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Abstract.  The Atmospheric Cluster Dynamics Code 1 Introduction
(ACDC) is presented and explored. This program was cre-
ated to study the first steps of atmospheric new particle for-Atmospheric aerosol particles are known to have significant
mation by examining the formation of molecular clusters effects on both the global climate and human hea¥is¢h|
from atmospherically relevant molecules. The program mod-2005. Secondary aerosols form as a result of a series of
els the cluster kinetics by explicit solution of the birth—death events, starting with the clustering of individual molecules
equations, using an efficient computer script for their gen-and progressing through growth into stable partickési{
eration and the MATLABode15s routine for their solu-  malg 2003. Atmospheric particle formation has been ob-
tion. Through the use of evaporation rate coefficients derivedserved to occur across a wide range of climates and envi-
from formation free energies calculated by quantum chemironments Kulmala et al, 2004, but probing the initial steps
cal methods for clusters containing dimethylamine or ammo-(where clusters measure one nanometer across or less) is still
nia and sulphuric acid, we have explored the effect of changdifficult, despite recent advances in instruments to measure
ing various parameters at atmospherically relevant monomepoth ionic and neutral clusters of very small sittirgikko
concentrations. We have included in our model clusterset al, 2011; Vanhanen et 312011, Sipila et al, 2009 201Q
with 0—4 base molecules and 0-4 sulfuric acid molecules forPeyja et al, 2011). Experimental and theoretical studies in-
which we have commensurable quantum chemical data. Theicate that atmospheric particle formation involves sulfuric
tests demonstrate that large effects can be seen for even smaltid and water (see, for exampRrus et al.(2011) and ref-
changes in different parameters, due to the non-linearity ofrences therein), but these two components are not enough
the system. In particular, changing the temperature had a sigo explain all the observed particle formation events. Pos-
nificant impact on the steady-state concentrations of all clussible candidates to enhance sulfuric acid-water based parti-
ters, while the boundary effects (allowing clusters to grow cle formation are ammonia and dimethylamiKei(tén et al,
to sizes beyond the largest cluster that the code keeps trackpog.
of, or forbidding such processes), coagulation sink terms, Theory provides a useful tool to explore the nanometer-
non-monomer collisions, sticking probabilities and monomer gj; a4 molecular clusters that are difficult to study experimen-
concentrations did not show as large effects under the condifa”y_ This paper gives an account of a method to solve the
tions studied. Removal of coagulation sink terms preventedy;ith-death equations (BDE, the equations which describe
the system from reaching the steady state when all the initiajhe creation and destruction of molecular clusters by con-
cluster concentrations were set to the default value ofim  gensation and evaporation) as related to atmospheric clus-
which is probably an effect caused by studying only rela-iers Courtney(1962 explicitly solved the BDE equations
tively small cluster sizes. for clusters up to one hundred molecules of waliishioka

and Fuijita(1999 looked at the binary water/sulfuric acid
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system, solving the equations by using Euler's methigs- ion-induced nucleation). Sectidhgives the results of vari-
louzil and Wilemski(1995 examined six different systems ous tests performed with the model, exploring the effect of
using the Bulirsch-Stoer method/ehkanéki et al. (1994 changing the parameters/methods used on the steady-state
looked at two binary systems and solved the concentrationsoncentrations and particle formation fluxes. Secicum-

for the steady state using a matrix methddcGraw (1995 marizes these tests and presents some concluding remarks.
did something similar for the water-acid system. All of the

previous studies made an assumption that only monomers

can collide and evaporate from the clusters, excepMor 2 Methods

Graw (1999, who reasoned that the acid hydrate is the most

stable cluster (and therefore will be present in the highestThe Atmospheric Cluster Dynamics Code (ACDC) is a dy-

concentration), so collisions with the hydrate are more im_nlamtlcal dm?qt?ItFo stut()jy thel,t'Te dle\t/_elopr?(:rr]\t OJ, Tholjecutlr?r
portant than with the bare acid monomer. cluster distributions by explicit solution ot the birth-dea

Improvements to the assumptions made in the above stuggauations. The birth-death equations can be written as

ies have also been carried out. For examplestila (1997
studied the effect of non-monomer collisions/evaporationsqc; 1
for pure water, acetic acid, and a combined water/sulfuric’;, = Qzﬂj»“fi)cfc(i*j)+Zy<i+i>ﬁici+f _Z'Bivjcicj
acid system.Kathmann et al(2004 solved the equations = J J
for the steady—statg rate using a matrix mgthod for the bi—_}zyi_)jci 10— 1)
nary water/ammonia system. Several studies have explored 2
particle formation through nucleation in a confined system,
i.e. where the monomer concentration is depleted duringvherei is the cluster whose concentration is given by this
the course of the evenK@ZziSek et al. 2004 KoZiSek and equation,j is another cluster in the system,is the number
Dema 2005 KoZzisek et al, 2009. Efforts have also been density of clustet, g;; is the collision coefficient between
made to solve the BDE for various systems using approxi-clusters andj, y; ; is the evaporation coefficient of a clus-
mate methods instead of explicit solution of the system ofteri into two smaller clusters (one of which j9, Q; is an
differential equations (see, for exampRao and McMurry  outside source term 6f ands; includes other possible loss
(1989; Girshick and Chiy(1990; Koutzenogii et al(1996); mechanisms for clustér The terms on the right hand side
Chesnokov and Krasnoper¢2007 and references therein), can be described physically as the generation (birth) of clus-
in order to reduce the total number of equations to some+ers of type through collisions of smaller clusters, the gener-
thing manageable. In addition, some researchers have transtion of clusters of typé through evaporation of larger clus-
formed the water/sulfuric acid and water/acid/ammonia sys-ers, the destruction (death) of clusters of typierough colli-
tem to a quasi-unary system, which also has the effect okions with other clusters, the destruction of clugthy frag-
reducing the total number of equations; these equations wermentation into smaller clusters, other creation mechanisms,
then solved explicitly Yu, 2005 2006 Kazil and Lovejoy and other destruction mechanisms, respectively. These other
2007. Finally, Kulmala (2010 introduced the Dynamical mechanisms depend on the system being studied. We shall
Atmospheric Cluster Model for explicit solution of the BDE. enumerate various such terms here for both neutral systems
In spirit, this model is closest to the work reported here, al-and those containing ions. All of the terms in the neutral sys-
though the procedure for generating the modeling equationgem are also present in the ionic case, although the reverse is
is quite different. not true.

This manuscript reports the methodology behind a model In ACDC, the BDEs are solved with thedel5s solver
for the prediction of particle formation rates and cluster in MATLAB program, which is effective in solving systems
concentrations in vapors. The procedure was developedf stiff differential equationsghampine and Reichelt997).
for the exploration of atmospherically relevant systems, al-As ACDC is solving the birth-death equations explicitly, the
though extension to cluster formation events in other kindsconcentrations of all constituents are known as a function of
of vapours is straightforward and demonstrated below. Thdime. In the interest of keeping the amount of material pre-
methods presented here differ from previous efforts in twosented in this article concise, here we report only the steady-
main ways: (1) all of the equations are generated via astate results. The time-dependent data are, however, read-
computer script, allowing for greater flexibility and speed ily available and will be used as required by future applica-
while reducing the possibility of typographical errors, and tions. The novelty of ACDC is the generation of the equa-
(2) the free energies for the evaporation coefficients can bé¢ions that are fed into the MATLAB solver. Generation of
taken from any source, including quantum mechanical calthe equations is essentially a series of logical checks over
culations. The following section describes in detail how all possible cluster combinations to see which evaporations
various parameters in the model were selected, separatingnd collisions can create/destroy a given cluster. This work
the discussion into those parameters needed for electricallis tedious and prone to typographical errors if done by a hu-
neutral systems and those involving charged molecules (e.gman, but it is ideally suited to a computer code. In this case,

j<i
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we have chosen to use the Perl scripting language to gerinto account the temperature dependence of the liquid den-
erate the equations, due to the relative ease by which Pedity) does not result in large differences to the steady-state
handles string manipulation. This code was originally writ- cluster concentrations. Given the extra complexity of includ-
ten to study the atmospherically-relevant system of sulfuricing such functions for every possible cluster composition, the
acid, ammonia, and bisulfate ion, but it has been designed tdifficulty of doing this for charged clusters, and the relative
be flexible and can easily be extended to different systeménsensitivity of the final result, ACDC retains the simplest
(see Sect2.3 and Vehkan#ki et al. (2012 for other exam-  approach to determining cluster volume.
ples). The equations can be modified through both an input According to the condition of detailed balance, the evapo-
file (which specifies the number and composition of clusters)ration coefficients can be calculated from the collision coef-
and command-line arguments (which are used to add and reficients and the free energies of formation of the mother and
move various source/sink terms in the equations themselvesplaughter clusters:

It should be noted here that Ed.) (contains all possible
evaporations and collisions in the system. Many previous cics
studies have limited themselves to the case of only monomet /=" = ﬂ""c?i - ﬁ”crefem{
collisions and evaporations. This is a valid assumption in '
many cases where the monomer concentrations are mucdherei and j are the daughter clusterg;; is the collision
higher than those of other clusters, and it greatly lowers thecoefficient betweeri and j, ¢ is the equilibrium concen-
complexity of the resulting equations. However, given thattration of clusteri, AG; is the free energy of formation of
the generation of the equations in ACDC is done by a Periclusteri from the constituent monomers (which implies that
script, there was only a small amount of programming ef-all monomer free energies are zero), apglis the monomer
fort required to include these terms, and it requires no speconcentration of the reference vapor for which the free ener-
cial effort for the user. The existence of small stable clus-gies were calculated. From ACDC'’s point of view, the origin
ters in the atmosphere also suggests that non-monomer collpf the free energies is not relevant, i.e. they can be calcu-
sions may be importanvehkanaki et al, 2012. In addition, lated by any method from the classical liquid drop model to
non-monomer evaporations might also become significant aguantum chemistry. ACDC currently allows for one to enter
the cluster size grows, as breaking into small stable clusteréhe enthalpy 4 H) and entropy 4 ) of formation from the
can be more energetically favorable than the evaporation omonomer in place of the free energhG = AH —TAS);
a monomer Qrtega et a].2012. In any event, like most of this allows for quick exploration of different temperatures
the features in ACDC, non-monomer collisions and evapora{under the often-used assumption tidali and AS remain
tions can be included or ignored by a simple command-lineconstant over the temperature range of interest).

AGi1j—AG;—AG;
kyT

} 3)

argument. Two major loss terms which need to be included in any
realistic system are the loss of particles on the walls of the
2.1 Neutral clusters chamber and the loss of particles by collision with large

o o aerosols not explicitly included in the simulation, i.e. coagu-
The collision coefficients between clusters are taken from thelation. The former term is only applicable in the case of labo-

kinetic gas theory, and they describe how often two sphericaliory experiments, while the latter is important when trying
clusters following a Maxwell-Boltzmann velocity distribu- 5 predict the concentrations under atmospheric conditions
tion collide with ea?(’:h cither._ For clusterand the collision  \yhere there are usually high populations of large pre-existing
coefficient,$;; in m*s™" is given as aerosols. This work assumes atmospheric conditions, and
1/6 1/2 consequently the only loss term included in the simulations
Bij = (;) <6ka 6ka> (Vil/3+ V;/3)2 (2) is the loss by coagulation. This term is derived from experi-
T mental data measured in Hygk, Finland Dal Maso et al.
wherek, is the Boltzmann constant; is the temperature, 2008. We use a constant coagulation sink coefficient of
andm; andV; are the mass and volume of clusterespec- 2.6 x 103s1, which is the median condensation sink coef-
tively. In ACDC, the volume of a cluster is determined in a ficient of sulfuric acid vapor on pre-existing aerosol particles.
simple fashion by assuming that the compounds in the clustetsing the parametrized formula frokulmala et al.(2007)
are in liquid form. The molecular volume of the pure liquid for a cluster size dependent coagulation sink coefficient did
is calculated from the molecular mass and saturated liquichot have a significant effect on the steady-state cluster con-
density (at an atmospherically relevant temperature), whickcentrations.
are input parameters. The volume of the cluster is taken to One question that plagues the users of any simulation
be the sum of the molecular volume multiplied by the num- package in a finite system is that of boundary conditions.
ber of molecules of a given type for all molecular kinds in Boundary issues can manifest themselves in a code such as
the cluster. While this is only an approximation, using more ACDC quite readily when the size of the largest tracked clus-
sophisticated methods (such as using the density of a soluers is relatively small. This is because the code allows col-
tion with the same composition as the given cluster, or takinglisions to form large clusters which are not explicitly tracked

m; m;
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in the system. As soon as these clusters form, they are “lostunlikely that the ion sources will be ionization of the sulfuric
(the material cannot re-enter the system). In the case wheracid monomer (this is made even more unlikely by the fact
all the clusters on the boundary are unlikely to evaporatethat atmospheric sulfuric acid is mainly present as hydrates
to smaller sizes, this loss does not affect the system signifor attached to a bas&rtén et al, 2011)).
icantly. However, this is not guaranteed to be the case for Instead of adding a source term to the ionic form of e.g. the
small systems. ACDC deals with this uncertainty by includ- sulfuric acid monomer, ACDC has the option to introduce a
ing an optional command-line flag to disable all collisions new equation to the system. This equation keeps track of the
that result in clusters larger than what are included in the syseoncentration of a generic negative ion (it currently has the
tem. This option represents the opposite extreme of keepingnass and molecular volume of an oxygen molecule, although
all material in the system, and consequently running the cod¢he precise mass may be heavier in the troposphere).
for the same system with both options gives an estimation of e
the boundary effects. dlon = Qion — ArecCionCion — Z,Bion,j CionCj (4)
In addition to the steady-state cluster concentrations, one ! j

woulc_i also like to compute the flux c_Iusters bet_ween differ- In Eq. @), Oion is the ionization rate of the air (oxygen
ent sizes and, by extension, the particle formation rate. The : L -
formation rate in our study is defined as the flux of clus- moIec_uIe;),mec is the recomblnatlon_ rate of positive and
ters outside the system:; since these clusters are not allowey gative fons (taken to be the usual literature value &kl

y ’ 12m—35-1 (Israel, 197Q Bates 1983), and the summa-

o re-enter, it is as if they have become stable particles (%ion is over every neutral cluster in the system. In addition

valid assumption if the clusters on the boundaries are larg ; :
- . - o this equation, every neutral cluster has a loss term and
enough to have negligible evaporation coefficients). How- 7 .
. e : every ionic cluster has a source term corresponding to the
ever, in smaller systems, it is not clear that this should be . . . ,
. third term on the right in Eq.4), which represents attach-
the case. Indeed, &rtega et al(2012 point out, for sys- . .
. - ment of ions to neutral molecules. Allionic clusters also have
tems with stable pre-critical clusters even clusters larger than . o .
loss terms corresponding to the recombination term, while all

the critical nucleus can rapidly decay through non-monomer - L
. . . ) neutral clusters have a similar source term (it is assumed for
evaporation. This issue is explored more fully in Section

for our particular system of interest. ACDC automatically simplicity that recombination produces a single neutral clus-

. . 2 ter, different to the mother ionic cluster only by conversion
tracks the particle formation rate, and an extra command-line ; . . .
of the bisulfate ion to a neutral sulfuric acid).

flag can be passed to keep track of the fluxes between clus- It is well-known that the collision rate coefficient between

ters and the formation rates of all clusters, which makes for, . o
: . ) ionic and neutral clusters is higher than between two neutral
easy analysis after the simulation has been run.

clusters Langevin 1905. In sulphuric acid containing sys-
tems, this is due to the fact that the ion interacts strongly with
the permanent dipole moment of the acid molecule, resulting

If one is interested in ion-induced particle formation, the situ- in more attractive forces and a larger collision cross-section.

ation becomes a little more complex compared to the neutraponsequent!y, Eq2j needs to be multiplied by an enhapce-
case. All of the above terms are still included in the Sys_ment factor in the case that one of the clusters contains an

tem, but additional questions must now be addressed. Thes@" (if both of _the CIUSFerS c_ontaln ions of the same_p_olar-
guestions include how the ions are introduced to the syster#y’ eIectrosFa_tlc repulsion wil prevent then from colliding,

(ion source terms), how the ions disappear from the systen?o such collisions are not a]lowed in ACDC). The exact form
(recombination with ions of opposite charge), and how ionsof the enhancement factor is not well known, and several for-

collide with neutral aerosols. These terms are included herénUIae exist. In ACDC, three factors are currently possible.

for completeness, despite that the focus of this manuscript i;he first one is to simply multiply every ion-neutral collision
on the neutral clusters (and, because of detailed balance, every evaporation of an

A simple way to introduce ions into the system is to add alonic cluster) by a constant factor (taken to be equal to ten).

constant source term to the equation describing the c:oncen-l:he second factor is given tyoppel and Frick 1989, and

tration of the fonic form of & monomer of interest, similar depends on the size of the ionic cluster (using the rational that

to the way that other compounds (such as sulphuric acid an e more solvated the ion, the Ies_s Impact it shoul_d have, so
ammonia) are introduced to the system. This results in al N va_llue ShO_UId _ten(_j towards u_n|ty as the cluster increases).
ions being added to the system as monomers, which can the hedfmall OptIOI’:hIS glvten b)Lfc;\r/]eJoy l?;fil‘(z?o?’ ang d?‘l' |
grow by combination with neutral clusters. However, from pends aiso on the nature ot the coliding custer. simrarly,

an experimental/observational standpoint, this is not very re." the current model the coagulation sink of ionic clusters is

alistic. lonization in the atmosphere is caused by cosmic raygnhanced t.)y a factor' of two. In futurg work contallnlng lonic
or radiation from radon decayBézilevskaya et al.2008). clusters, this effect will be examined in more detail.

The concentration of sulfuric acid is much lower than the

concentration of other air molecules, and consequently it is

2.2 lonic clusters
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2.3 Validation 3 Results

As with any other computational method, ACDC must be When running ACDC, the first choice that needs to be made
validated against a known system before the results can bg the source of the thermodynamic data used to calculate the
analyzed in detail. That is, it must be shown to give the samesvaporation coefficients by EcB){ We have decided to per-
answer as other methods for the same problem, or the differform all calculations here on the neutral acid/base (where the
ences must be thoroughly explained. The ordinary differenbase can be either dimethylamine (DMA) or ammonia) clus-
tial equation solvers in MATLAB (in particular, thede15s ters explored byOrtega et al(2012. We wanted to include
routine used here) have already been well-tested and foungh our model only clusters for which we have commensu-
to be robust$hampine and Reichelt997); therefore, what  rable high level quantum chemical data, thus restricting our-
remains to be validated here is the method of generating theelves for clusters with a maximum of four acid and four
birth-death equations, i.e. the Perl script. Validation of thisbase molecules. The free energies of formation were taken
script has been performed in three ways. direction from the supplementary information®@ftega et al.

The first way is the most straightforward: visual exami- (2012, which computes them using quantum mechanical
nation of the resulting equations. If the expected terms apmethods that reproduce high level results to within an aver-
pear error-free in their entirety, the code is obviously work- age of about 1 kcal mol while being inexpensive enough to
ing properly. This type of validation is done regularly on one allow their use on large clusters. In the future, we will be able
or more of the equations to ensure the accuracy of the codao add larger clusters when quantum chemical data becomes
It can be safely assumed that if several of the equations argvailable with increased computer power, or through the use
correct, all of the equations are correct given the methodi-of liquid drop model properties for larger clusters. It should
cal nature of computer codes. While continual inspection ofpe noted thaNadykto et al.(2011) have recently published
this nature is certainly useful, it cannot be relied up by itself results on a similar system, which could also be used for this
to confirm the accuracy of the method. Consequently, twotest; howeverQrtega et al(2012 report results for larger
other tests have been employed. clusters, which reduces the boundary effe&msrtén (2011

The second way is by comparison to classical nucleatiorhas also pointed out that the exchange/correlation density
theory. The equations of classical nucleation theory (CNT)functional used byNadykto et al.(2011) can significantly
give expressions for the steady-state nucleation (particle forunderestimate the stability of DMA/sulfuric acid clusters.
mation) rate and cluster concentrations in multi-component Water is not included in the system, because sufficient
systems, which is a valid assumption when solving the birth-quantum chemical data for clusters containing water, sulfu-
death equations and considering only monomer collisionsic acid, and a base are not yet available. While this omis-
and evaporations. ACDC has been tested against CNT fogion means that we are not examining a true atmospheric sys-
the case of homogeneous water vapor-liquid nucleation anéem in this manuscript, this is no shortcoming of the ACDC
found to give differences of far less than 1%efikanéki  model itself. Rather, the effort required to compute the clus-
etal, 2012. ter free energies of water/acid/base clusters using quantum

A final test is the nucleation of pure aluminum at high mechanical methods is quite significant for the clusters sizes
temperatures.Li et al. (2007) have determined very accu- we are exploring here. In fact, we have run test calculations
rate monomer addition free energies using Monte Carlo simon the quaternary $$0s/NH3/DMA/H ;0 system, for both
ulation of the equilibrium constants and several high levelneutral and negatively charged molecules, using both quan-
corrections for the aluminum dimer through the 60-n@&r-  tum mechanical free energies and those derived from the lig-
shick et al.(2009 explored the kinetics of this system by uid drop model. The qualitative behavior of the system was
using these addition free energies and modified collision rateot altered by the inclusion of water, although further simu-
coefficients i and Truhlay 2008 to predict the nucleation |ations need to be performed when the quantum mechanical
rate and steady-state concentrations of the vapor-liquid nuresults for water are available.
cleation of aluminum. Even without using the modified col-  As noted above, in smaller systems the flux out of the sys-
lision rate coefficients (i.e., using E®)(@bove), ACDC pro-  tem does not give the actual particle formation rate. Since the
vides results in very close agreement with what is seen byevaporation of clusters outside the simulation system is arti-
Girshick et al(2009 This is perhaps unsurprising, sinG&- ficially prevented, the simulated rate is larger than the actual
shick et al (2009 use CNT as a basis for their dynamics cal- formation rate if the clusters leaving the simulated system
culations, which ACDC has already been validated againshre not large enough to be stable against evaporation. This
through the second test in this section, but it illustrates thenappens because some collisions occur which result in clus-
flexibility of ACDC; the change from test two to test three ters not in the system, but which should (at least partially)
required minor changes to the input file and the cluster freeeyaporate back into the system. For example, the collision
energies. of the DMA monomer (which is present in a high concen-

tration) with a cluster containing four DMA molecules (and
any number of sulfuric acid molecules) forms a cluster that
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15 set so they result in the desired steady-state monomer con-
centrations. This was done in the following way: first, the
concentrations of the sulfuric acid and base monomers were
set to the target constant values, i.e. the derivatives of the
monomer concentrations were set to zero (Bq.After the
simulation finished, the source terms were calculated from
the monomer equations in the steady state, and the simula-

Cammonia M1 Coma "] tion was re-run without fixing the monomer concentrations

using these calculated source terms. Finally, it was checked

Fig. 1. The particle formation rate in sulfuric acid-ammonia (left {hat the monomer concentrations were within 3 % of the de-
panel) and sulfuric acid-dimethylamine (right panel) systems as &ired values.

function of a(_:id monomer and_ base monomer concentrations. _The When examining the steady state properties of the system,
colour scale is shown on the right, and gives the base-10 logarithm . . .
of the particle formation rate defined in the text. one m_ust always verify that the solutions to the system of dif-
ferential equations have reached the steady state. The system
was determined to be in the steady state when the concentra-
contains five amine molecules and is therefore not includedions of each component were within 0.1 % of their concen-
in the system, but might not be very stabferfega et al.  trations at 500005, as discussed in more detail below. All
(2012 observed that clusters with more bases than acids arthe simulations were initially run for 50000 s of simulation
generally not stable). Nonetheless, this flux leaves the systime, and the concentrations of species at several conditions
tem and does not return. Because of this, we have decide@ere examined to ensure they reached the steady state. In ad-
to only allow clusters to leave the system by collisions wheredition, all of the rates in the right graph of Figgwere run for
both colliding clusters contain sulfuric acid. All of the values 5000000 (results not shown here); the rates differed only in

LOG(J [m3s™)

13

of J reported here were computed by: the tenth significant figure or so, providing further evidence
44 4 4 that 50 000 s is enough to reach the steady state.
Several conclusions can be drawn from Fig.The first
J= ZZZZ'B"’CW “Cik-Cjl ©) s that the rate is higher in the DMA system than in the am-

i=1=1k=0/=0 ; .
monia system at atmospherically relevant monomer concen-

where the indices and j refer to the number of sulphuric trations. Therefore, we have chosen the sulfuric acid-DMA
acid molecules in the first and second cluster, laadd! re- system to be our example system on which we will focus
fer to the number of base molecules, subject to the constrainbur attention. From Figl it can be seen that in the DMA
thati + j > 4 and/ork +1 > 4, so that the resulting cluster's system the rate depends more strongly on the sulfuric acid
concentration is not explicitly tracked in the simulation. It concentration than the DMA concentration, although there is
should be noted here that the largest clusters in our systeroertainly a dependence on the DMA concentration as well
are approximately 1 nm in diameter. As the particular forma-(e.g. raising the DMA concentration by an order of magni-
tion rates given by Eq5) may be artificially overestimated, tude increases the rate by around three orders of magnitude
caution must therefore be stressed when comparing the rated low acid/high DMA concentrations). At high acid concen-
presented here to true particle formation rates. In additiontrations, the DMA concentration does not have a large effect
the particle formation rate given by Ed)(is not the nucle-  at least for the ranges studied here.
ation rate, and therefore care must be taken when comparing From Fig.1, we can determine the conditions for the rest
the values off reported here to true nucleation rates. In prac-of the tests presented here. A typical atmospheric sulfuric
tice for our system of interest, the “steady state” means thagcid concentration is #m=3. If we take the DMA concen-
the clusters in the system are in a steady state against fotration to be equal to & 10'*m~3, ACDC predicts a parti-
mation from the gas phase, growth by condensation of gasle formation rate of around $n—3s-1, which is a typi-
phase molecules and cluster conditions, decay due to evamal new particle formation rate seen in Hlé (Dal Maso
oration of molecules and cluster breakup, and coagulatioret al, 2005 Manninen et al.2009. This DMA concentra-
onto pre-existing aerosols. The concentration of the clustersion is on the high range (but approximately the same order
outside of the system is assumed to be zero. of magnitude) as what is measured in rural boreal aréas (
Figurel shows the particle formation rate for sulfuric acid- et al, 2011). Therefore, we will use these concentrations as
ammonia and sulfuric acid-dimethylamine systems as a funceur “standard” concentrations for examining the effect of the
tion of acid and base concentrationsZin=29815K. The  other parameters below.
ranges of the sulfuric acid and ammonia monomer concen- Figure2 shows how long the concentrations in the system
trations were chosen based on typical atmospheric concentraake to stabilize. This number is calculated by examining
tions measured in Hyydia (Janson et al2001 Pehja et al, the concentrations throughout the entirety of the simulation
2009. Because the monomer concentration in our system isand determining the smallest time at which the concentration
not fixed, the source terms of each molecule type need to bef every species is within 0.1 % of its final concentration. As
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Fig. 2. The maximum length of simulation time required to con- Fig. 4. The steady-state concentrations of clusters consisting of 0-4
verge the individual concentrations in the dimethylamine/sulfuric sulfuric acid and 0-4 DMA molecules. The colour scale gives the
acid simulations, shown as a function of the monomer concentrabase-10 logarithm of the concentration (irr ).
tions. The colour scale is shown on the right, and gives the base-10
logarithm of the time required for convergence (in seconds) as de-
fined in the text. portant) is valid under certain conditionarétila, 1997, it
clearly won't be valid when there are stable pre-nucleation
15 clusters Yehkanaki et al, 2012. Stable pre-nucleation
clusters correspond to a free energy minimum and have a
negative formation free energy compared to (some) of the
monomers, and thus their concentrations exceed the concen-
trations of (some of) the monomers. Therefore, the colli-
sion of any cluster with a stable pre-nucleation cluster is
more likely than with a monomer. From FiguBe we can
Coma [M”] see a rather large difference in the rates by excluding non-
monomer interactions (several orders of magnitude under
Fig. 3. The particle formation rate as a function of dimethylamine grtain conditions). This indicates that the concentrations

monomer and sulfuric acid monomer concentrations. T_hg right pl_otof clusters in the system are comparable to those of the
considers only monomer evaporations and cluster collisions, while

. - monomers, which suggests either local minima in the free
the left plot allows all evaporations and collisions. The colour scale £ t Il clust t least relatively stabl
is shown on the right, and gives the base-10 logarithm of the particleener%_/_sur ace a s_ma _C usters or at least relatively stable
formation rate defined in the text. pre-critical clusters in this system; indeed, édgtega et al.

(2012 have noticed the relatively stability of clusters con-

sisting of two acids and two DMA molecules.

this number is computed by looking at the final concentration Figure4 shows the steady-state concentrations of all the
and working backwards towards the beginning, there is ncclusters when the monomer concentrations are set to the stan-
possibility that fluctuations in the concentrations greater thardard values described above. In Fgclusters with the high-
0.1 % occur after this time. From this graph, we can concludeest concentrations are located around the diagonal of the acid
several things. First of all is that all of the simulations do, in and base number matrix. This seems sound, since clusters
fact, reach the steady state within the 50000 s of simulatiorconsisting mainly only of acid or base molecules are not ex-
time. Secondly, the time required to reach the steady statpected to be stabl®ftega et al.2012). Of particular interest
is not affected much by the sulphuric acid concentration ifis that the concentrations stay relatively high everywhere on
the concentration of DMA is low, but becomes significant at the diagonal, i.e. larger clusters are also present in relatively
higher base concentrations, with high concentrations of acidhigh concentrations.
and base allowing the simulations to converge the quickest. It A plot of the total flux (collisions minus evaporations) is
is interesting to note that the slowest times observed inZig. shown in Fig5. These pathways were determined by the fol-
are on the order of several hours, which suggests that steadyewing algorithm: (1) Every flux above a certain cutoff size
state conditions are probably not observed in the atmospher@0® m—3s~1) was recorded, (2) For each flux, the path back
for this system. to the monomer using the highest magnitude of flux for each
Figure3 shows the effect of only allowing monomer colli- step was traced. This means that not all flux pathways are
sions and evaporations in the system. While this assumptioshown, since there are numerous ways to get to most clusters
(that non-monomer collisions and evaporations are not imfrom the monomers. For example, the concentration of one
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Fig. 5. The major movement of clusters out of the system. Therig 7 The differences in cluster concentrations when the temper-
system boundaries are depicted by dashed black lines. The lingyre js decreased from 298K to 248 K. The colour scale gives the
colour gives the total flux between clusters, and the arrow indicategy5¢e.10 logarithm of the ratio of the concentrations in these two
the direction of the flux. Line thickness is used as an additional ;5qeg.

guide for the eye (thicker lines mean higher flux). The colour scale
is the base-10 logarithm of the flux (given inms—1).

make a brief note on the colouring scheme used in the next

4 . 8 four figures here. Most importantly, the colour bar for all

i four figures is exactly the same. This enables a quick com-

<3 <3 g parison between them, as strong colours on one plot means
22 22 °s that the effect of changing that particular parameter is more
1 1 43 significant than dull colours on a second plot. It should also

0 0 be noted that any changes that are larger than this colour

o 1.2 3 4 o 1.2 3 4 8 scale are now the same colour as the limit values, which

DMA DMA attempts to prevent a single large change from skewing the

. . : ) .. whole colour scheme. A bit surprisingly, disallowing col-
Fig. 6. The differences in cluster concentrations when the collisions,. _. . .
lisions from leaving the system did not have much effect

resulting in clusters outside of the system are either (1) permitted or . . .
(2) prevented. The left panel is for the differences at the standar n the concentrations in the chosen standard conditions (left

monomer concentrations, while the right panel is for high concen-Panel of Fig 6). This is probably due to the pathways out of
trations. The colour scale gives the base-10 logarithm of the ratidth€ system by cluster collisions being much smaller in mag-
of the concentrations in these two cases. nitude than those going to the coagulation sink or passing
between clusters inside the system (which can somewhat be
seen in Fig5). Therefore, this option was also tested at high
DMA/one acid clusters is high enough that self-collision to monomer conditions (right panel, #304]=10*m=23 and
form the two amine/two acid cluster is significant; however, [NH(CHz),] = 10%° m~3), and this time the concentrations of
that collision is not included in Fig because the addition large clusters increased as the clusters were kept inside the
of one acid to form the two acid/one DMA cluster, followed system. At higher concentrations, the flux out of the system
by addition of a single DMA has a greater overall flux. It from a certain cluster is now comparable to the flux to and
appears that the dominant pathway involves the formation ofrom neighboring clusters, which means that eliminating this
the one DMA/one acid cluster, which is very rapid (due to the pathway results in a surplus of material to rearrange around
high concentrations of the acid and DMA monomers). Thisthe system. This, of course, results in higher cluster concen-
cluster is stable enough to be present at a fairly high contrations near the boundary.
centration, and could be a platform for growth into the larger  An essential parameter in studying the dynamics of a
sizes. It is interesting to note from this graph that the mainmolecular system is the temperature. Figidreshows the
flux out of the system is along the diagonal (equal numbersdifferences in concentrations when the temperature is de-
of acids and bases), and that significant fluxes are observegteased fronTy = 298 K to 7> = 248 K. This range was cho-
through non-monomer collisions. sen because it covers a broad range of tropospheric tem-
The aforementioned boundary effects were examined withperatures. As can be seen quite clearly in Figdecreas-
the option that disables collisions resulting in clusters outsideing the temperature increased the concentrations of almost
of the system. Figuré shows the differences in concentra- all the non-monomer clusters. The increase in the concen-
tions with and without these collisions. It is important to trations can be explained by comparing the collision and
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Fig. 8. The differences in cluster concentrations when the coagula-
tion coefficient is increased by a factor of 10 (left panel) or turned
off (right panel). The colour scale gives the base-10 logarithm of
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Fig. 9. The differences in cluster concentrations when the collision

. . sticking probabilities of the most prevalent clusters in the system
evaporation coefficients at both temperatures. As the tempelge reduced to 0.1. The colour scale gives the base-10 logarithm

ature decreases, so do both the coefficients, but the decreaggthe ratio of the concentrations when compared to the standard
in the evaporation coefficients (where the temperature deperconditions.

dence is exponential) is much higher than that in the collision

coefficients (where the dependence is in the square root of the

temperature). Therefore, although the velocity of the parti-ability can also be thought to be taken into account in the
cles decreases and they collide less frequently, they also sticRvaporation Kulmala and Wagner2001). Figure9 shows
together much more tightly, leading to more stable clustersthe difference in concentrations when the sticking probabil-
This is seen most dramatically in the clusters which are venyty is reduced to 0.1 for collisions involving clusters that have

unstable (the clusters which do not have around equa| numme hlghest concentrations at the standard conditions. These
bers of acids and bases). clusters include the monomers and clusters consisting of (1)

one acid and one DMA, (2) two acids and one DMA and
(3) two acids and two DMA molecules. They were found to
Pe the most important clusters regarding the effect of chang-

walls in laboratory experiments). The effects of increasing 'Fn.g 'E[httahstlciflnkg probatl; |I|kt)}1_:3y_perlflom:||.ng the fOHOW":? t%S'i
this sink or turning it off are shown in Fi@. It can be seen Irst, the sticking probability In all Collislons was Set 1o ©. 2.

that the concentrations of the largest clusters are reduced bgfe cionmd,r::ilenst:;:kllng tprrObv‘:’llb'r“t'eSt'? c(c))II1|S|\cl>vrr1‘?l mvi)l\()lntg)"ti?ie
increasing the losses due to this sink. This is expected, sinc orementioned clusters were setlo ©.4, € probabiiities

the flux will be attenuated with each step towards a IargenJn all ;[Ee other CO"'S;,EO?S \;vhe re Irestet t 1.0. t‘rhfse tV\_/IE)hFeg;ts
cluster. It must be noted here that removing the coagulatiorﬁg"’.we € same results for the cluster concentrations. 1his im-
&‘Iles that the sticking probabilities in collisions involving the

sink terms resulted in the system not reaching the steady sta
if the initial monomer concentrations are set to the defaultmOSt humerous clusters have the largest effect on the cluster
distribution. As can be seen in Fif), reducing the sticking

value of 1 nT3. In this case, running for a simulation length S .
of 5x 10*s produced different cluster concentrations than probabilities has an effect on the largest clusters in the sys-
tem, but it is not very strong. Reducing the sticking probabil-

running for 1x 10’ s. However, when the initial monomer - t00.01 h ianificant effect Its not sh
concentrations are set to the desired steady state values, tﬁbes 0. as a more significant effec .(re.su S nots own),
but Kurtén et al.(2010 have shown that is is unlikely that

system does find a steady state, which is presented ir8Fig. . . ’
In this case, the concentrations of the largest clusters are int-he _stlllck;nglfactor VIVOlf[Id differ by that much from unity, es-
creased, which also is an expected result. pecially forfarger clusters.

Since collisions between clusters play a major part in
the birth-death equations, the question of sticking probabil-4 Conclusions
ities naturally arises. While many kinetic codes (including
ACDC) increase the sticking probabilities for ion—neutral We have presented a new program for modeling the kinet-
cluster collisions (as described above), to our knowledge thécs of clusters by explicit solution of the birth—death equa-
reverse case has not been explored in detail, i.e. when twtions, using an efficient computer script for their genera-
neutral clusters collide, they will always stick together. How- tion and the MATLAB odel5s routine for their solution.
ever, there is no guarantee that this is always the case, anthis script, referred to as the Atmospheric Cluster Dynam-
therefore the effect of sticking probabilities less than unity ics Code (ACDC), can easily use cluster free energies cal-
was examined. It has to be noted here that the sticking probeulated by any method, from liquid drop theory to quantum

One of the major particle sinks in the system is the con-
densation of clusters on large pre-existing aerosols (a sim
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chemical calculations. By using the recent formation free fresh atmospheric aerosols: Eight years of aerosol size distribu-
energies computed b@rtega et al(2012 for sulfuric acid tion data from SMEAR II, Hyy@la, Finland, Boreal Environ.
and dimethylamine containing clusters, we have examined Res., 10, 323-336, 2005.

the effect of changing various system parameters at atmoPal Maso, M., Hywérinen, A., Komppula, M., Tunved, P., Kermi-
spherically relevant monomer concentrations, demonstrating Nen: V--M., Lihavainen, H., Viisanen, Y., Hansson, H.-C., and
that large effects can be seen for even small changes, due Kulmala, M._: Annual and interannual variation _|n boreal fqrest
to the non-linearity of the system. Changing the tempera- aerosol particle number and volume concentration and their con-

b h | . he cl distributi nection to particle formation, Tellus, 60B, 495-508, 2008.
ture by 50K has a large impact on the cluster distri ut'on’Ge, X., Wexler, A. S., and Clegg, S. L.: Atmospheric amines —Part

while the boundary effects (i.e. allowing clusters to leave the | A review, Atmos. Environ., 45, 524-546, 2011.

system or keeping them inside the system boundaries), coagsirshick, S. L. and Chiu, C.-P.: Numerical study of MgO powder
ulation sink terms, non-monomer collisions, collision stick-  synthesis by thermal plasma, J. Aerosol Sci., 21, 641650, 1990.
ing coefficients, and monomer concentrations can all havesirshick, S. L., Agarwal, P., and Truhlar, D. G.: Homogeneous nu-
significant effects under certain conditions. Removal of co- cleation with magic numbers: Aluminum, J. Chem. Phys., 131,
agulation sink terms prevented the system from reaching the 134305, 2009.

steady state when the initial monomer concentrations werélirsikko, A., Nieminen, T., Gaga S., Lehtipalo, K., Manninen,
set to 1173, which probably results from the small system - E- Ehn. M., Horrak, U., Kerminen, V.-M., Laakso, L., Mc-
size. If the starting concentrations for monomers were setto MU™: P H., Mirme, A, Mirme, S, Pafa, T., Tammet, H.,

the wanted steady state values, the system was able to find avakkari’ V-, Vana, M., and Kulmala, M.: Atmospheric ions and
steady state y ’ y nucleation: a review of observations, Atmos. Chem. Phys., 11,

767-798d0i:10.5194/acp-11-767-20,12011.
Hoppel, W. A. and Frick, G. M.: lon-aerosol attachment coefficients

and the steady-state charge distribution on aerosols in a bipolar
AcknowledgementsiVe gratefully acknowledge ERC StG 257360- ion environment. Aerosol Sci. Tech.. 5. 1-21 1986

MOCAPAF, a National Science Foundation International ResearchlSr(,ai_-,‘_I H.: Atmospheric Electricity, vol. I., Israel Program for Sci
Program grant (OISE-0853294, MIM), the Maj and Tor Nessling 1,115l & NSE Jerusalem. 1970, '
Foundation (project #2010212, PP, project #2011200, VL), andJanson, R., Rosman, K., Karlsson, A., and Hansson, H.-C.: Bio-

the Academy of Finland (Cente_r of Excellence program project genic emissions and gaseous precursors to forest aerosols, Tellus,
#1118615, LASTU program project #135054, project #1127372) 53B. 423-440. 2001

for funding. We would also like to thank Malcolm and Angus Kathmann, S. M., Schenter, G. K., and Garrett, B. C.: Multicom-

Young, Brian Johnson, Phil Rudd and Cliff Williams for inspiration. ponent dynamical nucleation theory and sensitivity analysis, J.

Chem. Phys., 120, 9133-9141, 2004.

Kazil, J. and Lovejoy, E. R.: A semi-analytical method for calculat-
ing rates of new sulfate aerosol formation from the gas phase, 7,
3447-3459, 2007.

References Koutzenogii, K. P., Levykin, A. I., and Sabelfeld, K. K.: Kinetics

of aerosol formation in the free molecule regime in presence of

Arstila, H.: Kinetic effect of cluster-cluster processes on homoge- condensable vapor, J. Aerosol Sci., 27, 665679, 1996.
neous nucleation rates in one- and two-component systems, Kozisek, Z. and Demo, P.: Influence of initial conditions on homo-
Chem. Phys., 107, 3196-3203, 1997. geneous nucleation kinetics in a closed system, J. Chem. Phys.,

Bates, D. R.: Recombination of small ions in the troposphere and 123, 144502, 2005.
lower stratosphere, Planet. Space Sci., 30, 1275-1282, 1982. KoZisek, Z., Sato, K., Demo, P., and Sveshnikov, A. M.: Homo-

Bazilevskaya, G. A., Usoskin, I. G., ikkiger, E., Harrison, R. G., geneous nucleation of droplets from supersaturated vapor in a
Desorgher, L., Btikofer, R., Krainev, M. B., Makhmutov, V. S., closed system, J. Chem. Phys., 120, 6660-6664, 2004.
Stozhkov, Y. 1., Svirzhevskaya, A. K., Svirzhevsky, N., and Ko- KoZisek, Z., Demo, P., and Sveshnikov, A. M.: Size distribution of
valtsov, G.: Cosmic ray induced ion production in the atmo-  nuclei in a closed system, J. Chem. Phys., 125, 114504, 2006.
sphere, Space Sci. Rev., 137, 149-173, 2008. Kulmala, M.: How particles nucleate and grow, Science, 302, 1000—

Brus, D., Neitola, K., Hyvrinen, A.-P., Pa#, T., Vanhanen, J., 1001, 2003.

Sipila, M., Paasonen, P., Kulmala, M., and Lihavainen, H.: Ho- Kulmala, M.: Dynamical atmospheric cluster model, Atmos. Res.,

mogenous nucleation of sulfuric acid and water at close to atmo- 98, 201-206, 2010.

spherically relevant conditions, Atmos. Chem. Phys., 11, 5277—Kulmala, M. and Wagner, P. E.: Mass accommodation and uptake
5287,d0i:10.5194/acp-11-5277-2012011. coefficients — a quantitative comparison , J. Aerosol Sci., 32,

Chesnokov, E. N. and Krasnoperov, L. N.: Complete thermodynam- 833-841, 2001.
ically consistent kinetic model of particle nucleation and growth: Kulmala, M., Dal Maso, M., Mkek, J. M., Pirjola, L., \&ke\a,
Numerical study of the applicability of the classical theory of M., Aalto, P., Miikkulainen, P., Emeri, K., and O’'Dowd, C. D.:
homogeneous nucleation, J. Chem. Phys., 126, 144504, 2007.  On the formation, growth and composition of nucleation mode

Courtney, W. G.: Nonsteady-state nucleation, J. Chem. Phys., 36, particles, Tellus B, 53, 479-490, 2001.

2009-2017, 1962. Kulmala, M., Vehkaraki, H., Pegja, T., Del Maso, M., Lauri, A.,

Dal Maso, M., Kulmala, M., Riipinen, I., Wagner, R., Hussein, T., Kerminen, V.-M., Birmili, W., and McMurry, P. H.: Formation

Aalto, P. P., and Lehtinen, K. E. J.: Formation and growth of

Edited by: K. Lehtinen

Atmos. Chem. Phys., 12, 2343355 2012 www.atmos-chem-phys.net/12/2345/2012/


http://dx.doi.org/10.5194/acp-11-5277-2011
http://dx.doi.org/10.5194/acp-11-767-2011

M. J. McGrath et al.: Atmospheric Cluster Dynamics Code 2355

and growth rates of ultrafine atmospheric particles: a review ofPefja, T., Mauldin Ill, R. L., I., Kosciuch, E., McGrath, J., Niem-
observations, J. Aerosol Sci., 35, 143-176, 2004. inen, T., Paasonen, P., Boy, M., Adamov, A., Kotiaho, T., and
Kurtéen, T.: A comment on Nadytko et al.’s “Amines in the Earth's Kulmala, M.: Sulfuric acid and OH concentrations in a boreal
Atmosphere: A Density Functional Theory Study of the Ther-  forest site, Atmos. Chem. Phys., 9, 7435-7448;10.5194/acp-
mochemistry of Pre-Nucleation Clusters”, Entropy, 13, 915-923, 9-7435-20092009.
2011. Petja, T., Sipik, M., Paasonen, P., Nieminen, T., kamt T., Or-
Kurtén, T., Loukonen, V., Vehkaaki, H., and Kulmala, M.: tega, I. K., Stratmann, F., Vehkaki, H., Berndt, T., and Kul-
Amines are likely to enhance neutral and ion-induced sulfuric  mala, M.: Experimental observation of strongly bound dimers of
acid-water nucleation in the atmosphere more effectively than sulfuric acid: Application to nucleation in the atmosphere, Phys.

ammonia, Atmos. Chem. Phys., 8, 4095-41di#;10.5194/acp- Rev. Lett., 106, 228302, 2011.
8-4095-20082008. Poschl, U.: Atmospheric aerosols: Composition, transformation,
Kurtén, T., Kuang, C., 6mez, P., McMurry, P. H., Vehkaiki, H., climate and health effects, Angew. Chem., Int. Ed., 44, 7520—

Ortega, I., Noppel, M., and Kulmala, M.: The role of cluster en- 7540, 2005.

ergy honaccommodation in atmospheric sulfuric acid nucleation,Rao, N. P. and McMurry, P. H.: Nucleation and growth of aerosol

J. Chem. Phys., 132, 024304, 2010. in chemically reacting systems, Aerosol Sci. Tech., 11, 120-132,
Kurtéen, T., Petja, T., Smith, J., Ortega, I. K., Sigil M., Junni- 1989.

nen, H., Ehn, M., Vehka#ki, H., Mauldin, L., Worsnop, D. R., Shampine, L. F. and Reichelt, M. W.: The MATLAB ODE suite,

and Kulmala, M.: The effect of 504 — amine clustering on SIAM J. Sci. Comput., 18, 1-22, 1997.

chemical ionization mass spectrometry (CIMS) measurements oipila, M., Lehtipalo, K., Attoui, M., Neitola, K., Pgja, T., Aalto,

gas-phase sulfuric acid, Atmos. Chem. Phys., 11, 3007-3019, P. P., O'Dowd, C. D., and Kulmala, M.: Laboratory verification

doi:10.5194/acp-11-3007-2012011. of PH-CPC's ability to monitor atmospheric sub-3 nm clusters,
Langevin, P. M.: Une formule fondamentale dédhie cirétique, Aerosol Sci. Tech., 43, 126-135, 2009.
Ann. Chim. Phys., 8, 245-288, 1905. Sipila, M., Berndt, T., Pé&ta, T., Brus, D., Vanhanen, J., Strat-

Li, Z. H. and Truhlar, D. G.: Cluster and nanoparticle condensation mann, F., Patokoski, J., Mauldin 1ll, R. L., Hgxinen, A.-P.,
and evaporation reactions. Thermal rate constants and equilib- Lihavainen, H., and Kulmala, M.: The role of sulfuric acid in
rium constants of A, + Al,,_,, < Al,, with n=2—-60 andn=1-8, atmospheric nucleation, Science, 327, 1243-1246, 2010.

J. Phys. Chem. C, 112, 11109-11121, 2008. Vanhanen, J., Mikkd, J., Lehtipalo, K., Sip, M., Manninen,

Li, Z. H., Bhatt, D., Schultz, N. E., Siepmann, J. |, and Truhlar, H. E., Siivola, E., P&tja, T., and Kulmala, M.: Particle size mag-
D. G.: Free energies of formation of metal clusters and nanopar- nifier for nano-CN detection, Aerosol Sci. Tech., 45, 533-542,
ticles from molecular simulations: Alwith n =2—60, J. Phys. 2011.

Chem. C, 111, 16227-16242, 2007. Vehkandki, H., Paatero, P., Kulmala, M., and Laaksonen, A.: Erra-

Lovejoy, E. R., Curtius, J., and Froyd, K. D.: Atmospheric ion-  tum:Binary Nucleation Kinetics: A Matrix Method, (J. Chem.
induced nucleation of sulfuric acid and water, J. Geophys. Res., Phys., 101, 9997-10002, 1994), J. Chem. Phys., 106, 2987,

109, D08204(d0i:10.1029/2003JD004460), 2004. 1997.

Manninen, H. E., Nieminen, T., Riipinen, I, Yli-Juuti, T., Gagn Vehkanaki, H., McGrath, M. J., Kuén, T., Julin, J., Lehtinen, K.
S., Asmi, E., Aalto, P. P., P&h, T., Kerminen, V.-M., and Kul- E. J., and Kulmala, M.: Rethinking the application of the first nu-
mala, M.: Charged and total particle formation and growth rates cleation theorem to particle formation, J. Chem. Phys., in press,
during EUCAARI 2007 campaign in Hyyla, Atmos. Chem. 2012.

Phys., 9, 4077-40890i:10.5194/acp-9-4077-2002009. Wyslouzil, B. E. and Wilemski, G.: Binary nucleation kinetics. II.

McGraw, R.: Two-dimensional kinetics of binary nucleation in Numerical solution of the birth-death equations, J. Chem. Phys.,
sulfuric acid-water mixtures, J. Chem. Phys., 102, 2098-2108, 103, 1137-1151, 1995.
1995. Yu, F.: Quasi-unary homogeneous nucleation eS8y-H->0, J.
Nadykto, A. B., Yu, F., Jakovleva, M. V., Herb, J., and Xu, Y.: Chem. Phys., 122, 074501, 2005.
Amines in the Earth’s atmosphere: a density functional theoryYu, F.: Effect of ammonia on new particle formation: A
study of the thermochemistry of pre-nucleation clusters, Entropy, kinetic HySO4-H>O-NH3 nucleation model constrained by
13, 554-569, 2011. laboratory measurements, J. Geophys. Res., 111, D01204,
Nishioka, K. and Fuijita, K.: Transient nucleation in binary vapor of ~ doi:10.1029/2005JD005962006.
water and sulfuric acid, J. Chem. Phys., 100, 532-540, 1994.
Ortega, I. K., Kupiainen, O., Kuen, T., Olenius, T., Wilkman, O.,
McGrath, M. J., Loukonen, V., and Vehkaiki, H.: From quan-
tum chemical formation free energies to evaporation rates, At-
mos. Chem. Phys., 12, 225-23i:10.5194/acp-12-225-2012
2012.

www.atmos-chem-phys.net/12/2345/2012/ Atmos. Chem. Phys., 12, 22855 2012


http://dx.doi.org/10.5194/acp-8-4095-2008
http://dx.doi.org/10.5194/acp-8-4095-2008
http://dx.doi.org/10.5194/acp-11-3007-2011
http://dx.doi.org/10.1029/2003JD004460
http://dx.doi.org/10.5194/acp-9-4077-2009
http://dx.doi.org/10.5194/acp-12-225-2012
http://dx.doi.org/10.5194/acp-9-7435-2009
http://dx.doi.org/10.5194/acp-9-7435-2009
http://dx.doi.org/10.1029/2005JD005968

