of sulfuric acid (€T, the absolute temperature, and
RH, the relative humidity in %. The kinetic limit sulfuric acitbncentration parameteriza-
tion is given as a function of temperatufeand relative humidityR H. Note that the critical
cluster mole fraction can be solved from the same equatiobdth neutral and ion-induced
particle formation [see Eq. (6) oMerikanto et al, 2015, and the references therein], and thus

the same mole fraction parameterization (Eq. (1)) can bd tmeboth particle formation types.

The ion-induced particle formation rate for the assumedhtiegion concentration of
1 cm~3 is given by the following dependence am( RH/100) andIn(p,) (the actual parti-

cle formation rate is obtained by multiplying with the adtiem concentration in cm?):

(13)

) In? Pa

RH 7? RH 7
_ J J . J . il .
I = e | O+ H@)- G|+ H@) 0| e
RH ™! RH 7! RH ™!
J . a1 J . J . i .
L@ D] ) G|+ @) ] g,
RH ™! RH ™! _ _
@) ]t B (GO )0 g ST 7 g
RH
+(T) - pa + f15(T) - 10? po + fi5(T) -n® po + f4(T) - In{155) - In % pa
RH RH RH RH
J . N —1 J . i J . il J . o
+fi5(T) - In(355) 07 pa + fi6(T) - In(355) + fir(T) - In({55) - npa + fis(T) - In(55
RH RH 1? RH 1?
J . ). 3 J . _ . -1 J . _—
RH 1? RH ? RH
J . —_— . J . _— . 2 (] P —
) [0 gt S G| e ) T
where the coefficientgy, are functions of temperatufg as follows:
fj\][(T) =a1,N tas N - T + as,N T2 +aq N - T3 +as N - Tﬁl, (14)

and the coefficients;_5  for eachf]{,(T) are given in Table 1.
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3.0108954259038608)"
1.5028549216690628)!
-2.0487870170216488)!

1.4955918863858371
7.9018031228561085
1.57252371112259780°
-1.6973840122470968)"
-1.0399591631839757
1.2250990965305315
4.8281605955680433
2.3399230964451231
1.02997155194993600°
-3.5452115439584042
2.2338490119517975
3.7592282990713963
1.8293600730573988)"
-1.7634531623032314
-3.29440436942757210)"
-1.1451811137553243
3.2270897099493561)"
-2.89019067816978110"
3.3365683645733924)"
2.4592563042806375
4.40998234443523110"

6.11767220905125710"
-1.9310989753720628) !
1.3263949252910408) 3

9.2290004245522451)"
-1.1649433968658948)"

-1.0051649979836277

1.1258423691432138)
2.70220555882576910>

3.0495946490079444)*

1.7346551710836448)
-2.3099267235261948)"
-6.4663357203364138) 2
1.708344573115933002

1.02294102160455410>

-1.5257988769009818

1.83447286060029910)"

4.9011762441271278
1.251757192105188M "

2.0625997485732494) 3
7.7898447327513680 !

-1.5356398793054860
-3.611456156489453M) !
-8.322707174310108% 3

2.5915665826835252

8.7240333618891668) !
8.0155514634860480)*
-8.4195688402450274)°
-8.9006965195392618) !
1.140082785491095M0 "
1.186648401450762103
-2.9850139351463798)*
-2.1507467231330938) ¢
2.1051563135187108)"
-1.011360214079601m*
8.0122962140916354) 2
-2.0487150565050318)~°
-1.2552625290862628)°

-3.2103611955174052

2.6113805420558802
-4.00633632211067510~!
-1.3195821562746330) 2
8.3239769771186714°
-3.4225389469233624)°
-6.5662738484679628)°
1.9267271774384788)2
9.2977354471929261)*
8.2563338043447783)°
-1.644909181948263%) 2

-4.6191788649375718)°
-1.0832730707799128)~¢
1.6154895940993281 8
2.2319123411013098)3
-3.1941526492127758)*
7.3557614998540388) 6
1.4301286324827064) 7
3.805948903758417101°
-8.2200682916580878) 2
3.7482518458685088) 2
6.1542576994557088)°
8.7935289055530891 7
1.29684474491828410°
1.33971523049775910~2
-9.0380721653694368) °
1.484274937125852m~3
-2.8668619526430850)°
2.819185934151950107
4.44376134969845610~1°
3.7899330796456 7900 °
-5.3886270475516162)°
1.9549769069511358)~ 7
-8.4374976698593498)°
2.67972498161447210~°

8.35370591070244810~!
1.7577660457989019
3.873421254520387%"
4.0180079996840850) 2
-3.7662115740271448) !
2.6270197023115189
1.3163389235253728)"
1.50004927885534100°
2.9965871386685028) >
-1.4449998158558208) !
5.3718413254843007
3.6013204601215228)"
1.57486875120565600°
-2.4155187776460030) 2
-1.3974197138171080) !
1.1848846003282287
-2.98233969763935510 !
-2.7352880736682318)"
1.8666644332606754)
7.110642750175654m~!
5.0490415975693428) !
-8.8865930095112855
-2.0938173949893478)
5.5045672663909998) !
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302 The number of molecules in the critical cluster in the iodtined case can be calculated

303 as a function ofn(RH/100) andIn(p,) with the following expression:

- 92 —2
My = |<f1”(T)+f§(T)~_ln(%)] W g, £(T) ()|
1 =2 -1 -1
) (] st @) D] w7+ @) 0]
1-1 —1
D) (D] 4 R ] g+ ) W gy (7)1

RH. . RH
W) In"? po + f14(T) - In(

100
RH RH 1? H
o) g+ D) 0|+ ) [

HUT) 1 pa + f1y(T) - 1n® po + fi5(T) - In( )-In

() (B 4 g )

100
e[ g P s ) B2y T e pa>
where the coefficientgy are functions of temperatufE as follows:
fRe(T)=bin+bon -T+bzn -T*+ban-T ' +bsn-T? (16)
304 and the coefficients; _5 n for eachfy (T") are given in Table 2.
306 The critical cluster radius for ion-induced particle fotina can be evaluated using the
307 following expression:
¢ i ] gy [ )
100 100
w10 [ s 50 [ ) [ ),
1) ()] TR () g+ D) () e,
+ (1) - 1072 pa + f11(T) - 0" pa + fio(T) - I pa + fi5(T) - In” pa
+f1,(T) - 1n(%) In"% pg + f15(T) - 1n(?—£) ‘In~! pa + f16(T) - ln(?—gg)
) D) o 50) ) o () [ g,
13D (5500 ). (] g+ £3(T)- ()] " npe
where the coefficientg}, are functions of temperatufE as follows:
@) =cn+en TH+egn T +en-T° (18)

308 and the coefficients; _4 y for eachf} (T") are given in Table 3.
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-4.8324296064013378)"
-6.72591052320398410°
2.621645521776334R
3.9652478944137344
2.4975714429096208
-8.92707155925336 1110
7.64264416420916310°
-5.15168263986079110"
-3.0386767129196178)
-3.37634942564614700°
-1.8817843873687068)°
-1.7668827539244441
-1.666183588922238m)°
1.0843549363030930*
-2.4269802549752830)°
5.274537257525158B)
-1.6401959518360408)"
-2.7556572017167780°
-6.3419182228959192
3.018921330468904Q°
1.192479193067370*
3.6409071302482088)"

5.0469120697428908
1.9197488157452008)
-2.3687553252750821
1.2469375098256530) 2
1.71075945624451 7@
1.2053538883338948)°
-7.1785462414656578)"
9.1385720811460558) !
-1.1033438883583568)"
3.1916579136391008)°
4.3038072285882070
4.8160932330629918) !
1.3708900504682871
-7.35570736361395710"
1.13482650619417 14"
-2.6080675912627314
2.432296216243964m !
4.9293344495058261)"
4.06362128346058210 2
-2.3804654203861681"
-1.1973824959206000>
1.7919859306449628) !

-1.1528940488496042
-1.3602976930126354
7.40745547675175210~3
-9.9837754694045638)°
-7.8988711365135280) !
-1.5490408828541018
2.3851864923199528) !
-3.5477100262158974) >
8.1296859732896061"
-2.7234339474441148)
6.624408768967186M >
-6.3133007671100298)*
-1.7919060052198968)"
1.2054625131778862
-5.043042393949515[0 2
5.6902218056670148) >
1.1744366627725341 3
-2.650345652067605M !
-1.045011268784274)*
6.811301341197294m)2
1.68887130979710200*
-1.0020116255895208) 3

-8.6892744676239191
-1.1212637938360330
-1.9213956820114921°
-5.1919499210175138)
-2.224359978248317I0"
-1.1243275579419828)"
8.5591775688708398)"
2.7545544507625588)°
1.262588314109716@)"
-2.18976532627073910"
-2.7133073605696298)°
2.563177466987315M"
-3.5145029804436408)"
1.93587379178643910°
2.3709874548950634)°
-3.2149319482897838)"
-8.2694427518413198)°
1.21306980309821610°
3.1035882189759650)>
6.3112071081188918)
1.8735938211539588)
-8.3521083354432308)

4.0030302028120468)*
2.8515597265933200°
-9.3839114856129458)~¢
1.6489001324583860) "
-1.62915230040954210)*
4.8053105606904658) 3
-3.7000473243342858)*
5.4708262093640928) ¢
-1.27284978222191010 !
5.178850581225907102
-1.795155739428504B)°
4.15344841278735180 7
5.104724094737122%) 2
-4.2871620775911338)°
1.4091851828620241 4
-5.4121996056745858) ¢
-5.0028379203873100 ¢
4.353061066804295M*
9.43284186578735000°
-9.4460854261685728)°
5.097456468044285M)~*
1.5879900546795638)°
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-3.6318550637865521)°
2.1366936839394921) %
-7.7804007761164308) '°
3.26289273974208600 2
2.0442205540818558)°
1.8381489183824621°
1.179576063969505M 7
-4.4028846582545950) "
2.7885056884209128) !
-2.3719627171699988)°
-5.6946433724699648)°
-2.2808617930606012) %
1.40142699399478410 10
6.5464943868885888) !
8.47378931839278710°
1.07619641357013910 7
-3.5621571395968670)°
2.0700482083136288) !
1.8524255464416208)°
1.9349488650922678)°
2.1484978031650972) !
6.75657152164203100 3

2.1740704135789128)°
-2.4087168827395628) '°
1.032705817351793m '
-7.6475692919751068) 1
4.0441858911249830)°
-8.9853322951518918)°
-8.1046722896375878) 1°
4.6541269232626618) !
-4.51671296241191210 '3
-1.5260127909292058)~ 7
8.4629788237081738)°
1.4773376696847778) 10
-2.3675117757377630 12
1.6494354816942768)°
-6.0243327445597118)°
-1.0142496009071148)°
4.1175339587760908) !
-3.92389445627174210 '3
-2.1959816152743264 !
-2.2647295919976428) !
-9.3976642475838018) 1
-3.542116254948080M 1°

-8.55214290665061610 '2
8.7969869277074318) '3
-4.2557697639692428) 14
4.1985816845259788) ¢
-3.3423487629482828) 1°
7.5888799566036188) !
9.186860436904185M
-1.193992998428519%) '3
1.6558404997394420) 1
1.717701794475413%°
-1.76741351870615210 *°
-1.3076953119957358) '3
5.15140339667078780 °
-1.7480097393483658) 1°
5.876607052981488R) !
2.13373124665191900 2
-1.3535372357998504 13
1.5850961422040198) 1
-6.447811950167701)~ 14
9.29174797482687510
-4.8892738002751928) 16
-3.42011968686935680'°

-9.3538647454573390) 1°
-1.02944668813032910°
5.4082507061618660) 7
-6.2281395889592718)*
6.8000404742985678)*
-1.5823457864755548) 3
4.7882428237444610) 1°
2.360203701661443M0 7
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-4.7031737537526398) 2
6.6236547903091860) *
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The sulfuric acid threshold concentration (im—3) for kinetic ion-induced particle for-

mation can be expressed as a function of temperature arttvedhmidity with

Inpg™ = 5.3742280876674478- 10" — 6.6837931590012266 - 102 - [m(%)} - (19)
—1.0142598385422842 - 10~ - h(%)_ o 6.4170597272606873 - m%)
—6.4315798914824518 - 10 - -ln(%)- T 2.4428391714772721- 1072 - [m(%)} 3
—3.5356658734539019- 10~ - _m(%f +2.5400015099140506 - 1077 - T {m(%)} -
—2.7928900816637790- 10~ * - T'- -ln(%)- B +4.4108573484923690 - 102 - T - 1n(%)
+6.3943789012475532- 107> - T'- h(%)_ 2 +2.3164296174966580 - 10~ * - T'- {m(%)} 3
+3.0372070669934950- 107° - T - ﬂl(%)_4 + 3.8255873977423475. 1076 . T2 [m(%)}l
—1.2344793083561629 - 10~* - T2 - ln(%) —1.7959048869810192- 107> - T - [m(%)} :
—3.2165622558722767- 10~ - T - [m(%)r — 4.7136923780988659 - 1077 - T - {m(%)] -
+1.1873317184482216- 10" - T - ln(%) + 1.5685860354866621 - 108 - T3 . [m( f_gg )} i

—1.4329645891059557 - 10* - T~ + 1.3842599842575321- 10~ - T

—4.1376265912842938 - 10~ * - T2 + 3.9147639775826004 - 107 - T*.

In the kinetic range the ion-induced particle formation tendescribed with the follow-

ing equation Merikanto et al, 2015]:
Jkin,ion—induced = Cppreﬁ(pg)tal) (20)

whereC is given as in EQ. 12 With,er = rion = 0.487-107°m andmyef = Mion = 1.661-
10~2"kg, and the pre-existing cluster concentratigp. is simply the negative ion concentra-

tion pion.

4.3 How to apply the parameterizations in practice?

For simplifying the use of the parameterizations, we ar&itiging Fortran codes in the
Supplementary Materials of this article. The following iptsi should be kept in mind when

using the parameterizations.

1. The total particle formation rate is the sum of neutral amdinduced cases/;.; =

Jncutral + Jion .
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335 Table 4. List of the parameterizations developed in this article.

Parameterization Neutral lon-induced
Kinetic thresholdpk"[1/cm?®] | Egs. (8), (9), (10) Eqg. (19)
x Eq. (1) Eqg. (1)
Jnue Eq. (2) Egs. (13), (14), Table 1
Niot Eq. (3) Egs. (15), (16), Table 2
r Eq. (4) Egs. (17), (18), Table 3
Thresholdp!=1[1/cm?] Egs. (5), (6), (7) -

a1 2. The ion-induced formation rate is limited by the ion paioguction rate (I.P.R.)Jion =
322 min(Jion, IPR)
a3 3. The ion-induced particle formation rate is directly psagnal to the negative ion con-
324 centration:Ji,,, < Nion. The parameterization has been generatedMigy = 1 cm3
a5 and should be scaled accordingly.
az 4. The particle formation rates are calculated at the ¢alififormation size. If the param-
a7 eterizations are used in comparison with measurementsggrlaizes or in an atmo-
azs spheric model where the smallest size bin is larger thandhadtion size, the forma-
a29 tion rates at those sizes should be evaluated using forimdatleveloped for this pur-
3% pose Kerminen and Kulmala2002;Lehtinen et al. 2007]. For example, to calculate
331 the formation rates at the size of 3 Num = Jneutral K K (775 ira1) T Sion KK (155,),
a2 where K K is the scaling given by, for examplgerminen and Kulmalg2002] or Lehti-
a3 nen et al.[2007].
3 Finally, we provide a quick reference of the different paesanizations in Table 4.
a3 5 Results
a7 In this section, we compare the new theoretical particlenidion rates ferikanto et al,
a3 2015] against the oldehkanaki et al, 2002] and new parameterized particle formation rates
a3 and cluster properties in a wide range of conditions.
340 Furthermore, to test the parameterization in realisticosfpheric modeling conditions,

an we have also implemented the new neutral particle formgiemameterization in the global
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aerosol-climate model ECHAM5.5-HAMZStier et al, 2005;Zhang et al, 2012]. This model
describes the aerosol population with four soluble andetlimsoluble log-normal modes, in-
cluding sulfate, organic carbon, black carbon, dust andsatia The simulations start in June
1999 with a 6-month spin-up period and end in December 2008lysis is done only for year
2000. The model is nudged against ERA-40 meteorology toomngsignal-to-noise ratio. The
simulations include anthropogenic aerosol and precunsisstons from ACCMIP Lamar-

que et al, 2010], while sea salt, dust and DMS emissions are calculatdine. We apply the
model in two cases, 1) with the defadéhkanéki et al. [2002] binary nucleation parameter-

ization and 2) with the new parameterization, and we willspre this comparison as well.

5.1 Neutral parameterization

Figures 1, 2, 3 and 4 show a comparison of the theoretical lrmgharametrized values
for particle formation rate, sulfuric acid mole fractiontdal number of molecules and radius

of the critical cluster, respectively.

The ratio of the theoretical and the parameterized padaimation rates (Fig. 1) shows
that in the whole range of particle formation rates most ef tases are within one order of
magnitude (10'-10') of the perfect fit. Our wider ranges for all the input varibkause larger
deviations between the theoretical values and the fit thahdarparametrization ofehkanaki
et al. [2002]. For very low and very high theoretical particle f@tion rates the parameter-
ization may overestimate the rates by a factor of fDsome cases. These cases are related
to the extremities of the validity ranges. For example, fighhsulfuric acid concentrations (above
10° cm3) sometimes the model predicts very large clusteks(around 100) with correspond-
ing very low particle formation rates, which are overestalaby the parameterization. This
overestimation grows with growing sulfuric acid concetitna and is particularly clear for con-
centrations above approximately'1Gcm—3, giving the highest overestimations of small par-
ticle formation rates (cases on the left extremity of Fig ol Jineoretical/ Jparam Values be-
low 10~2). However, the largest discrepancies between the theatetnd the parameterized
particle formation rates are either at insignificantly loarticle formation rates, where the par-
ticle formation is practically zero, or at extremely highripde formation rates where parti-
cle formation rate is not the limiting factor for appearanégarticles of atmospheric rele-

vance, but also growth and loss processes play a major role.
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Figure 2 shows the difference between the theoretical arehpeterized mole fractions.
Fractions below: <0.5 are best fitted (difference between theory and parainetien rang-
ing between -0.017 and 0.007), but above this value therdiffee grows. In particular, the
mole fractions above >0.7 are somewhat overestimated (deviation up to 0.069) &p#h
rameterization. The relative errors are at most around 18%e6t mole fractions) and stay
below 9% at high mole fractions. The best fits are acquirethénranger = 0.33 — 0.45

(relative errors around or less than 1%).

The difference between the theoretical and the parametktaal number of molecules
ngoy IN the critical cluster seen in Fig. 3 shows a best fit for small with larger absolute
deviations appearing the larger the,, is. The values ofi, vary from 1 to 200, with the
large total numbers corresponding to very small partictenftion rates, with a lower limit
of J=10""cm~3s~!. The deviations range between -3 and +5 moleculesat40 andn.;=55,

respectively, giving a relative error of less than 10 %.

The critical cluster radii vary approximately between Or28 and 1.2 nm (Fig. 4) with

the ratio of the theoretical and the parameterized radigirapbetween 0.98 and 1.07.

Figure 5 shows the behavior of the particle formation rates&veral sulfuric acid con-
centrations as a function of temperature and relative hitynid can be seen that the differ-
ence between theehkardki et al. [2002] model (crosses) and parameterization (dashed)lines
and the present model (triangles) and parameterizatidid (gwes) is largest at low temper-
atures and at low relative humidities. The old and preseritgba formation rates are nearly

superposed above 230-250 K and above-RPFi of relative humidity (see the lowest four pan-

els of Fig. 5), but differences are seen already at 270 K whdr B6 and at 240K with RKt10%,

depending also on the acid concentration. The largestreiffees between the present arahkanaki

et al. [2002] results are seen at low acid concentrations (toplpand-ig. 5). The old param-
eterization is not valid below 190K (absence of dashed Jin€ke difference between the old
and new models is also large at low relative humidities<®@Rt6, depending also on the acid
concentration. Similarly, in the upper left panel of Fig.he tparticle formation rates are seen
to differ the most below 210 K and particularly so for low féla humidities. Figure 5 demon-
strates the good quality of our new parameterization, siheesolid lines (the parameterized
particle formation rates) are well superposed with thengias representing the theoretical re-
sults. Comparison of the dashed and solid lines in the pletsr@veals the larger validity range

of the new parameterization. Note in particular the kinegiege (black lines and triangles),
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Figure 5. Left: The neutral particle formation rateas a function of temperature at different total sulfuric

acid concentrations and relative humidities. The reldtwmidities correspond to different colors as marked

in the plot. Right: The particle formation rate as a functidmelative humidity at different total sulfuric acid

concentrations and temperatures. The temperatures pones$o different colors as marked in the plot. The

sulfuric acid concentrations (RHAs) are given in the plot titles [1/ch. The crosses and dashed lines show,

respectively, the old theoretical values and the old pararzation ehkamaki et al.2002]. The triangles

and solid lines show, respectively, the new theoreticalemiand the new parameterized rates. The black

triangles and solid lines show the kinetic particle formatiates calculated with Egs. (11) and (12).
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now accessible with our parameterization. A slight distauity can be seen on the upper right
panel at 175 K, with the parameterization (solid lines) bkhig a dip just before arriving at
the kinetic limit. This is due to difficulties in fitting the fictional form of the parameteriza-

tion at the edge of the validity range.

Figure 6 shows the behavior of the threshold concentratézarpeterization. The ratio
of the theoretical to the parameterized values for the salfacid concentration correspond-
ing to particle formation rate 1 cnis~! is 0.99-1.01 in the temperature range 155-185 K (ki-
netic range), 0.92-1.16 in the range 190-310 K and 0.83-ih.18e range 310-400 K. It can
be seen that at all but the lowest temperatures, as expéltedsquired sulfuric acid concen-
tration decreases with decreasing temperature. For a gigieihconcentration, the saturation
vapor pressure decreases and thus the saturation ratéages with decreasing temperature.
This leads to a lower particle formation barrier, and a largdue for the exponential term in
the particle formation rate equation. At the same time th#igda formation kinetics slows down,
but the growth of the exponential term dominates. Howevercan see that this is valid only
down to temperature of 190 K (see Fig. 7), around which thetidrregime is entered. Be-
low this, the necessary acid concentration starts to iser@ath decreasing temperature. This
can be explained by the vanishing particle formation bgrkéaving the kinetics as the de-
termining factor. Since the kinetic processes slow dowin witcreasing temperature, a higher
acid concentration will be required to maintain the sameigarformation rate. This behav-
ior was not seen itvehkaréki et al. [2002], since they limited their cluster sizesg,, >
4, whereas we go down ta,,; > 1, and also model specifically the kinetic range. Note that
in Fig. 7 the data points behave in a step-like manner onlabse of the coarse resolution

of the sulfuric acid concentration grid.

The kinetic limit is described as the threshold sulfuricdacdncentration above which
particle formation is kinetic at a certain relative humydiind temperature. This concentration

is lowest at low temperatures: for example, it is betweehditd 10 cm~3 at 160 K. The

variation of the threshold concentration for a constantperature arises from the RH-dependence,

giving the lowest threshold at highest RH. The kinetic thodd concentration increases to-

wards higher temperatures reaching®6m—3 at 400 K. The fit for the sulfuric acid concen-
tration at the kinetic limit is within 10-12% of the theoresl results. The absolute lowest RH
data value used is-50~%, but the minimum RH value depends on the temperature. Nate th

RH=0% can not be used because the fitting function contagerithms of RH.
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424 Figure 6. The threshold sulfuric acid concentration parametegzafiines, data with symbols) yielding
425 neutral particle formation rates 1 crifs~* as function of relative humidity. Upper panel: temperanamge
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Figure 8. Results of the comparison of the old and new parameterimmatigthin the ECHAMS5.5-HAM?2
model. The leftmost panels show zonal mean particle foonattes calculated with théeehkamaki et al.
[2002] parameterization and the middle panels the ratesikedéd with the new parameterization. The
formation rates are presented as function of latitude aedspire. The rightmost panels show the ratio of
the particle formation rates given by the new parametéazdb the ones calculated wittehkamaki et al.

[2002]. The upper panels show results for January and therlpanels for July.
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Figure 8 shows the ECHAMS5.5-HAM2 model results of the corngmar of particle for-
mation rates calculated with théehkardki et al. [2002] parameterization and the new one.
Both Vehkanaki et al.[2002] and new parameterization produce an overall sinzitaral pat-
tern (Fig. 8) with high average nucleation rates of 10-100 ¢! in the UTLS and gen-
erally low rates in the lower atmosphere, which is also foimdarlier studiesNMakkonen et a.
2009;Yu et al, 2010;Lee et al, 2013]. During NH winter, nucleation rates up to 0.1-1 ¢

s~! can extend below 800 hPa between 30N@ue to cold continental temperatures in Siberia

and Northern America.

A gap in nucleation rate is visible in both January and Jutyusation with Vehkanéki
et al. [2002] parameterization around 100 hPa betweetS1E°N, since the parameteriza-
tion was limited to critical clusters of at least 4 molecul@kis gap has been filled in the sim-
ulations with new parameterization. Hence, the dominafiecebf using the improved param-
eterization is seen as an increase of global nucleatios tgtea factor of 100 around 100 hPa,
thanks to the wider validity range of the new parametemzato smaller critical clustersi(,, <
4) down to the kinetic rangenf < 1). However, even lower atmosphere (800-1000 hPa) nu-
cleation rates are increased by a factor of 2-3 (JanuaryRathdJuly) with the new param-

eterization.

5.2 lon-induced parameterization

Figures 9, 10 and 11 show a comparison of the theoretical lagarametrized values
for particle formation rate, total number of molecules aadius of the critical cluster, respec-

tively, in the ion-induced case.

Fig. 9 reveals that in general the parameterization deseniell the ion-induced par-
ticle formation rate, but seems to overestimate the rateaitiqular at the lowest and the high-
est theoretical formation rates. In most of the range tharpaterized rates are within two or-
ders of magnitude of the perfect fit with some excursions ug-tborders of magnitude (largest

overestimation by the parameterization beinty0 and largest underestimationl8?).

The parameterization for the number of molecules in thécetitluster (Fig. 10) over-
estimates the values at most by about 40% and underestithatealues by almost 50% in

the smallest cluster sizes in some isolated cases, butlbtreralifferences are smaller.
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500 The critical radius parameterization behaves well (Fig. ith slight overestimations
501 of the radius at smallest sizes and underestimation at tgedasizes. The maximum devi-

502 ations remain below 8%.

503 The parameterization for the sulfuric acid concentratibtha kinetic limit is within 15%
504 of the perfect fit most of the time, with highest values at thwdst and highest threshold con-
505 centration values. Naturally, as in the neutral case, thetld limit sulfuric acid concentra-

506 tion increases with increasing temperature and with dsagrgaelative humidity: the concen-
507 tration is the highest at high temperatures and low reldtivenidities. The range of the ki-

508 netic limit sulfuric acid concentration spans a large rafigen 10-'°cm—2 at T=160 K and

509 RH=100% to 1&°cm~3 at T=400 K and RH=0.1%. The concentrations are always sogmifty

510 lower than the corresponding values for the neutral case.

518 Figure 12 shows a detailed comparison between the thealrait-induced particle for-

519 mation rates (symbols) and the parameterized ones (lif&g) kinetic range is shown in black.
520 The ion-induced nucleation rate parameterization (satiés) follows well the theory (trian-

521 gles). The temperature at which the kinetic ion-inducedjeafblack solid lines and triangles)
522 is reached increases with increasing sulfuric acid comatah and increasing relative humid-

523 ity, as for the neutral case.

524 6 Conclusions

525 We have developed new parameterizations based on an intpnowdel Merikanto et al,

526 2015] for two-component particle formation of sulfuric d@nd water in the neutral and ion-
527 induced cases. The new neutral parameterization widengalidity range of thevehkaréki

528 et al. [2002] parameterization to lower relative humidities arghler sulfuric acid concentra-

529 tions, and to a larger temperature range. Parameterizagiangiven for particle formation rate

5% (J >10~" cm~3s7!), radius and composition of the critical cluster, and nundfemolecules

531 (ntot >1) in the critical cluster. Above the sulfuric acid conceittns given by parameter-

532 ized kinetic limit, a simple kinetic regime formula for therfation rate can be used. It should
533 be noted that, as iNehkaréki et al. [2002], the low temperature results are based on extrap-
53 olations of the thermodynamic parameters below 230 K.

53 The neutral parameterization fdr deviates slightly more from the theoretical values than

53 the one ofVehkaniki et al.[2002] but the largest discrepancies are found at very higieoy

537 low particle formation rates with little relevance for cectly predicting whether particle for-
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Figure 12. Left: The ion-induced particle formation rafk,, as a function of temperature at different
total sulfuric acid concentrations and relative humiditi€he relative humidities correspond to the colors
as marked in the plot. Right: The particle formation rate &mation of relative humidity at different total
sulfuric acid concentrations and temperatures. The tesyes correspond to the colors as marked in the
plot. The sulfuric acid concentrations (RHAZ are given in the plot titles [1/ch). The triangles and solid
lines show, respectively, the theoretical values and tharpaterization in the nucleation range. The black

triangles and lines show, respectively, the kinetic rarajaas calculated with Eq. (20).
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mation is occurring or not. The other parametrized quastitollow the theoretical predictions
well with errors mostly below 10% (12% at maximum). The newdty and the new param-
eterization differ the most from the ones\éhkaréki et al. [2002] at low temperatures and
relative humidities, and at low acid concentrations. Weehalgo developed a parameteriza-
tion for the threshold sulfuric acid concentration fbe=1 cm3s~! and for the threshold sul-

furic acid concentration above which particle formatiorkiisetic.

The ion-induced parameterization behaves overall as setha neutral one, with the
parameterization mainly overestimating by 3-4 orders ofmitade the particle formation rates
at very low and high theoretical formation rates. For théiaai cluster radius the relative dif-
ferences are always below 8%, but for the number of molednléise critical cluster the dif-
ferences can reach almost 50%. The kinetic limit is well dbsd by the parameterization,

the relative difference being always below 15%.

We recommend using the new model and the improved paramatieris from now on
instead ofVehkandki et al.[2002]. The model performance has been compared to statesof
art particle formation measuremenBuplissy et al. 2015]. The neutral parameterization widens
the validity range of th&/ehkandki et al. [2002] parameterization, approaches correctly the
one-component limit and the kinetic range limit has beempaterized as well. A new ion-
induced parameterization has been produced for a large raingonditions, and it also includes
the kinetic range limit. This development opens new opputiees for Terrestrial atmosphere
studies, and also for the Venus cloud community, which canthe new parameterization in

the range of conditions encountered within the Venus clauchétion region.

Fortran codes of the parameterizations are given in the |Bogmtary Material.

A: Behavior of the two-component nucleation theory at the oe-component limit

When starting to develop the new parameterization, we wartcplarly interested in
very low relative humidities, and preliminary calculatiorevealed formation of near-pure sul-
furic acid clusters4£ > 0.99) in these conditions. Thus we have performed both theadetic
and numerical tests to ensure correct behavior of the twopoment particle formation model

at the one-component limit.

The general expression for nucleation rdtés

_ Ml 1

- p )
2wkT *
7T | det QIT/rVkT |

J (A1)
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wherep* is the number concentration of crtical clusters in the vagumase. When using a self-
consistent cluster distribution the concentratignknown to reduce correctly to the one-component
case at the one-component limijflemski and Wyslouzill995], but the behavior of the ki-

netic term|\;|/+/| det W*| needs to be examined, whepe | is the negative eigenvalue of

the product matrixR*W*. The matrixR* contains the condensation coefficients that describe

the collisions of clusters of size,, n,, with the critical cluster:

N,
C 1 1
R* = 2(p* 2, |87kT = 0 P A2
s :Z :Ona(r +7) \/w (m*+m)p(n M) (A.2)
Ne 11
R, = Z n2 (r* +r)?|87kT <—* + —)p(na, Ny ) (A.3)
Nq=0,n,=1 m m
Ne 11
R:;w = R:La — ) :g :17’Lanw(r* + 7”)2\/87T]€T (5 —+ E)p(na, nw), (A4)

where N, stands for the largest hydrate accounted for. The métfixcontains the sec-
ond derivatives of the formation energy with respect to theber of molecules in the clus-

ter Waa,Weaw,Wyww), Which can be written as follows:

d>Ap  —va(z*)?0 dA, 1 dve(z*) o do 1 nk
Waa = = KI—— 42 — 4+ 2v, * [ O N
dn? 2ryr*d + dz, A, + dr, T* + 2va(2 )d:ca r* ) (nk +nk)?
(A.5)
d?Ap  —v,(z*)%0 dA, 1 dvy(z*) o do 1 nk
W = - pr&w W) o) ) ) e
dn2, 27+ +< dxy, Ay * dxy, r* +2vu( )d:vw r*> (ng +nj)?
(A.6)
d*Ay —0g (%) vy (2*)o dA, 1 dvy, (2*) o
Wow = Wya = = K[ ——— 4+ 2——— (A7
dn,dng 2mr*d + Az Aw * dx, r* (A7)

do 1 ny
QW (2F) e — | ——
) g r*) (ng +ny,)?
where A4, and A, are, respectively, the gas phase activities of acid andrwate

Here p(n4, n.,) is the concentration of clusters containing sulfuric acid molecules
andn,, water molecules;n* andr* are the mass and the radius of the critical cluster,and

andr are the mass and the radius of the cluster colliding with titecal cluster.
The eigenvalues; » of the product matrixR@*W*

wa Rwa W’w’w Wwa
(A.8)

Raw Raa Waw Waa
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are

A2 = (a +/a? — 4det R* det W*) (A.9)

1
2
where we use the shorthand notation= W, Ruww + WeaRaa + 2Wwe Ruwae. When the
concentration of sulfuric acich, = p(1,0), is much higher than that of water,, = p(0,1)

(i.e., po >> pw), the cluster consist almost solely of sulphuric acid> 0.99. The forma-

tion free energy surface around the critical cluster aremn$oa steep valley with almost ver-
tical walls and the bottom of the valley running along thgaxis. When moving across the
valley on a line parallel to the,,-axis, the slope of the free energy surface changes fast from
a large negative number to a large positive number whennmagdse critical size. Thus, mag-
nitude of the second derivat&,,,,| is large, approaching infinity for a truely one-component
system. When moving along the bottom of the valley up to tlitical size and down after

that, the the slopes changes less rapid#,,.,| >> |W,.|. Also, when comparing the al-

most infinite slopes in the,, direction for different values of.,, it can be concluded that these
slopes do not depend strongly on the location alongnthexis, and thusiv,,,| has a mod-

est values antW,,,,| >> |W,.|. Condensation coefficier®,, contains terms represent-

ing the collisions of the critical cluster with small clustewnith acid only, as well as those with
both acid and water. If there is much more acid than water cobds in the systems, the acid
only cluster dominate over the clusters with both acid antemanolecules as well as over clus-
ter with only water molecules. Coefficieit,, contains terms representing with water clus-
ters only and water-acid clusters, and coeffici&gt, contains terms representing only water-
acid clusters, and thus it can be concluded that for neang paid caseR,, >> Ry, Raa >>

Ryw-

In this case the determinants of the matrices can be appatedrasiet W = W, Wao—
W2, ~ WywWae anddet R = RyyyRaa — R2, ~ RywRaq. Parametety can be written
asa = Ruyw(Weww + Raa/Ruww Waa +2Ruwa/Ruw  Wwa) = WwwRuww +WaaRaa. This is
justified asR,,, and R,,,, contain almost similar terms terms apart from the the terappr-
tional to p(0, 1) = p.,, which is very small compared to the terms correspondindusters
with acid molecules in them. Another difference betwden, and R, is the multiplication
of the terms withn,n,, vs. multiplication withn?2,, but this does not change the order of mag-
nitude of the summation results. This,,/ R, is of the order of 1, andiV,,,| is small com-
pared to|W,,.,|, whereasR,,/R.., is large and thuf,,/R...-W,. can not safely be ne-

glected althoughW | >> [Waal-
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Inserting these approximations into Eq. (A.9) we get an exiprate expression for the

eigenvalues:

1
)\1,2 ~ 5 [Wwwaw + WaaRaa + (Wwwaw - WaaRaa)] . (AlO)

This results in simple expressions for the two eigenvaldgbe product matrixR* W *

WaaRaa <0
A2 = (A.11)

Wapw Rww > 0.
and we can evaluate the terthy |/+/|detW*| of the nucleation rate equation (A.1):

|A1| ~ _WaaRaa _ |Waa|
VIdet W+ /[WuuWaal "\ Wow

(A.12)

In the cases of two-component nucleation at the one-conmidingt we thus get:

timi [Waa ™|
JyZ o = Raa |W2_Comp|p (A.13)

since the2rkT terms in equation (Al) cancel in the two-component case. stéedard one-

component Zeldovich factor readgghkanéki, 2006]

N
Jl—comp - Raa omkT P (A14)
Jl_—limit kT WaQa—C()mp
2-comp _ 27 e (A.15)
Jlfcomp Www Waa comp

which indicates that the presence of water affects the atiokerate even when approaching

It can now be seen that

the only-acid limit.

This can be understood as follows: For numerical reasonstutieric acid mole frac-
tion in the critical cluster can not be set to exactly one (@im study we used: = 0.99 at
most), and as a consequence, water has necessarily a rble jpmdcess. Mathematically, in
the hypothetical case af = 1, some elements of matricds" and W* would be zero or in-
finite and these matrices would thus be ill-behaved. In CNrtfain contribution to the nu-
cleation rate comes from the net flow of clusters through titecal cluster size in the direc-
tion of the eigenvector corresponding to the negative eiglele \;. The cluster flows on paths
parallel to this main path, passing by the critical clustee sare however taken into account
by integrating over all these secondary paths giving rise tactor/(2mkT/W.,,,) seen in
Eqg. (A.15). As the second derivativ&,,,, does not approachr kT even thougtp, >> pu,
this factor does not reduce to unity at the one-componerit. lilmmust also be noted that be-
cause water concentration can not be equal to zero in thedngonent theory, the second

derivativeW,,, does not exactly have its one-component valge, /(27r*4) either.
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