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Abstract. A flexible mixing rule is presented which al- 1 Introduction and rationale

lows the calculation of activity coefficients of organic com-

pounds in a multi-component aqueous solution. Based on th&as to particle partitioning, driven by a difference in equi-
same fitting methodology as a previously published inorganidibrium and partial pressures, is a key process that dictates
model (Partial Differential Fitted Taylor series Expansion; the evolving chemical composition of atmospheric aerosol
PD-FiTE), organic PD-FIiTE treats interactions between bi- particles, thus their environmental impacts. The equilibrium
nary pairs of solutes with polynomials of varying order. The vapour pressure above a solution is given by:

numerical framework of organic PD-FITE is not based on

empirical observations of activity coefficient variation, rather Pi = PoyiXi 1)

a simple application of a Taylor Series expansion. Using ) .

13 example compounds extracted from a recent sensitivit;}"’here Fi is the equilibrium vapour.p.ressureP.o .the pure
study, the framework is benchmarked against the UNIFACCOMPONeNt vapour pressung,the activity coefficient in so-
model. For 1000 randomly derived concentration ranges an tlon_ fmdx" the mole fractlo_n .Of compo_nemtln solut|on._

10 relative humidities between 10 and 99 %, the average deSen§|t|V|ty to choice of predictive technlque_ for calculating
viation in predicted activity coefficients was calculated to be Po, I tefms of aeros.ol mass and properties, ha;s recently
3.8%. Whilst compound specific deviations are present, thebeen rewewed. bycFiggans et al(2010.and Topping et_
median and inter-quartile values across all relative humidity® (2013- In this paper we use the technique for calculating
range always fell within20 % of the UNIFAC value. Com- Po recomm_ended b@arlgy et al(2009. -

parisons were made with the UNIFAC model by assuming. In a previous publication, a new hybrid reduced complex-

interactions between solutes can be set to zero within PDIYY 1onic mixing rule for calculatingy; and hence, equi-
FIiTE. In this case, deviations in activity coefficients as low IPrium vapour pressure of inorganic condensates, was pre-

as—40% and as high as +70 % were found. Both the fully SNted {opping et al, 2009. PD-FITE, or Partial Derivative
coupled and uncoupled organic PD-FiTE are up to a factor of 'tted Taylor Series Expansion, was inspired by the MTEM
~ 12 and~ 66 times more efficient than calling the UNIFAC Model €averi et al, 2009, which in turn is based on the
model using the same water content, an810 and~1800 observation that the logarithm of activity coefficients var-
times more efficient than an iterative model using UNIFAC. i€d linearly as a function of water activity when expressed

The use of PD-FITE within a dynamical framework is pre- in terms of equivalent mole fractionZdveri et al, 2005.

sented, demonstrating the potential inaccuracy of prescrib/Nilst the terms within the inorganic PD-FITE model Tay-
ing fixed negative or positive deviations from ideality when lor Series Expansion are based on empirical observations of

modelling the evolving chemical composition of aerosol par- activity coefficient variation, the development of the organic
ticles. model in this paper is not. Rather, in this manuscript we

test the applicability of another Taylor Series Expansion ap-
plied to organic solutes in water, where the model parame-
ters are derived solely to ensure correct limiting behaviour
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2 D. Topping et al.: Partial Derivative Fitted Taylor Expansion

and interaction terms derived by fitting this framework to model, binary pairs are coupled using absolute mole fractions
a more complex benchmark model (UNIFAC). This fitting weighted according to molecular surface area and volume pa-
methodology is the same methodology applied to inorganiccameters:

PD-FiTE, despite the different approach used in defining the rix;
model terms and concentration scales, hence we use the sarffs = Zm—rx 4)
acronym here. =1

Activity coefficients account for interactions taking place 6, = qu# (5)
in solution. Numerous model are available for both inor- Zj:lqix/

ganic, organic and mixed inorganic-organic solutions. Un'wherem represents the total number of compoundsandg;

_fortunately these models ar_e far too expenswe_ for mclusmnare the surface area and volume parameters for companents
in large scale modelsZ@veri et al, 2005 Topping et al

2009. As i . d . vt ficiont f with associated mole fraction. In organic PD-FIiTE, choice
9. As inorganic and organic activity Coetlicient Irame- ¢ .,y antration scale can be chosen according to the limit-
works have different theoretical constructs it is difficult to

build reduced lexity f ks which I ing requirements of the numerical framework. The numeri-
ulld reduced complexity frameworks which are equally ap- .| framework of organic PD-FiTE is not based on empirical
plicable to both system&(end et al.2011). Following inor-

- . . : . observations of activity coefficient variation, rather the same
ganic PD-FITE, in this paper we use the same Taylor Serie y

%arameter fitting methodology is used as the inorganic frame-

expansion methodology to develop a model for organic So'work,as detailed in Sect. 3. The ability of this new frame-

lutes N aqueous solutions via an apprqpnate r_epresentatloalork to replicate activity coefficients for various concentra-
of multi-component concentrations and interactions. Assess,

) . . . ~>>tions is given in Sect. 4 where the UNIFAC model is used as
ing the accuracy of both the inorganic and organic Versions, v -hmark. As with inorganic PD-FITE, for a one com-
of PD-FiTE to mixed inorganic-organic aqueous systems will : '

. . ponent system (i.e. one organic solute in water), the activity
form the focus of a future study, using the revised AIOMFAC coefficient of the solute must equal the binary activity coef-
model as a henchmarkend et al.20117).

ficient in water. This represents the first term in the Taylor
series expansion:

2 Reduced complexity activity coefficient framework I () = 0,50 =0,..) = In £ ©6)
where we use the symbgl to represent activity coefficients
of organic solutes. As inorganic PD-FIiTE was based on the
Y (alny; empirical observation that the logarithm of solute activity co-
Iny; (x.x{....RH) =Iny (RH)+ » rra (RH)x] (2)  efficients varies roughly linearly with water activity, thus RH
J#i J for a bulk solution, Eqg. (6) would be written explicitly as
where Iny;(RH) is the activity coefficient of component & function of RH were we able to use the same basis. As
i in the mixture as a function of relative humidity (RH), Mentioned previously, this framework does not use the same
Iny°(RH) the binary activity coefficient of componentin empirical bgs_is. For the inorggnic model, the range of com-
water at a given RHy/ the equivalent mole fraction of com- pounds defining the composition space was relatively small
ponenti. As described byfopping et al(2009, the interac- and, using the PD-FIiTE fitting methodology, the variation
tion terms implicitly account for any effects of partial disso- In water activity of the whole system was well constrained.
ciation of the HS@-ion. Since the dissociation of organics FOr the organic model, it is likely that the compounds se-
cannot be modelled with any certaing@légg and Seinfeld  lection will change depending on the application, thus sys-
2008, only interactions between undissociated moleculestéms studied. Whilst the water activity scale could be used,
are considered. For the organic model, interactions are rediven the fitting methodology optimizes interaction terms,
stricted to binary pairs of solutes, thus reducing computa-2S Néw compounds are introduced every model parameter
tional cost. The activity coefficient function then takes on Would have to be refit. To mitigate this problem, a differ-

The numerical basis for the inorganic PD-FIiTE is a simple
Taylor series expansion involving only the first order term:

the following general form: ent concentration scale is chosen . In Eq. (2), the expression
x refers to equivalent mole fractions. In the first instance,

LA the Taylor Series expression used for organic PD-FITE is ex-

Y= F(Zci ZCJ') ) pressed using mole fractions of components in the multicom-

=l ponent mixture (including water). For the organic model, bi-
Where N represents the total number of solutesandc; nary activity coefficients and interaction are expressed as a
represent a specific concentration scale for componemtd  function of water mole fraction. The reason for this is two-
j. Models such as UNIQUACAbrams et al.1975 and the  fold. Firstly, this will aid development of coupled inorganic-
Wilson (Wilson, 1964 equations also treat binary interac- organic approaches in the future. Whilst interaction terms
tions, the mixture represented by the sum of these pairs. Ifetween inorganic and organic components are not presented
the residual and combinatorial expressions of the UNIQUAChere, the effect of dilution by the water associated with the
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D. Topping et al.: Partial Derivative Fitted Taylor Expansion 3

inorganic fraction can be used to effect the organic solute acwhere 8 now represents a scaling factor infl, at a spe-
tivity coefficients in a semi-coupled approach. Secondly, thecific concentration of water, as the dry solute mole fraction
combination of data from binary systems assumes the solvertf “B” changes. Whilst a simple scaling factor that varies lin-
to be water. This allows future expansion without the need toearly with xz could be used, the order of polynomial chosen
run a thermodynamic model to derive fits as a function of RH(e.g. linear, quadratic, cubic, etc) is based on accuracy of fit
for each binary pair. It is possible that multiple phases existas compared to UNIFAC predictions as described in Sect.
in aerosol particles in the atmosphere. However, solving thissquation (1) is not complete and variability %«3{!3{%\) as
) . A

?Zrﬁglr(]a(;neltsaelxzt[)elnj])e%ghc?:lrfgr?tl;:/gcg\r/\igtf%;tgL:nnaerryal?;/s;egsa function ofx, is required. As the cqncentration of compo-

- . . . . nent “A” approaches zero, the magnitude of the dependence
complex mixtures of multiple organic and inorganic s_olutes. f B(F(x})) on the concentration of water increases. There-
In the absence o_f treatment of phase separation or mixed sogore we introduce another variable to Egl);
vent system, taking water as the solvent E)ecomes:

aln
Infi(xj =0,xx =0,..xw) =In f2(xw) (7) <?{CA) = (B(F (xg))xy) * (@ (F (xw))xp—0) (12)
and the generic Taylor series expansion is written as: B /
N ainf where (a(F (xw))x,—0) represents the variation fa'a”—fA)
. B
Inf; (xj, xp, -.xw) = In 2 (ew) + Z( ™ _l > (xw)x;  (8)  as a function of water mole fraction as “A’ approaches zero,
J

J#i and (ﬁxé) represents the scaling @& (F (xw))x,—0) @s a
The reliance on data from binary systems is an importantfunction ofxg.
feature of any flexible organic activity framework. Whilstthe  We can now write the generalised expression fgil@s:
inorganic fraction of aerosol particles is restricted to small
range of compounds, the number of organic compounds act- o, o
ing as potential condensates can be very large. With thid fA (¥ X, XD ---2w) = IN fA (ow) +

in mind, the form of the expression encapsulated within the N ,
summation can now be chosen. Taking a hypothetical ternary Z(ﬁi~A("i ) (@i, A (Yw) xa—0) (13)
system of organic compounds “A” and “B”, starting with a bi- i7A

nary solution of component “A” in water, as component “B” Where the variables encapsulated within the summation can
is added, the deviation in activity coefficiefif has to be ac- be expressed as:
counted for using an appropriate concentration scale. Equa-
tion (8) can be re-written as:

Nl ag A(xwxa — 0) =

n _ .

|an(XB,Xw)=|nf/g(xw)+2<a—fA> (Xw)XB ©)  CO*x§+C()*xy ..[o= polynomial ordef (14)

— XB

J#

To ensure correct limiting behaviour, the difference be- Be.A(xg)xw =

tween the binary activity coefficient fff(xy) and ternary  D(0)*x'B°+D(1) xx'B°~1..[o=polynomial orde} ~ (15)
activity coefficient Infa (g, xw) can be expressed a function The rationale behind the above framework is best illus-

of dry solute mole fractions. As the dry mole fraction of so- .
- Infa trated using an example. Two compounds were randomly
lute “B” approaches zero, the ter(iLaXB ) converges 10 gelected within the UNIFAC framework with the following

Xw

zero. Therefore, for a specific mole fraction of water, Y. (  functional groups: (1) Chix2, CH, x1, OHx1, COOHx 1
is re-written as: (compound “A"); (2) Ch x1, COOH x1 (compound “B”).

) aln Figurel shows a surface plot of Ify (x5, xw) — In £2(xw) Or
In fa (xg, 0w = ) =In fR (xw =) + ( ax{cA) xg (10) Aln fa as a function ofc; andxy. As?he “dry” onle frac-

B/ aw=c tion of solute “B” tends to zero, the value ofin fa tends to
where xg is the dry mole fraction of solute “B”. As “B”  zero for all concentrations of water. However, as “A” tends to
tends to zero, the activity coefficient of “A’ converges to the zero, the variability ofAIn fa varies non-linearly as a func-
binary activity coefficient at a specific concentration of wa- tjon of x,, the magnitude increases as “A’ decreases.
ter. Parameters in inorganic PD-FIiTE were Optimised USing In any h|gher order SystemS, the assumption is made that
the ADDEM thermodynamic modell¢pping et al. 2003.  the behaviour of each binary pair holds in the mixture. How-
The same parameter optimisation approach is used here. Th&er, the use of total mole fractions and dry mole fractions
term (Blan> xg is re-written as a specific function of ensures an appropriate dilution effect is captured. Compar-

Aw=cC

’
dxg

,. isons between organic PD-FiTE with the UNIFAC model are

B presented in Sect.
aln fa / / In the following section, the procedure used for constrain-
onJa — (B(F (x4))s—e 1) ' \ :

( axg >XW=CXB (B(F (xB))xu=c) (1) ing both(Bxj) and(a(F (xw))xx—0) is described.
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. . . . - o Fig. 3. Difference in activity coefficient of compound 1 as a func-
Fig. 1]; D/lffer(ejnce |nhact|V|Ity coeﬁlrlgntbof codmbpour:jd IA as Tf“nc' tion of x;, andxy. The compound numbers and SMILES strings are
tion of xg andxw. The colour-scale is bound by red (low values) 0 igteq in Taple 1. The colour-scale is bound by red (low values) to
purple (high values). purple (high values).

(0.0001). Following this, the mole fraction of water is varied
0.1 and thex,, axes in Fig.1 is populated. The order of the
o polynomial is chosen by selecting the best fit between 1st
= to 8th order polynomials in the MATLAB software package
7.6.0 (R2008a). For each polynomial fit, the coefficients
are derived through initialisation with a random number

1
2
g 0 3
4
5 generator which is run 1000 times, the fitting routine using
B
7
8

Fi Alnf1

|
(SN == :
@~ oW Wiy = o=

the Levenberg Marquardt algorithm. The point at which the
order of a polynomial meets the criteria for being chosen
is defined as: (1) the pairwise linear correlation coefficient
; between UNIFAC predictions and the polynomial fit is
02 g% X, greater than 0.99 or (2) when there is no significant decrease
in the sum of the square of the residuals as the degree of
Fig. 2. Difference in activity coefficient of compound 1 as a func- polynomial is increased. The cutoff value used for the
tion of x5 andxw. The compound numbers and SMILES strings are second criteria was set to 1h
listed in Table 1. The colour-scale is bound by red (low values) to Following this, the polynomial fotSg a (x}).,) wWas de-
purple (high values). rived by choosing a slice from the surface displayed in Eig.
as a function ofcg. The value ofx,, chosen to define the lo-
cation of this slice is that which corresponds to the maximum
value of (ag A (xw)xy—0). Subsequent values &fin fp as a
function ofxy are then normalised to this value to give us the
scaling factors used to derivgp A (xg)x,)-

Using the same methodology described by The order of the polynomial chosen is defined using the
Topping et al(2009, the interaction terms in the model same procedure outlined above. Using this approach it is
are optimised based on fitting to a more complex schemepossible to use less computationally expensive polynomials,
the UNIFAC model Eredenslund et g11975. Parameters whilst retaining accuracy, as compared to pre-defined poly-
(BB,A(Xg)x,) and (apa(xw)xa—0) are expressed using nomial orders for each case (e.g. a 5th order polynomial for
polynomials as a function ofg andxy respectively. The each value of g a(xg)x,) and (o a(xw)xy—0)). For ex-
required level of complexity, or order of the polynomials, ample, each variable might be adequately represented by a
are dictated by setting the tolerance on two independentubic and quadratic expression. On the other hand, it is pos-
statistical variables, automating the whole process. Thesible to pre-define the order of each polynomial to further aid
order of fitting to both parameters is important. First, the computational performance whilst accepting a set decrease
polynomials for(ag,a(xw)xy—0) are determined by setting in overall accuracy. For example, it may be desirable to re-
the dry mole fraction of “A’,x, to a negligible amount strict the order of(8g a(x})x,) to a linear expression such

3 Parameter fitting

3.1 Activity coefficients

Geosci. Model Dev., 5, 113, 2012 www.geosci-model-dev.net/5/1/2012/
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Fig. 4. Comparing binary/ternary PD-FIiTE and UNIFAC for a random specific testcase. Each subplot represents a specific RH. Linear
correlation coefficients are given in each subplot title. 'Rb’ and 'Rt’ are the correlation coefficients for the binary and ternary model,
respectively. For this specific example, the compounds with the largest deviations from the binary model are 3, 4, 7, 8, 9 and 10. The
compound numbers and SMILES strings are listed in Table 1 and average percentage deviations in Table 4.

that the direction ofAIn f is at least captured. In applying with each solute can then be calculated using the following
the framework to a specific set of compounds in Sécthe  expression:

automated procedure is used. For binary activity coefficients

In £2(xw), the same automated procedure is used. W; (RH) = n;xw; (RH) /(1 —xw; (RH)) (17)

3.2 Calculating water content wheren; is the number of moles of solute

For calculating water content, thus mole fractions in solution, _ . .
the ZSR mixing rule is use@(anovskij 1936. This method ¢ Benchmarking PD-FITE against UNIFAC
has been reviewed extensively in the literature and therefor?

not analysed here. Using ZSR, the water content associated the following section Eq.(3) is applied to a specific set of

with each compound at a specific relative humidity is addedcompounds and benchmarked against the UNIFAC model.

together to calculate the water content of the mixture: Barley et al. (2011 recently presen_ted the sensitivity
of predicted aerosol mass and chemical signatures, such

N as Oxygen:Carbon ratio and average molecular weight, to
w, (RH) =Zw,~(RH) (16) choice of predictive technique used within absorptive par-
= titioning calculations. In that study, a gas phase degrada-
tion mechanism, the Master Chemical Mechanism (MCM),
where the individual water contents are fit to UNIFAC for a was used to simulate the gas phase abundance of 2700 com-
range of water activities (0 to 0.99). The mole fraction of pounds for various anthropogenic and biogenic scenarios
water associated with each solutg (RH) is fit to the UNI- (Jenkin et al.1997). Here we use the same simulations and
FAC model to ensure a well behaved polynomial fit (rather average the contribution of individual components to the pre-
than absolute water content). The water content associatedicted condensed phase abundance, across all conditions, in

www.geosci-model-dev.net/5/1/2012/ Geosci. Model Dev., 5132012
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Table 1. Compound identification for fitting as presented within the Master Chemical Mechadéskilg et al.1997).

Compound  MCM SMILES C H O N <cl Structure
number number
[}
HO.
A
1 3442 0C(=0)C=CC(=0)0 4 4 ) o
i OfN//O
Ho. \\o
2 4823 OCC(C(ON(=0)=0)(C)C)CC(=0)C(0)=0 8 13 1 0 o
HO
HO
o
3 4610 00C1(CCC2C(C1C2)(C)C)CO 10 18 0 o0
o i
o/N\O
4 4855 CC1(C)C(CON(=0)=0)CC1C(0)=0 8 13 1 0w
HO%
o]
5 2635 C(0)C1C(C(C(C)=0)(C1)00)(C)C 9 16 0 o0 O—on
o]
~SA
OH
6 4834 00C1(CC(CO)C1(C)C)C(=0)O 8 14 0 0 O—on
(o]
o/
\
(0]
OH
7 4608 CC1(C2CCC(CO)(C1C2)ON(=0)=0)C 10 17 1 0
OH
o O/
8 4435 00C1C2(00C(C20)(C=C1C)CC)C 10 16 o o "°
m/°\N¢o
/
9 4830 CCI1(C)C(CC1CC(=0)OON(=0)=0)C(=0)0 9 13 1 0 o
Ho/fg 1)/0”
10 2605 C12C(C(CC(C1(C)00)0)C2)(C)C 10 18 0 0
i O—N//O
\,
11 2617 CC(C(CC(CO)C(C)(ON(=0)=0)C)=0)=0 9 15 1 0 o
HO
OH
|
12 5482 0OC(C(CO)00)(C)C 5 12 o o ©oH
(o] (o)
HO.
OH
13 3447 OC(=0)C(=0)C(0)C(=0)O 4 4 0O O o OH

Geosci. Model Dev., 5, 143, 2012
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Table 2. Polynomials for binary activity coefficient: j = A(0) * xQrdery A (1) +x9e1 rorder= polynomialordet.

Number  A(0) A1) AQ2) A®3) A(4) A5) A(6)
1 —0.680844 —0.030474 0.013327
2 18.342261 —36.865487 26.174686 —8.565417 0.962597 —0.027869
3 150.945646 —382.149648 369.674775 —168.512416 34.234823 —3.179822 0.070701
4 283.084624 —718.473072 695.657994 —313.71093 63.550996 —6.148153 0.136931
5 76.065039 —149.766159 109.111489 —33.639646 3.971213 —-0.115294
6 203.421677 —520.253952 506.342017 —230.816455 46.618829 —4.442629 0.099128
7 74.2173 —154.863304 114.946223 —39.048428 4.340771 -0.127665
8 130.648433 —266.724081 199.936973 —63.122582 6.558979 —-0.196416
9 274.762453 —697.581434 675.811261 —304.968978 61.546109 —5.961812 0.132819
10 85.387073 —168.601696 122.96918 —37.927336 4.48584 —0.130329
11 279.043008 —700.756563 677.314976 —307.85783 66.107566 —5.767339 0.128072
12 185.68401 —472.462525 458.242015 —208.337606 43.242955 —4.003782 0.089179
13 7.850520 —12.415950 2.418568 —0.159090
Table 3. Polynomials for water content: lag . = B(0) * (RH/100)°7d€r 1 B(1) x (RH/100)°"der-1,
Number B(0) B(1) B(2) B(3) B(4) B(5)

1 0.698628 —1.323814 1.613212 0.011863

2 10.662119 —26.324362 24.742614 —11.236877 3.157528 0.010876

3 —0.115537 0.611441 0.186311

4 0.068333 0.349236 0.00778

5 11.43086 —28.25637 26.452844 —11.848405 3.162267 0.064647

6 1.739359 —2.316106 0.348312 0.995024 0.229408 0

7 —0.068518 0.380027 0.079231

8 0.504267 —0.940167 0.995198 0.15628

9 0.051517 0.327142 0.005692

10 0.030421 0.291476 0.002831

11 15.217185 —36.994166 33.593312 —14.219615 3.481905 —0.063397

12 1.153276 —1.88062 1.487633 0.232988

13 0.93933 —-1.842135 1.737631 0.164816

order to extract a subset of compounds to be used as an exie binary activity coefficient and water content of each com-
ample on the applicability of PD-FITE. The resulting com- pound are listed in Tabledand3 respectively. An example
pounds defined in that study are listed in Tablelong with ~ subset of the polynomials used to calculate interactions be-
their SMILES string, compound identification number as de-tween each solute pair are given in Appendix B.

fined within the MCM and chemical structure. Specific de- To illustrate the behaviour of compounds listed in Tahle
tails regarding the selection methodology are presented irrigs. 2 and 3 show surface plots ofAIn f; as a function
Appendix A. The simplified molecular input line entry spec- of xz andx,, for two separate ternary mixtures with com-
ification or SMILES is a specification for unambiguously pounds “3” and “4”. As the ‘dry’ mole fraction of solute
describing the structure of chemical molecules using shortB”, or compounds “3” and “4” approach zero, the value of
ASCII strings. Each compound SMILES representation wasAln f;1 tends to zero for all concentrations of water. Whilst
translated into appropriate UNIFAC functional groups using the presence of solute “3” always decreasef Irelative to
the PyBel toolbox @'Boyle et al, 2008 and a complete a binary solution of only solute “1” in water, the presence
set of SMARTS to represent thdansen et al(1991) UNI- of solute “4” can increase or decreasgi{rdepending on the
FAC matrix. For a more detailed discussion of SMILES and concentration of water. As described in Se&teach sur-
SMARTS, the reader is referred to the Daylight Chemicalface is used to fit the interaction parametéfg a (xg)x,)
Information systems webpagenfw.daylight.com. To il- and(ag A (xw)x,—0) between each binary pair of solutes.
lustrate the use of Eq. (13), the polynomials used to calculate

www.geosci-model-dev.net/5/1/2012/ Geosci. Model Dev., 5132012
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s B - ] Table 4. Average percentage deviations between PD-FITE and
L UNIFAC. Statistics averaged across 100 random initializations at
16l = ] ten relative humidities (10, 20, 30, 40, 50, 60, 70, 80, 90, 99 %),
providing 1000 datapoints.
q 4 % % ; 1|
L I Compound Binary Ternary
=2 = [ = I number PD-FITE PD-FITE
E—J 1+ - . 1 19.45440718 —14.30912809
2 il 0 2 2.673215656  6.101359896
08 B 3 —47.36864158 —3.702870758
4 —53.60107768 18.70554837
06F L) 5 52.25168852 21.06698518
T L B LS O Wy N R 6 20.46580233 —2.837865435
Ut e o o 7 —73.25882432  2.225730891
Relative Humidity (%) 8 —44.90977498 —7.648612446
9 —58.64378672 21.61434862
. . . . . . 10 —77.72342066 1.873670474
Fig. 5. Ratio of activity coefficients predicted by PD-FiTE to UNI- 11 41.95350378 39.9819442

FAC as a function of RH. Blue boxes correspond to PD-FITE bi-
nary and cyan to PD-FiTE ternary. Using the MATLAB R2008a
software package, the box represents the upper/lower quartile range
with the median highlighted inbetween. The whiskers represent val- Overall —16.12413131 3.807365426
ues within the 10 and 90 percentile boundaries, outliers representing
any values greater than 1.5 times the inter-quartile range.

[EnY
N

15.37105714 14.5210335
—33.46446243 —27.46755099

[EnY
w

Table 5. Mixing ratios (ppt) of each compound used within the
10° dynamical simulation.

2 //—’ Compound  Gas phase

10 E Number abundance
— 1 2.5x 10
) : 2 68x10°%
£ —— UNIFAGW,, 3 4.8x107°
E — i 4 3.5x 102
R 3 5 7.1x 1074
S 6 3.3x10°°
10k 1 7 2.0x 1071
8 5.2x 107°
2 9 7.1x 1072
107 2 B . s 6 7 s s 10 10 1.3x10°°
Number of program calls (per 100 calls for a specific RH) 11 5 8X 10_3
12 8.5x 1074
Fig. 6. Cumulative CPU time for each 100'th call of each activity 13 1.3% 10-3

coefficient model. Two variations of the UNIFAC model correspond
to using the same water content as calculated in PD-FITE (using
ZSR “WzsR' and using an iterative solver).

ter. An analysis of the accuracy of both approaches is impor-

To benchmark PD-FIiTE, the original UNIFAC model is tant since “PD-FiTE-binary” is less computational expensive
used with the updated parameterdPaing et al(2001). The  than “PD-FiTE-ternary” as discussed in SéctPre-defining
version of PD-FITE defined by Eql®) is hereafter referred concentrations of inorganic compounds to benchmark the
to as “PD-FiTE-ternary” as it account for interactions be- model for a range of typical environments is relatively easy,
tween binary pairs of solutes in water. Comparisons are als@Zaveri et al, 2005. For organic compounds, however, this
made with PD-FIiTE assuming that all solute-solute interac-is less clear. For this reason, in this study, concentrations of
tions can be set to zero such that the summation term ireach compound in Table were randomly generated using
Eq. (13) is not used. This variant shall hereafter be referred touniformly distributed pseudorandom numbers in the MAT-
“PD-FIiTE-binary” as it represents individual solutes in wa- LAB software package 7.6.0 (R2008a). In total, 100 relative
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Table 6. Polynomials representing interactions between solute “A’ and listed in Tabld, the.percentage dev!at|on on changing
(compound “1” in Tablel) and solutes “B” (compounds 3, 4 and {rom the ternary to the binary model can increase from 2.2 %

5 in Tablel), where “A” tends to zero(ap A (xw)x, 0) = C(0) to —73.3%. Multiple outliers have influenced the derivation

x0rder c(1) 4 x89e-L[order— polynomial ordef. qf mean values yvhic_h should be c_ombined W_ith the dist_ribu-
tions presented in Fich. Overall, binary PD-FIiTE is statis-
Solute “B” co  c c@ c@ c@ cE ce) tically less accurate than ternary PD-FIiTE with total average
7 _ 0 h .
3 “et04 15172 5ol 0263 0977 deviations of—-16.12 % and 3.8 %, respectively.
4 -10.872 30.857 —10.779 0996  0.666
5 -19.718 28945 —12553 3.13  0.959

5 Computational performance

Table 7. Polynomials representing interactions between so- Figure6 displays the cumulative CPU timg in seconds after
lute “A" (compound '1' in Table 1) and solutes “B" (com- €ach set of 100 calls to both PD-FTE (binary and ternary)
pounds 3, 4 and 5 in Tabl#), for a specific concentration of @nd UNIFAC for the 100 sets of simulations described in
water as “B” changes;(fg A(¥g)xy) =D(0) * xoqer + D(D) * Sect.4. Whilst a comparison of the number of floating point
X orger-1--[0rder= polynomial ordet. operations might be advantageous, this is difficult to attribute
to an iterative approach using UNIFAC. There are two lines

representing UNIFAC: the first represents the use of water

Solute “B”  D(0) D(1) D) D@) D@ D) D) ) he !
contents calculated using the ZSR approach within PD-FIiTE,
3 1.416 —-0.455 0.01 . . .
4 0405 0593  0.001 the second represents an iterative solution for both water con-
5 0.229 0771 0.0004 tents and activity coefficients. No code was parallelised for

this comparison. All routines were written in the Matlab
software package which was run on a windows XP machine

concentrations for each compound were derived using théz'66Ghz Inte! d%‘a' core, 2GB RAM). In each case, the fixed
Mersenne Twister algorithm. For each concentration the relParameters within the model were saved to memory at the
ative humidity was varied between 10 to 99 %, resulting in firSt call. Given the number of permutations in ternary PD-
a different water content calculated using the ZSR rule. Forf | TE this significantly reduces run time. The binary version
comparisons with the UNIFAC model the same water con-2f PD-FITE is the most efficient method, as to be expected.
tent was used. Some overall statistics are discussed befor-g_]e_order of the polynqmlals used to rep_resent |nte.ract|ons
individual compound analysis is given. v.vlt'hm the ternary PD-F|TE r.nod.el. are optlmlsed during the
Figure 4 displays scatter plots for both the binary and fitting process. Therefore itis difficult to directly relate the
ternary version of PD-FiTE versus UNIFAC for four dif- generic increase in computational cost of the ternary method

ferent relative humidities (10, 30, 60 and 90%). Taking over the binary method. For the compounds analysed in this

the 10 % RH case, ternary PD-FIiTE clearly correlates bet_study, ternary PD-FIiTE is less efficient than the binary vari-

. . i . ant by a factor ok:6, as indicated in Figs. However, both
ter with UNIFAC than binary PD-FIiTE, as confirmed by the ternary and binary PD-FIiTE are up to a factor/e12 and

Pearson squared correlation coefficients (0.96 and 0.40, "€266 times more efficient than calling the UNIFAC model

spectively). The performance of binary PD-FIiTE decreases sing the same water content, an@10 and~1800 times

as the a_ct|V|ty coeffﬂment_s Increase. Th'sf IS to be expecte more efficient than an iterative model using UNIFAC.
as the highly non-linear influence of multiple solutes is not

captured within the binary framework. As the relative hu-

midity increases the correlation coefficient of both variantsg  Dynamical testcases

improves. Figures plots the ratio of predictions from both

binary and ternary PD-FITE as compared to UNIFAC acrossAs a demonstration of the usefulness of PD-FiTE in describ-
100 sets of simulations at 10 different relative humidities. ing the role of variation of particle composition in the dy-
The ternary model is clearly more accurate than the binarynamical evolution of an aerosol population, the code has been
variant, with median values always withifi20% across incorporated into a model describing the explicit disequilib-
all relative humidity ranges. Predictions from binary PD- rium mass transfer of semivolatile species to a developing
FIiTE lie across a much broader distribution with deviations aerosol size distribution (Microphysical Aerosol Numerical
as low as—40% and as high as +70 % in the inter-quartile model Incorporating Chemistripwe et al, 2009, using the
range. Tabled provides average deviations for each indi- same example compounds defined in SécEor illustration
vidual compound across all simulations and relative humidi-and clarity of explanation, no gas- or condensed-phase re-
ties. Whilst some detail provided by Figé.and5 is lost  actions are considered. The gas-phase mixing ratios of the
within the average statistics, average percentage deviatiorsemivolatile species are all initialised at zero, increased si-
from ternary PD-FIiTE are smaller than those from binary nusoidally to their maximum values over a period of 12 h,
PD-FIiTE. For example, for compound 7 used in this study,then decreased again to zero over another 12h. Uptake of
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Fig. 7. Evolving condensed phase abundance and gas phase concentration for compound “8” as a function of time, assumiagiazglity (

and using PD-FITEq andd). Panelga) and(c) show the size-resolved differences between vapour pressure (VP) over aerosol particles
and the gas-phase partial pressure (PP) (red indicates higher partial pressures; blue indicates higher vapor pressures), as well as the tempo
variation in the partial pressure of compound “8” (black line). Pa®land(d) show the size-resolved dry mole fractions of compound “8”

within the condensed-phase.
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Fig. 8. Evolving condensed phase abundance and gas phase concentration for compound “12” as a function of time, assuming ideality
(aandb) and using PD-FITEq andd). Panelga) and(c) show the size-resolved differences between vapour pressure (VP) over aerosol
particles and the gas-phase partial pressure (PP) (red indicates higher partial pressures; blue indicates higher vapor pressures), as well as t
temporal variation in the partial pressure of compound “12” (black line). Pgbgknd(d) show the size-resolved dry mole fractions of
compound “12” within the condensed-phase.
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semivolatile species to the condensed-phase does not depleteCompound “5” has a lower abundance than compound
the gas-phase mixing ratios. The maximum mixing ratios,“12", but is also less volatile, and so reaches a dry mole
taken from an online box model simulation using the MCM fraction of ~0.025 at 12h in the ideal testcase (F&p).
are given in Tablé . The lower volatility causes greater pressure differences over
The condensed phase consists of 1 aerosol distributiormore of the particle size distribution (Figa), leading to the
comprised of 64 individual size-sections. Particle growth mole fraction in the smaller particles to continue increasing
across the size-sections within each mode is dealt with usfleading to greater composition gradients across the particle
ing the Moving Centre method. The aerosol distribution is size-range). Non-ideality greatly decreases the volatility of
initialised with 2 log-normal modes, each with a represen-compound “12”, increasing the vapour pressure differences
tative involatile core (hereafter referred to as compounds 14Fig. 8c), which leads to an increase in the dry mole fraction
and 15, used to represent primary and heavily oygenated omaxima to~0.065 at 12 h (Fig8d).
ganic aerosol). The first log-normal mode has a mode radius This simulation demonstrates the ability of PD-FIiTE to
of 0.2 um, width of 1.7, and total particle number of 10;4?01 be used stably in dynamical simulations of multicomponent
the second has a mode radius of 0.02 um, width of 2.0, anéerosol evolution in a changing gaseous environment. Whilst
total particle number of 2000 qfl The total dry aerosol it is difficult to derive generalised conclusions to one exam-
mass is 3.5 ug gf temperature is 285.15 K, and relative hu- ple dynamical testcase, it is interesting to observe both the
midity is 75%. These compounds are used purely as a wayositive and negative deviations from ideality resulting from
to initialise an existing aerosol distribution, the functionality interactions taking place in solution. This was also found
of compound 15, was assumed to be that reported for fulvidoy Barley et al.(2011) who performed a much broader as-
acid (Topping et al. 2005. sessment of the sensitivity to non-ideality within an equilib-
The testcase was run twice: (1) assuming ideality, andium framework. This demonstrates the potential inaccuracy
(2) using PD-FiTE to calculate activity coefficients over 24 h in prescribing fixed negative or positive deviations from ide-
(model time). Semivolatile partitioning is driven by the ality when modelling the evolving chemical composition of
difference between atmospheric partial pressure and vapougerosol particles.
pressure of the species over the condensed-phase. The size-
resolved vapour pressure differences for each of the 13 semi-
volatile species, as well as the size-resolved dry mole fracY Conclusions and future work
tions for each of the 15 condensed-phase species are pro-
vided as supplementary material; for brevity, however, weA simple, flexible mixing rule is presented which allows the
will only examine the behaviour of two compounds: Com- calculation of activity coefficients, thus equilibrium vapour
pound “8” (Fig.7); and Compound “12” (Fig8) which ex- ~ pressures, of organic condensates above a multi-component
hibit positive and negative deviations from ideality respec-aqueous solution. Based on the same fitting methodology as
tively. In Figs.7 and 8 the coloured surface plots show @ previously published inorganic model (PD-FiTE), organic
the differences between partial pressure and vapour pressufeD-FIiTE treats interactions between binary pairs of solutes
across the size ranges of the two aerosol modes for eachith variable sets of polynomials. Using 13 compounds ex-
semivolatile gas species (plotted as the difference in atmotracted from an example gas phase degradation mechanism,
spheres; red indicates higher partial pressures; blue indicatdge framework is benchmarked against the UNIFAC model.
higher vapour pressures). The black lines show the absoFor 1000 randomly derived concentration ranges and 10 rel-
lute gas phase concentrations of each semivolatile gas speci@gve humidities between 10 and 99 %, the average deviation
during the model run. was calculated to be 3.8 %. Whilst compound specific devi-
Compound “12” is the dominate condensed-phase semiations did vary, the median and inter-quartile values across
volatile species in this example (Compound “1” has a higherall relative humidity range always fell withig:20 %. Com-
partial pressure, but is also more volatile, and so does noparisons were also made with organic PD-FITE by assuming
contribute as much to the condensed phase), with a drynteractions between solutes can be set to zero. Predictions
mole fraction close to 0.35 at 12 h across the majority of thefrom this approach lie across a much broader distribution
aerosol distribution in the ideal testcase (Fi). Pressure With deviations as low as-40 % and as high as +70 % in the
differences are highest over the largest particles (F&j;  inter-quartile range, with an average deviation-cf6.1 %.
with diffusion controlled condensation rates these large par-The computational cost of both variants was compared to the
ticles never achieve equilibrium with the gas-phase. The in-use of UNIFAC for the same amounts of water. Both the fully
troduction of non-ideality greatly increases the volatility of coupled and uncoupled organic PD-FIiTE are up to a factor of
compound “12”, decreasing the vapour pressures over alf*12 and~66 times more efficient than calling the UNIFAC

particles sizes (FigZc) and reducing the dry mole fraction Mmodel using the same water content respectively, ;880
maxima to~0.1 (Fig.7d). and=1800 times more efficient than an iterative model us-

ing UNIFAC. All of the above comparisons assume that the
UNIFAC model is accurate for all compounds studied here.
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Whilst improvements in the accuracy of UNIFAC have beenThe top 13 contributing compounds to SOA using the
made and widely implemented, it is difficult to prescribe Nanoolal VP Nannoolal et al. 2008 and Tb (Nannoolal
complete confidence to predictions from multi-componentet al, 2004 method were found by averaging across all sce-
solutions across a broad range of concentrations. Focusethrios and all conditions, results displayed in Table 1.
laboratory studies are required to validate predictions from
these mixed systems. However, the flexible nature of organic )
PD-FiTE allows direct inclusion of any improvements in the APPendix B
predictive skill of the UNIFAC framework. )

The inorganic and organic versions of PD-FiTE currentlyEXample set of polynomials used to calculate solute
remain uncoupled. Since a revised version of the AIMoInteractions in PD-FITE
FAC framework has recently been publishedi¢nd et al.
20117), a thorough comparison of inorganic and organic PD-
FiTE with this model will form the focus of future work. The
use of organic PD-FIiTE within a dynamical framework is IN fa(Xf, X5 XD, - Xw) =N £2(xw) +

Described in the main body of text, the activity coefficient of
an organic solute is represented by the expression;

demonstrated, highlighting the potential inaccuracy in pre- N
scribing fixed negative or positive deviations from ideality Z(lgiA(x'/)x )(2ti. A (Xw) x4 0) (B1)
when modelling the evolving aerosol composition. iZA R

As an example, the polynomials faeg a (xw)x,—0), deter-
Appendix A mined by setting the dry mole fraction of “A%,, to a negli-
gible amount (0.0001) are given for compound combinations
Reduction methodology used to select the 13 example 3-1, 4-1, 5-1 in Tablé. The polynomials forBe,A (xg)x,)
compoundsused to benchmark PD-FITE for the same solute combinations are also displayed in Ta-
) _ _ ble 7. As described in the main body of texz a (xg)x,)
In Barley et al. (2011), Master Chemical Mechanishar(kin represents a scaling factor fg a (xw).,-0) as the ratio
et al. (1999MCM) simulations were conducted in such a of solute “A” to “B” changes. The Matlab implementation of
way as to cover a wide range of emission scenarios repthe PD-FiTE model described in this paper is also provided
resenting high anthropogenic and low biogenic sources ags supplementary material with examples given for polyno-
well as high biogenic and low anthropogenic sources. Emisyyjg| coefficients. Written in MATLAB R2008a, only the
sions representing average UK National Atmospheric Emis-core toolboxes are called. Converting from Matlab to Fortran
sions Inventory (NAEI) emission totals for the year 2001 js re|atively straightforward, with a Fortran version available
(3740ktonnes CO, 1130ktonnes §A680ktonnes NQ  on request. It will be possible to develop bespoke versions of
and 1510ktonnes speciated VOCs with 1330 ktonnes beingp.-FiTE using an online interface which is currently under
anthropogenic AVOCs) were continuously emitted into the geyelopment. This will provide multiple language versions
box throughout the model run. Further emission scenarqgfthe PD-FiTE model on request.
ios were simulated by independently multiplying the anthro-
pogenic VOCs (AVOCs), biogenic VOCs (BVOC) and NO  supplementary material related to
component of the base case emissions by factors of 0.01, 0.3is article is available online at:
10, 100 and 1000 to give a total of 216 emission scenariosttp://www.geosci-model-dev.net/5/1/2012/
covering a swing of 6 orders of magnitude in the emitted gmd-5-1-2012-supplement.pdf
concentrations. With such an extreme range in emissions,
ten scenarios gave unrealistically high ozone mixing ratios
(>300ppb). These scenarios were sensibly removed. FoAcknowledgementDOT was supported by UK National Centre
each emission scenario the partitioning calculation was confor Atmospheric Science (NCAS) funding. DL was supported

ducted at a number of temperature, RH and involatile core?y the RONOCO (ROle of Nightime chemistry in controlling the
mass, giving a set of 24 cases: Oxidising Capacity of the AtmOsphere. NE/F004664/1) and VO-

CALS (VAMOS Ocean-Cloud-Atmosphere-Land. NE/F019874/1)

— Temperature (K): 273.15, 283.15, 293.15 and 303.15 projects. Additional support was provided by the NERC funded
informatics project, grant number NE/H002588/1.
— RH (%): 0, 50 and 90

) ) Edited by: R. Sander
— Mass of involatile core (ug m?): 0.5 and 3.0

Where the involatile core is assumed to interact ideally
with all components and is assigned a molar mass of
320gmole?, based on the analysis of water soluble organic
compounds (WSOC) reported by Reemtsma et al. (2006).

Geosci. Model Dev., 5, 113, 2012 www.geosci-model-dev.net/5/1/2012/


http://www.geosci-model-dev.net/5/1/2012/gmd-5-1-2012-supplement.pdf
http://www.geosci-model-dev.net/5/1/2012/gmd-5-1-2012-supplement.pdf

D. Topping et al.: Partial Derivative Fitted Taylor Expansion 13

References Nannoolal, Y., Rarey, J., and Ramjugernath, D.: Estimation of pure
component properties, Part 3. Estimation of the vapor pressure of

Abrams, D. S. and Prausnitz, J. M.: Statistical Thermodynamics of non-electrolyte organic compounds via group contributions and

Liquid Mixtures: A New Expression for the Excess Gibbs En-

group interactions, Fluid Phase Equilibr., 269, 117-133, 2008.

ergy of Partly or Completely Miscible Systems, AIChE J., 21(1), Pybel: O’'Boyle, N. M., Morley, C., and Hutchison, G. R.: a

116-128, 1975.

Barley, M. H. and McFiggans, G.: The critical assessment of vapour

Python wrapper for the OpenBabel cheminformatics toolkit,
Chem. Cent. J., 2(5)10i:10.1186/1752-153X-2;2008.

pressure estimation methods for use in modelling the formationPeng, C., Chan, M. N., and Chan, C. K.: The hygroscopic properties
of atmospheric organic aerosol, Atmos. Chem. Phys., 10, 749— of dicarboxylic and multifunctional acids: Measurements and

767,d0i:10.5194/acp-10-749-201R010.
Barley, M. H., Topping, D., Lowe, D., Utembe, S., and McFiggans,

UNIFAC predictions, Environ. Sci. Technol., 35, 4495-4501,
d0i:10.1021/es0107532001.

G.: The sensitivity of secondary organic aerosol (SOA) compo-Reemtsma, T., These, A., Venkatachari, P., Xia, X. Y., Hopke,

nent partitioning to the predictions of component properties —

P. K., Springer, A., and Linscheid, M.: Identification of fulvic

Part 3: Investigation of condensed compounds generated by a acids and sulfated and nitrated analogues in atmospheric aerosol

near-explicit model of VOC oxidation, Atmos. Chem. Phys., 11,
13145-13159d0i:10.5194/acp-11-13145-2012011.

by electrospray ionization Fourier transform ion cyclotron reso-
nance mass spectrometry, Anal. Chem., 78, 8299-8304, 2006.

Clegg, S. L., and Seinfeld, J. H.: Thermodynamic models of aque-Topping, D. O., McFiggans, G. B., and Coe, H.: A curved multi-

ous solutions containing inorganic electrolytes and dicarboxylic

component aerosol hygroscopicity model framework: Part 2 —

acids at 298.15 K. |., The acids as non-dissociating components, Including organic compounds, Atmos. Chem. Phys., 5, 1223—

J. Phys. Chem. A, 110, 5692-5717, 2006.

Fredenslund, A., Jones, R. L., and Prausnitz, J. M.: Group- Con-Topping, D., Lowe, D., and McFiggans, G.:

tribution Estimation of Activity-Coefficients in Nonideal Liquid-
Mixtures, Aiche J., 21, 1086-1099, 1975.

Hansen, H. K., Schiller, M., Fredenslund, A., Gmehling, J., and

Rasmussen, P.: Vapor-Liquid Equilibria by UNIFAC Group Con-

1242,doi:10.5194/acp-5-1223-2008005.

Partial Deriva-
tive Fitted Taylor Expansion: An efficient method for cal-
culating gas-liquid equilibria in atmospheric aerosol particles:
1. Inorganic compounds, J. Geophys. Res., 114, D04304,
doi:10.1029/2008JD010092009.

tribution, Revision and Extension 5., Ind. Eng. Chem. Res., Topping, D. O., Barley, M. H., and McFiggans, G.: The sensitivity

30(10), 2352-2355, 1991.

Jenkin, M. E., Saunders, S. M., and Pilling, M. J.: The tropospheric
degradation of volatile organic compounds: a protocol for mech-

anism development, Atmos. Environ., 31, 81-104, 1997.
Lowe, D., Topping, D., and McFiggans, G.: Modelling multi-phase

of Secondary Organic Aerosol component partitioning to the pre-
dictions of component properties — Part 2: Determination of par-
ticle hygroscopicity and its dependence on “apparent” volatility,
Atmos. Chem. Phys., 11, 7767—-7709j:10.5194/acp-11-7767-
2011, 2011.

halogen chemistry in the remote marine boundary layer: inves-Wilson, G. M.: Vapor-Liquid Equilibrium, XI, A New Expresssion

tigation of the influence of aerosol size resolution on predicted

for the Excess Free Energy of Mixing, J. Am. Chem. Soc., 86,

gas- and condensed-phase chemistry, Atmos. Chem. Phys., 9, 127-130, 1964.

4559-4573d0i:10.5194/acp-9-4559-2002009.
McFiggans, G., Topping, D. O., and Barley, M. H.: The sensitiv-

Zaveri,

R. A., Easter, R. C., and Wexler, A. S.: Par-
tial Derivative Fitted Taylor Expansion: A new method for

ity of secondary organic aerosol component partitioning to the multicomponent activity coefficients of electrolytes in aque-

predictions of component properties — Part 1: A systematic eval-

ous atmospheric aerosols, J. Geophys. Res., 110, D02201,

uation of some available estimation techniques, Atmos. Chem. doi:10.1029/2004JD004682005.

Phys., 10, 10255-1027@0i:10.5194/acp-10-10255-2018010.

Zdanovskii, A. B.: Tr. Solyanoi Lab. Akad. Nauk SSSR, 1936.

Nannoolal, Y., Rarey, J., Ramjugernath, D., and Cordes, W.: Esti-Zuend, A., Marcolli, C., Booth, A. M., Lienhard, D. M., Soon-
mation of pure component properties, Part 1., Estimation of the sin, V., Krieger, U. K., Topping, D. O., McFiggans, G., Pe-

normal boiling point of non-electrolyte organic compounds via

group contributions and group interactions, Fluid Phase Equi-

libr., 226, 45-63, 2004.

www.geosci-model-dev.net/5/1/2012/

ter, T., and Seinfeld, J. H.: New and extended parameteriza-
tion of the thermodynamic model AIOMFAC: calculation of ac-
tivity coefficients for organic-inorganic mixtures containing car-
boxyl, hydroxyl, carbonyl, ether, ester, alkenyl, alkyl, and aro-
matic functional groups, Atmos. Chem. Phys., 11, 9155-9206,
doi:10.5194/acp-11-9155-2012011.

Geosci. Model Dev., 5132012


http://dx.doi.org/10.5194/acp-10-749-2010
http://dx.doi.org/10.5194/acp-11-13145-2011
http://dx.doi.org/10.5194/acp-9-4559-2009
http://dx.doi.org/10.5194/acp-10-10255-2010
http://dx.doi.org/10.1186/1752-153X-2-5
http://dx.doi.org/10.1021/es0107531
http://dx.doi.org/10.5194/acp-5-1223-2005
http://dx.doi.org/10.1029/2008JD010099
http://dx.doi.org/10.5194/acp-11-7767-2011
http://dx.doi.org/10.5194/acp-11-7767-2011
http://dx.doi.org/10.1029/2004JD004681
http://dx.doi.org/10.5194/acp-11-9155-2011

