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Abstract

A large number of calculations of the absorptive partitioning of organic compounds
have been made using a number of methods to predict the component vapour pres-
sures, p0, and activity coefficients, γi , required in the calculations. The sensitivities
of the predictions in terms of the condensed component masses, volatility, O:C ratio,5

molar mass and functionality distributions to the choice of p0 and γi models and to
the number of components to represent the organic mixture have been systematically
compared. The condensed component mass was found to be highly sensitive to the
vapour pressure model, and less sensitive to both the activity coefficient model and
the number of components used to represent the mixture although the sensitivity to the10

change in property estimation method increased substantially with increased simplifi-
cation in the treatment of the organic mixture. This was a general finding and was also
clearly evident in terms of the predicted component functionality, O:C ratio, molar mass
and volatility distributions of the condensed organic components. Within the limitations
of the study, this clearly demonstrates the requirement for more accurate representa-15

tion of the p0 and γi of the semi-volatile organic proxy components used in simplified
models as the degree of simplification increases. This presents an interesting paradox,
since such reduction in complexity necessarily leads to divergence from the complex
behaviour of real multicomponent atmospheric aerosol.

1 Introduction20

Aerosol particles remain highly uncertain contributors to climate change, influencing cli-
mate directly by the scattering and absorption of solar radiation and indirectly through
their role as cloud condensation nuclei; the latter effect contributing the greatest re-
maining uncertainty in the atmosphere radiative forcing (IPCC, 2007). Both inorganic
and organic material can transfer between the gas and particle phase. Whilst inor-25

ganic material is restricted to a relatively few relatively well-understood compounds,

15380

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/10/15379/2010/acpd-10-15379-2010-print.pdf
http://www.atmos-chem-phys-discuss.net/10/15379/2010/acpd-10-15379-2010-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
10, 15379–15415, 2010

SOA component
partitioning

sensitivity – Part 1

G. McFiggans et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

the organic fraction can comprise many thousands of, as yet largely unidentified, com-
pounds with a vast range of properties (e.g. Zhang et al., 2007; Hallquist et al., 2009,
and references therein). There have been tens to hundreds of thousands of organic
components isolated in the atmosphere (Goldstein and Galbally, 2007; Lewis et al.,
2000; Hamilton et al., 2008; Hallquist et al., 2009) and near explicit (Bloss et al.,5

2005a,b) and explicit (Aumont et al., 2005) models of oxidative degradation of gaseous
VOCs predict the existence of many thousands to tens of millions of components. Con-
versely, aerosol schemes in large-scale models necessarily ignore the vast complexity
of the organic mixture and will continue to do so in the future. This is a result of
prohibitive computational expense that can only be reduced via a reduction in com-10

plexity (numerical, chemical or both). In order to better quantify the impacts of aerosol
processes on climate and air quality it is necessary to improve the quantitative pre-
diction of gas/aerosol partitioning and aerosol water content. The latter is necessary
for predicting the direct and indirect climatic effect; the former determines the evolving
chemical composition of the aerosol and is necessary for predicting aerosol loading15

and composition. Field measurements demonstrate that theoretical estimates of sec-
ondary organic aerosol (SOA) masses may be 1 to 2 orders of magnitude too low
(Heald et al., 2005). Many factors influence the SOA yield, including the mass of or-
ganic aerosol that can serve as a condensing medium (Pankow, 1994; Odum et al.,
1996), acid catalysed and other chemical reactions in the particulate phase (Jang and20

Kamens, 2001; Iinuma et al., 2004; Kalberer et al., 2004), ambient humidity (Seinfeld
et al., 2001; Jonsson et al., 2006) and temperature (Stanier et al., 2007; Johnson and
Marston, 2008). Whilst by no means the only consideration, it has long been con-
sidered that a primary driver for the transfer of organic material between the gas and
condensed particulate phase is the vapour pressure of each of the partitioning compo-25

nents above the particulate composition. This is dependent on the vapour pressure of
each compound in its pure state (p0

i ) (vapour pressure of component i above pure liq-
uid; or sub-cooled liquid; i ), multiplied by the component activity (ai=γixi , the product
of its activity coefficient and mole fraction) or “effective” concentration in the complex
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mixture of components using an appropriate reference state. This is implicitly embod-
ied in the widely used equilibrium absorptive partitioning theory (Pankow, 1994; Odum
et al., 1996; Pankow et al., 2001).

This study uses absorptive partitioning to describe the gas/particle partitioning in
a complex multicomponent system, accounting for component interactions in the con-5

densed phase (deviations from Raoult’s law) and the volatility of the pure components.
The amount of condensed material is calculated by summing all components, ensuring
mass balance between the two phases for each component. Calculation of the parti-
tioning requires a vapour pressure value, p0

i , for all condensing compounds i , and the
non-ideal deviations from Raoult’s law embodied in their γi values.10

Barley and McFiggans (2010) recently presented a comparison of boiling point and
vapour pressure prediction techniques that have been used to model atmospheric
aerosol loadings. Using the widest available range of low volatility multifunctional or-
ganic benchmark compounds of measured vapour pressures to assess the technique
skill, they provided a critical evaluation of the methods and recommendations for ap-15

propriate technique choice for atmospheric applications. The range of vapour pressure
deviations from the experimentally-determined values was shown to be many orders
of magnitude, with the greatest discrepancies resulting from the choice of boiling point
predictive method. The sensitivity of absorptive partitioning particulate mass calcula-
tions to the errors in the techniques was investigated for the experimental test com-20

pounds. It was found that the different predictive methods for boiling points introduced
such variability that either negligible or very significant condensed organic mass was
predicted. Whilst the compounds investigated by Barley and McFiggans (2010) were
selected for their multifunctionality and very low experimental vapour pressures, they
were still ∼100 to 1000 times more volatile than compounds expected to condense25

significantly under typical ambient conditions. It is important to establish whether such
boiling point (and hence vapour pressure) sensitivity of condensed mass is exhibited in
simulations of complex mixtures of partitioning compounds with more atmospherically
representative properties.
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Raatikainen and Laaksonen (2005) presented a discussion of activity coefficient
models that have been used to account for multicomponent aerosol non-ideality. Group
contribution methods include the widely used UNIFAC model and its variants (Fre-
denslund et al., 1975; Yan et al., 1999). Much effort has been directed towards im-
provement in the accuracy of these models for atmospherically significant function-5

alities and temperatures through parameter re-evaluation (Peng et al., 2001; Marcolli
and Peter, 2005; Zuend et al., 2008). Although inclusion of inorganic ions within such
frameworks is not straightforward, there are a number of models that aim to account
for organic-inorganic molecular interactions via extended Debye-Hückel methods and
mid-range interaction terms (e.g. Marcolli and Peter, 2005; Zuend et al., 2008; Clegg10

et al., 2008; Yan et al., 1999). Outstanding considerations associated with such models
include the requirement for complex reference state corrections, which can limit appli-
cability in mixed phase systems. Recently developed models such as AIOMFAC, for
example, have been designed to obviate this requirement and can be used to predict
phase separation for limited sets of organic functionality (e.g. Zuend et al., 2008).15

Whilst each vapour pressure and activity coefficient model may carry its own advan-
tages and disadvantages, a systematic evaluation of the techniques for atmospheric
purposes is complex. This restricts the objective selection of a simplified representa-
tion of organic components that will make a dominant contribution to particulate mass
or properties. Models of atmospheric oxidative degradation of volatile organic com-20

pounds (VOCs) range extensively in complexity of representation of the organic com-
ponents depending on the scale of their application. In order to better assess the skill of
such models in capturing the production of important SOA precursors it is necessary to
systematically evaluate the ability of the varying complexity to reproduce the determi-
nant properties of the most complex representation. Furthermore, to assess the ability25

of absorptive partitioning to capture the important characteristics of atmospheric SOA
behaviour, a broader set of metrics than simple prediction of the condensed mass is
required.
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Equilibrium absorptive partitioning itself has certain limitations. There is good rea-
son to assume that instantaneous equilibrium will not pertain within an atmospheric
aerosol. Uptake of gaseous components to a particle population is a kinetic process,
driven by a gradient between the background gaseous concentration and that at the
surface of each particle. The number of collisions of potentially condensing molecules5

with the particle surfaces depends on the size distribution of the particles and their
probability of being accommodated into each particle. Under tropospheric conditions,
the resultant mass transfer is normally in the so-called transition regime between free
molecular and continuum mass transfer as may be calculated by flux-matching descrip-
tions (e.g. Fuchs and Sutugin, 1971) or more approximate formulations (e.g. Schwartz,10

1986). Mass transfer rates of gases to reasonable ambient populations in a range of
environments may result in gaseous e-folding lifetimes of several tens of minutes to
days (e.g. Bloss et al., 2005c; Haggerstone et al., 2005; Coe et al., 2006; Sommariva
et al., 2006; Emmerson et al., 2007; Williams et al., 2007; Allan et al., 2009) depending
on uptake probability, indicating that disequilibrium may pertain over such timescales15

simply as a result of gaseous mass transfer limitations. Furthermore, heterogeneous
and condensed phase reaction can further perturb the equilibrium leading to supersat-
uration of a component in either the gas or aerosol. Notwithstanding the implications
of such dynamic processes and dependence on condensed phase kinetics, a basis
for the determination of the equilibrium contributions to the particulate composition is20

required to calculate the equilibrium loading to form the basis for investigation of such
dynamic deviation from equilibrium.

The aim of this paper is to investigate the sensitivity of SOA predictions to calculated
properties (γi ,p

0
i ) and the complexity of the representation of the organic aerosol frac-

tion. A flexible framework for the evaluation is constructed, the techniques to be evalu-25

ated are briefly described and the evaluation metrics defined. The results are evaluated
in terms of these metrics and recommendations for a methodology for VOC degrada-
tion mechanism reduction for SOA prediction are made. Two companion manuscripts
examine i) the sensitivity of properties of particulate material produced by absorptive
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partitioning (Topping et al., 2010) and ii) the selection of a reduced number of surro-
gate condensing compounds from a complex VOC oxidative degradation model (Barley
et al., 2010).

2 Methodology

A large number of calculations of the absorptive partitioning of organic compounds5

were performed using a number of methods to predict the required pure component
vapour pressures (p0) and activities (xiγi ). The sensitivities of the predictions in
terms of the condensed component masses, volatility distributions, O:C ratio, molecular
weight and functionality to the choice of p0 and γi models, to the number of compo-
nents to represent the organic mixture and to ambient environmental T and RH were10

systematically evaluated.

2.1 Formulation of the partitioning model

The molar based partitioning model used here is identical to that presented in Bar-
ley et al. (2009) and yields identical results to the conventional mass based model
of Pankow (1994) whilst allowing use of mole fraction based activity coefficients with15

a conventional reference state unlike the model variant presented by Donahue et al.
(2006). The partitioning constant Kp,i , in units of m3 µmol−1 is given by Eq. (1):

Kp,i =
Ccond
i

Cvap
i COA

=
R T f

106γip
0
i

(1)

where Cvap
i is the vapour phase molar concentration of component i, µmol m−3,

Ccond
i is the condensed phase molar concentration of component i, µmol m−3,20

COA is the total molar concentration of condensed organic material, µmol m−3,
p0
i is the saturated vapour pressure of component i, atm, R is the ideal gas
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constant=8.2057×10−5 m3 atm mol−1 K−1, T is the temperature, K, f is the fraction of
the condensed material that may be considered absorptive, usually considered unity for
most absorptive partitioning calculations and γi is the activity coefficient for component
i in the liquid phase.

Defining a partitioning coefficient ξi for compound i given its Kp,i value:5

ξi =

(
1+

1
Kp,iCOA

)−1

(2)

where the total molar concentration of condensed organic material, COA, is given by the
sum of the products of the individual total component concentrations in both phases
and their partitioning coefficient:

COA =
∑
i

Ciξi (3)10

where Ci =Cvap
i +Ccond

i is the total loading of component i, µmol m−3.
The formulation is slightly more numerically efficient than that presented by Pankow

(1994) and Pankow et al. (2001) in that the mass is only evaluated once at the end
of the partitioning calculation rather than evaluating the number averaged molar mass
of the condensed material within each iteration of the solver. Such efficiency savings15

would not normally be important, but the many tens of thousands of partitioning calcula-
tions for complex mixtures made in the current study require such minor optimisations.

2.2 Vapour pressure and activity coefficient models

The impacts of a limited number of combinations of property prediction techniques
were conducted to establish a representative range of sensitivities using methods that20

have been reasonably widely employed in an atmospheric context. The techniques
for estimating boiling point (Tb) and vapour pressures (p0) have been described in de-
tail and assessed in Barley and McFiggans (2010). In the present work Tb values
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were estimated by the methods of Nannoolal et al. (2004), Stein and Brown (1994)
and Joback et al. (1987). These methods will henceforth be referred to as the N, SB
and JR methods, respectively. The N method is the most complex group contribution
method of the three and gave the best results when tested against experimental vapour
pressure data for 45 multifunctional compounds. This method uses both primary and5

secondary groups and also accounts for interactions between key functional groups.
The primary groups cover all the atoms in the molecule (as do the group contributions
of the other estimation methods) while the secondary groups and the group interac-
tions provide (usually relatively small) corrections for particular structural features and
functional group combinations. The SB method is much simpler, while the JR method10

(which is more basic still and without an essential correction used in the SB method)
consistently overestimates the Tb values of compounds with predicted Tb >500 K. The
p0 methods used in this work were that of Nannoolal et al. (2008) and – henceforth
referred to as the N/VP and MY methods. The N/VP method uses the same com-
plex group contribution structure as the Tb estimation method but gives similar results15

to a greatly simplified version, possibly because of the swamping effect of errors in
Tb. However Barley and McFiggans (2010) did show that the MY method significantly
underestimated the slope of the vapour pressure line. For the base case simulations
the N-N/VP method was combined with the assumption of ideality. For the 5 cases
exploring the sensitivity to predicted component volatility, combinations of the vapour20

pressure methods (MY and N/VP) with the boiling point methods (N, SB and JR) were
used with the assumption of ideality (JR-N/VP, SB-N/VP, JR-MY, SB-MY and N-MY).

To analyse the impact of non-ideality, the base case combination (N-N/VP) was used
with the UNIFAC model with updated parameters of Peng et al. (2001) to calculate
activity coefficients of all components. This combination is hereafter referred to as25

N-N/VP-non-ideal. The updated parameters, used in previous atmospheric studies
(Topping et al., 2005; Compernolle et al., 2009; Tong et al., 2008), have been shown to
substantially improve predictions in systems which include the OH−COOH subgroups.
Other studies have focussed on improving interaction parameters for additional groups
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in addition to modifying the UNIFAC framework (e.g. Marcolli and Peter, 2005). There
are few validation studies for such approaches, particularly for complex systems, and
additional work is needed (Tong et al., 2008; Zuend et al., 2008) before they can be
reliably applied.

2.3 Framework for simulation initialisation5

To investigate the range of model performance across as broad a composition space
as possible, a methodology for the semi-random generation of the distribution of func-
tionality and component molar mass inputs has been constructed.

A completely unconstrained random selection of functionality will not a priori pro-
duce distributions of gaseous and condensed components with properties represen-10

tative of those in the atmosphere and any sensitivities found may be skewed by such
misrepresentation of the components. A fully-randomised initialisation of the simula-
tions has therefore not been used. The following restrictions have been imposed to
provide a large but finite number of simulations and a statistically significant distribu-
tion of results within a range of conditions representative of, or similar to, atmospheric15

conditions: i) Straight-chain aliphatic compounds from methane to C12 compounds are
considered in this study and therefore the organic compound carbon number solely
determines the chain-length. The total abundance of the compounds in each simu-
lation is constrained such that the molar mixing ratio (r) of a compound decreases
with increasing carbon number. The base case uses a methane mixing ratio of 177620

nmol mol−1 (ppb) and a prescribed mixing ratio for C12 compounds of ∼1 pmol mol−1

(ppt) with a linear reduction in base 10 logarithmic space with carbon number such that
the mixing ratio in nmol mol−1 of a compound of carbon number n is given by:

r =1776−161.454440909 · (n−1) (4)

ii) The total “target” condensed organic mass loading is fixed for all partitioning cal-25

culations using the base choice of ideality with the N-N vapour pressure prediction
to 10 µg m−3. The total mixing ratio is therefore adjusted iteratively to achieve this

15388

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/10/15379/2010/acpd-10-15379-2010-print.pdf
http://www.atmos-chem-phys-discuss.net/10/15379/2010/acpd-10-15379-2010-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
10, 15379–15415, 2010

SOA component
partitioning

sensitivity – Part 1

G. McFiggans et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

condensed mass whilst maintaining the gradient of the molar mixing ratio distribution
line as described in Eq. (4).

Using these two constraints, the following procedure is followed to attribute random
functionality to any number of compounds. Probability distributions of all 29 functional
groups represented within the modified-UNIFAC activity coefficient model (34 with CH25

groups – see Hansen et al., 1991) are randomly generated as a function of carbon
number. Figure 1 illustrates a representative distribution for only 6 functional groups
for clarity. 1000 sets of the 29 functionality distributions were generated with weighted
preference given to oxygenated functional groups by multiplying the probability of oc-
currence of each oxygenated group by 100. This was used to increase the likelihood10

that such groups would populate a given carbon chain, whilst still allowing other func-
tional groups to occur depending on the attributed functionality in each case. For each
set of chosen functionality distributions a random selection of 2, 10, 100, 1000 and
10 000 carbon chain lengths was chosen. For each of these carbon backbones, a ran-
dom number from zero to 4 (or the number of carbon atoms, whichever is the lesser) is15

selected. This number of functional groups was then allocated to the carbon backbone
according to the probability distribution. To summarise, 1000 sets of each complexity
of mixture of random functionality (with up to 4 functional groups per compound) were
generated such that within each set, each of the mixture complexities (2, 10, 100, 1000
or 10 000 compounds) randomly represents the probability of the functionality defined20

for that set.
It is important to note that it is not the intention to present a sensitivity of absorptive

partitioning calculations of the exact mixtures of compounds found in the atmosphere;
only to examine the behaviour of the model under similar conditions to those observed
in the atmosphere. It should further be noted that the discussions and conclusions25

will be drawn from results of absorptive partitioning simulations of mixtures of straight-
chain aliphatic compounds with no branched chain, aromatic or cyclic compounds rep-
resentative of biogenic compounds. For technical reasons, this is an enormously more
complex undertaking and is the subject of ongoing work.
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2.4 Calculation protocol

As stated when describing the constraints on the component mixing ratio in Sect. 2.3
above, the target mass using the base model configuration was 10 µg m−3. Ambient
atmospheric condensed organic loadings can range from below 0.1 to greater than
100 µg m−3 depending on environment and after Eq. (2), it can readily be seen that5

the partitioning of semi-volatile components depends on the total condensed mass,
COA. The impacts of COA on the distribution of components of varying volatility be-
tween vapour and condensed phase has been widely investigated (see e.g. Donahue
et al., 2006) and the target mass will affect the absolute values in the results to some
degree. A lower condensed target mass will lead to an increased relative contribu-10

tion of lower volatility components. Conversely, increased condensed mass will allow
a greater contribution from more volatile components. Whilst such an effect will expose
differences in the vapour pressure predictive techniques at different ranges of volatility,
it is not expected to alter the overall picture of the relative sensitivities and should be
the focus of further work. For each of the 1000 functionality sets at each complexity15

of representation of the mixture, partitioning calculations were carried out varying the
absolute total component loading until the target mass was achieved. Each calcula-
tion was conducted at three temperatures (273, 298 and 313 K) spanning a reasonable
tropospheric range and four relative humidities (0, 60, 80 and 90%). Simulations for
each functionality distribution, using each complexity of representation under each set20

of conditions with the appropriately adjusted total abundance was then repeated for
each combination of predictive techniques. Owing to the large number of simulations,
all the techniques and model configurations were automated. Although the chosen
conditions are relatively arbitrary (and the participation of water in absorptive partition-
ing is quite contentious, see discussion in Sect. 3.1 below), an exhaustive investigation25

is computationally prohibitive and the selected conditions adequately serve to illustrate
the sensitivities. The investigation could further be extended almost infinitely to con-
sider condensation onto pre-existing organic mixtures of primary origin (or otherwise
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of lower volatility and varied functionality, such as components formed from significant
atmospheric condensed phase processing) or to consider the presence of inorganic
components. We will necessarily limit the current investigation to the conditions stated
here, noting that such extensions may serve to either increase or decrease the sensi-
tivity to a hitherto unknown degree.5

2.5 Evaluation metrics

Conventionally, the total condensed organic mass loading has been the most widely
reported metric for model comparison, largely because it is the one most readily ac-
cessible to ambient measurement. Recently a much broader range of comparators has
emerged from field and laboratory studies and it is a more challenging test of model10

skill for predictions to be compared with the broadest set of available metrics. The
partitioning sensitivities have therefore been evaluated using: i) total mass loading and
the distribution of ii) component mass loadings (for comparison with e.g. mass spectral
parent ion fragment distribution), iii) component volatility distribution, iv) O:C ratio and
molar mass and exemplarily illustrated using v) component functionality.15

3 Results: model sensitivity to predicted properties and the complexity
of the representation of the organic aerosol fraction

3.1 Predicted condensed organic mass

In general, across all sets of functionality, it was found that the predicted mass is less
sensitive to the assumption of ideality than to the accuracy of the vapour pressure pre-20

diction. This is clearly illustrated in Fig. 2, which presents the sensitivity of total con-
densed mass for a single functionality distribution to all changes in the vapour pres-
sure predictive technique (green box and whiskers) and the inclusion of non-ideality
(red box and whiskers) compared with the base case for simulations across all condi-
tions at each level of complexity. Note the logarithmic scale of the mass axis. The first25
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box and whisker bar of each pair represents the variability in predicted mass from the
simulations from all models at all non-zero RH values, whereas the right hand bar of
each pair shows the range of variability from only the dry simulations. Under “wet” con-
ditions, the median value of mass predicted from all methods using non-base vapour
pressure variant models (number of models used=n=45) is always greater than the5

base mass prediction, with a small minority of simulations producing less mass than
those using the N-N/VP base model. Under dry conditions using the non-base vapour
pressure models (n=15), with no absorptive mass provided by condensed water, the
median value drops slightly below the base case mass with partitioning. The reason for
the difference in behaviour is illustrated in Fig. 3 where the mass loading predicted us-10

ing each of the vapour pressure estimation technique variants in the partitioning model
is illustrated for the mixtures as in Fig. 2. The systematic overprediction in mass result-
ing from use of the JR Tb technique with its underprediction in volatility can be seen in
the right hand panels where, for “wet” conditions (green bars) a greater overprediction
in mass is shown than for dry conditions (blue points) as a result of the presence of15

liquid water as an absorbing mass (note that only three dry cases are available at each
degree of simplification of a given functionality set for each model, therefore each point
is plotted rather than attempting to plot statistical variability). The other techniques
can be seen to predict substantially lower mass than the techniques using the JR Tb
method and indeed, reduced mass on average when compared with the base case20

N-N/VP method. In all cases, absorptive partitioning shows comparable sensitivity in
predicted mass to the varying methods under dry and “wet” conditions. Furthermore,
the variation of the model leads to greater median mass underprediction if the mass
is underpredicted with respect to the base case or lower mass overprediction for the
JR-based techniques.25

Whilst Fig. 3 only illustrates the dependence assuming ideality, the red bars in Fig. 2
show that non-ideality, as captured by the UNIFAC model, leads in general to an un-
derprediction of mass. Possibly surprisingly, under “wet” conditions, the median mass
prediction is closer to that predicted by the base case than under dry conditions for
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all levels of complexity of mixture representation other than the simplest 2 component
cases. This indicates on average that there is a lower degree of predicted non-ideality
in cases where water is present. It should be noted that, whilst a strong predicted
dependence of condensed mass on RH has been presented in Barley et al. (2009)
and Hallquist et al. (2009) and RH dependence has been discussed in Seinfeld et al.5

(2001) and Pankow and Chang (2008), the degree to which condensed water acts as
an effective absorptive mass is unclear.

Both Figs. 2 and 3 also illustrate that the sensitivity tends to reduce on increasing
complexity from the simplest representations of the partitioning compounds. Although
both figures show only the results from one randomly generated functionality distri-10

bution, these are typical and both results were found to be the general case for over
1000 randomly generated organic only or organic/water mixtures as shown in Fig. 4.
Figure 4 shows the distribution of the factor difference in condensed mass from that us-
ing the base case choice of vapour pressure method (N-N/VP) across all 1000 mixtures
demonstrating that the condensed mass can vary by a factor of 104 for simple mixtures15

with two compounds using widely used vapour pressure predictive techniques. For the
same mixture, the condensed mass can be almost three orders of magnitude lower
when including activity coefficients. By this most coarse metric, the potential for very
high uncertainty is highlighted when using both reduced and high complexity repre-
sentations of organic aerosol composition, particularly related to the choice of vapour20

pressure predictive technique. The relatively low sensitivity to the inclusion of the par-
ticular activity coefficient model used here for high complexity mixtures is another gen-
eral result, suggesting that non-ideality in very complex mixtures plays a more minor
role, probably resulting from the very low mole fraction of each individual component.
It must be restated that such considerations ignore phase separation or the presence25

of inorganic components, both of which may increase the impacts of non-ideality. This
is briefly discussed in Sect. 4.

To demonstrate the generality of the results, Fig. 4 shows the probability distribution
functions of the sensitivity of the predicted total condensed organic mass across all
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conditions to the differences in vapour pressure predictive technique and the inclusion
of non-ideality. This figure reinforces the typical results observed in Figs. 2 and 3
and described above and shows that the sensitivities can be both smaller and very
much larger than the single example depending on the distribution of functionality of
the compounds present. It can be seen that there is a slight overall bias towards5

overprediction of total mass when varying the vapour pressure predictive technique
from the base method of both boiling point and vapour pressure estimation, N-N/VP. In
contrast, the distribution of input component functionality is biased towards prediction
of lower total mass by the inclusion of non-ideality using the UNIFAC method described
in Sect. 2.2 above. The distribution of predictions has an increasingly broader spread10

with increasing simplicity of system representation – i.e. much greater under- or over-
prediction is possible when a low complexity representation of the organic components
is used. Furthermore, the deviations tend towards a similar finite value with increased
complexity, such that even with a very large number of components there is a significant
sensitivity of the predicted mass to the techniques employed.15

3.2 Predicted volatility of the condensed material

Donahue et al. (2006) reformulated the absorptive partitioning model to define an ef-
fective saturation concentration, C∗

i of each component, that would be identical to the
inverse of Kp,i for each component were they all to be of the same molar mass. The C∗

i
value may then be used as a direct measure of the volatility, with lower C∗

i components20

being more liable to be in the particulate material. Figure 5 shows an example of the
distribution of the compounds binned by their volatility in a simulation of a 10 000 com-
pound representation of a single functionality distribution predicted at T=298.15 K and
RH=80% using each of the predictive methods. It can be seen that there is a very large,
and somewhat predictable, sensitivity to the vapour pressure predictive technique em-25

ployed, with components moving between C∗
i bins leading to very different volatility

distributions. By comparison, the predicted sensitivity of the volatility distribution to
non-ideality is seen to be very much lower. Figures 6a and b show the sensitivity of
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the volatility distribution to changes in predictive technique across all 1000 functionality
sets for the most simple (2 component) and most complex (10 000 component) repre-
sentations of the functionality, respectively. The red bars show the range of volatility
of the components in the base case. The height of the bar represents the percentage
contribution to the total condensed SOA mass. Figure 6a shows that, when only two5

compounds are used to represent the functionality distribution, the base case volatility
bins that they fall into will range widely depending on the initial functionality. When
the vapour pressure estimation techniques are varied or non-ideality considered, the
volatility distributions show a broad scatter such that no statistical pattern is observed.
That is, the distribution of component volatility is so sensitive to the methods employed10

that they must be considered unreliable when representing the organic functionality by
only two components. In contrast, when representing the same 1000 functionality ini-
tialisations by 10 000 components in each mixture, it can be seen from Fig. 6b that the
base case volatility distribution (as represented by the red bars), may be considered
broadly reasonable and comparable to the top left panel in Fig. 5. Therefore it can be15

seen that the sensitivity shown in Fig. 5 is representative of all the 1000 semi-random
functionality distributions. The complex representation exhibits much lower sensitivity
to the variation in estimation technique than the simple representation in that a statis-
tical range can be described by the blue and green box and whiskers. However, the
sensitivity is still very large. The volatility distribution shows that components frequently20

move in the decadal volatility bin distribution. The methods using the JR Tb technique
(which lead to a systematically tendency to underpredict vapour pressure) does not
appear to show systematic differences in deviation from the base volatility distribution
to the simulations not using non-base case methods that do not employ the JR Tb
technique.25
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3.3 Predicted condensed component molecular weight and
O:C ratio distribution

Frequently O:C ratio and molar mass are becoming more widely available from a vari-
ety of analytical techniques and it is found that the predicted mass discrepancy is not
uniformly spread in terms of the molar mass, Mw, or oxygen to carbon (O:C) ratio. To5

establish the base case predicted distribution of components, Fig. 7 shows the nor-
malised mass weighted frequency distribution of the component properties averaged
across 2 and 1000 components respectively used to represent each of 1000 function-
ality distributions across all temperatures and RH using the base N-N/VP estimation
method in the partitioning model. The average O:C ratios and Mws are binned with10

a resolution of 0.05 in O:C and 50 in Mw. It can be seen that the average properties of
the two component representations fall in two clusters, one with higher O:C ratio and
lower molar mass than the second; whereas the average properties of the 1000 com-
ponent representations form a continuous distribution across all 1000 simulations. The
boxes and whiskers show the statistical distribution of these properties, with the me-15

dian value falling at the central “hotspot” of the frequency contour in the high complexity
panel b) and between the two hotspots in the two component panel a). In contrast to
the averages across a high number of simulations, the panels in Fig. 8 show the re-
sults from a single example simulation of a 10 000 compound representation of a single
functionality set. The scale is the logarithm of the mass loading in each bin with the20

same resolution as Fig. 7. Figure 8a shows that the distribution of these properties
across all compounds using the base case method is broadly within a range repre-
sentative of the entire average of all 1000 functionalities seen in Fig. 7b. Figure 8b
shows the distribution of the properties using the JR-N/VP estimation method on the
same scale. It is evident that the total predicted mass is increased (as has already25

been shown in Fig. 2). Figure 8c shows the logarithm of the differences in the mass
distributions. Clearly the differences are not systematic and the discrepancies in the
predicted loadings vary significantly as a function of both molar mass and O:C ratio. It
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is evident that the choice of estimation methods in absorptive partitioning predictions
will substantially impact on the identification or selection of semi-volatile components
and their properties in the organic fraction of particulate material.

4 Discussion, conclusions and future work

The functionality of the condensed phase differs markedly depending on the predic-5

tive techniques employed in the partitioning model and this leads to the substantial
differences in total mass, component and average volatility, O:C ratio and molar mass
illustrated above. Figure 9 shows an example from one randomly generated set of input
concentrations. The predictions of condensed organic components are extremely de-
pendent on the employment of the appropriate vapour pressure and activity coefficient10

predictive technique. As may be expected, it can clearly be seen that the differences in
the functionality of condensed organic components using the different predictive tech-
niques is reflected in the variation in distribution of OC ratio, molar mass and volatility.
Whilst absorptive partitioning will undoubtedly be incapable of explaining all features
of secondary organic aerosol formation, it can be used to provide an indication of the15

equilibrium distribution of functionality that may be expected in the absence of hetero-
geneous or condensed phase reaction. Any comparison of such predictions with lab-
oratory simulations in well-defined conditions or with atmospheric samples may allow
the extent to which equilibrium absorptive partitioning determines organic functionality
to be assessed.20

Whilst the impacts of the techniques for prediction of non-ideality are demonstrated
to be lower than of vapour pressure, the sensitivities presented have hitherto ig-
nored the presence of inorganic components. In real ambient mixed organic/inorganic
aerosol, the situation will be further complicated and the role of non-ideality may be
substantially larger. Figure 10 demonstrates the increase in the sensitivity of predicted25

condensed mass resulting from inclusion of inorganic components (in this case NaCl)
for a single example functionality distribution by incorporation of the AIOMFAC model
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(Zuend et al., 2008) in the absorptive partitioning framework for the same range of con-
ditions as in Fig. 2. It can be seen that the predicted mass sensitivity to non-ideality
when including inorganic components assuming internal mixing is comparable in mag-
nitude to consideration of organic component non-ideality only (equivalent to organic
and inorganic components being externally-mixed). However, the absolute loadings5

may be substantially different (in this case, mostly greater when internally-mixed). De-
velopment and evaluation of mixed inorganic/organic models for atmospheric applica-
tions is incomplete and the further laboratory studies are required to cover the range of
atmospherically-relevant functionality Tong et al. (2008). In such systems (indeed, even
in systems with both polar and non-polar organic components or simply organic com-10

ponents plus water), it is likely that phase separation may occur (Erdakos et al., 2004).
In a recent study, it has been shown that for a particular moist multicomponent system,
up to 30% overestimation of mass can result from ignoring non-ideality and liquid-liquid
phase separation (Zuend et al., 2010). This should be the subject of continued inves-
tigation. However, it must be noted that an aerosol is a dispersed system and phase15

separation naturally occurs by virtue of the numerous phase boundaries present, such
that partitioning calculations of component mass are simply averages across all parti-
cles. Whilst the effect of non-ideality will be further complicated by phase separation, it
should be remembered that the source profiles and histories of particle populations will
very likely be a greater agent of segregation of components than the phase separation20

predicted by thermodynamic equilibrium (i.e. component mixing state generally follows
source contribution). Development of thermodynamic models that include considera-
tion of phase separation of atmospheric components will be most useful when used
to refine predictions of component separation dynamically-induced in particle popula-
tions, rather than to dictate it.25

There are many limitations to the current study. Notably it is limited to non-aliphatic
components. Whilst the very much more complicated extension to consider aromatic
and cyclic components is underway, the current study serves to illustrate the high de-
pendence on predictive techniques of secondary organic aerosol characteristics pre-
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dicted by absorptive partitioning. Furthermore, the dependence of the sensitivity on
the nature and mass of any absorptive core and on the total OA mass loading has not
been explored, though is expected to be smaller than those explored here. It should
be noted that neither consideration is likely to alter the general and quite unsurprising
finding that the sensitivity of the calculations to the property predictions according to5

all metrics is greater for the more simplified representations. Since very much greater
under- or over-prediction of all metrics is possible when a low complexity representa-
tion of the organic components is used, it will be extremely important to ensure that
i) any simplification of organic aerosol components for large-scale modelling applica-
tions adequately represents those present in the atmosphere and that ii) the compo-10

nent properties are accurately represented by any estimation method employed in the
model. This clearly indicates to the requirement for refinement and continued critical
evaluation of predictive techniques as well as for appropriate laboratory data for a ba-
sis set of appropriate data covering the range of atmospheric functionality (as well as
test set for technique evaluation). For vapour pressures, such data have only recently15

been emerging for more widely representative compounds than simple monofunctional
proxies (e.g. Booth et al., 2010).
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Fig. 1. An illustration of a randomly-generated distribution of func-
tional groups as a function of the carbon number. In each case,
distributions of the 29 functional groups represented within the
modified-UNIFAC model are generated; only 6 are shown here for
clarity
figure

Fig. 1. An illustration of a randomly-generated distribution of functional groups as a function of
the carbon number. In each case, distributions of the 29 functional groups represented within
the modified-UNIFAC model are generated; only 6 are shown here for clarity.
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Fig. 2. An example illustration of the sensitivity of predicted to-
tal condensed organic mass across all conditions to the differences
in vapour pressure predictive technique in the partitioning model
(green bars, n=45) and the inclusion of non-ideality (red bars, n=9).
The left-hand bar in each pair encompasses all property prediction
variants, all T - & RH-values

Fig. 2. An example illustration of the sensitivity of predicted total condensed organic mass
across all conditions to the differences in vapour pressure predictive technique in the partition-
ing model (green bars, n=45) and the inclusion of non-ideality (red bars, n=9). The left-hand
bar in each pair encompasses all property prediction variants, all T - and RH-values.
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Fig. 3. Sensitivities of predicted total organic mass for an exam-
ple functionality distribution across changing temperatures for wet
(green bars, n=9) and dry (blue bars, n=3) conditions using the
partitioning model with each of the vapour pressure predictive tech-
niques. See section 3.1 for a fuller discussion.

Fig. 3. Sensitivities of predicted total organic mass for an example functionality distribution
across changing temperatures for wet (green bars, n=9) and dry (blue bars, n=3) conditions us-
ing the partitioning model with each of the vapour pressure predictive techniques. See Sect. 3.1
for a fuller discussion.
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Fig. 4. Distribution of sensitivities of predicted total organic mass
to change in vapour pressure technique and the inclusion of non-
ideality across all 1000 functionality distributions. See section 3.1
for a fuller discussion.

Fig. 4. Distribution of sensitivities of predicted total organic mass to change in vapour pres-
sure technique and the inclusion of non-ideality across all 1000 functionality distributions. See
Sect. 3.1 for a fuller discussion.
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Fig. 5. Predicted binned component volatility for a 10000 com-
pound representation of one example functionality distribution set.
The abscissa is the base 10 logarithm of the saturation concentration
of the components in the respective volatility bin. The green bars
correspond to the particulate and the yellow to the vapour phase.
The total condensed mass is indicated on each panel. See section 3.2
for a fuller discussion.

Fig. 5. Predicted binned component volatility for a 10 000 compound representation of one
example functionality distribution set. The abscissa is the base 10 logarithm of the saturation
concentration of the components in the respective volatility bin. The green bars correspond to
the particulate and the yellow to the vapour phase. The total condensed mass is indicated on
each panel. See Sect. 3.2 for a fuller discussion.
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Fig. 6. Sensitivity of the volatility distribution, in terms of the vari-
ability in % contribution to total condensed mass, to changes in pre-
dictive technique across all 1000 functionality sets for simulations
using multiple components. See section 3.2 for a fuller discussion.

Fig. 6. Sensitivity of the volatility distribution, in terms of the variability in % contribution to
total condensed mass, to changes in predictive technique across all 1000 functionality sets for
simulations using multiple components. See Sect. 3.2 for a fuller discussion.
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(a) Representing the functionality distributions by 2 compounds
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Fig. 7. Predicted distribution of mass-weighted average O:C ra-
tio and Mw for each of 1000 simulations using the base N-N/VP
method in the partitioning model, with units of normalised fre-
quency in each bin of 0.05 in O:C and 50gMol−1 in Mw. The
figure is discussed further in section 3.3.

Fig. 7. Predicted distribution of mass-weighted average O:C ratio and Mw for each of 1000
simulations using the base N-N/VP method in the partitioning model, with units of normalised
frequency in each bin of 0.05 in O:C and 50 g Mol−1 in Mw. The figure is discussed further in
Sect. 3.3.
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(b) Base configuration with Tb prediction uses the Joback
method
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(c) Difference between a) and b)

Fig. 8. Predicted organic particulate mass plotted as a function of
its component molar mass and O:C ratio. The figure is discussed
further in section 3.3.
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(b) Base configuration with Tb prediction uses the Joback
method
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(c) Difference between a) and b)

Fig. 8. Predicted organic particulate mass plotted as a function of
its component molar mass and O:C ratio. The figure is discussed
further in section 3.3.
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(b) Base configuration with Tb prediction uses the Joback
method
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Fig. 8. Predicted organic particulate mass plotted as a function of
its component molar mass and O:C ratio. The figure is discussed
further in section 3.3.

Fig. 8. Predicted organic particulate mass plotted as a function of its component molar mass
and O:C ratio. The figure is discussed further in Sect. 3.3.

15413

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/10/15379/2010/acpd-10-15379-2010-print.pdf
http://www.atmos-chem-phys-discuss.net/10/15379/2010/acpd-10-15379-2010-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
10, 15379–15415, 2010

SOA component
partitioning

sensitivity – Part 1

G. McFiggans et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

G. McFiggans et al.: SOA component partitioning sensitivity; part 1 19

0

0.2

0.4

0.6

0.8

1

F
ra

ct
io

n
Variation in fractional contribution to condensed material

 

 

Bas
e

Vp(
N)−

Tb(
SB)

Vp(
N)−

Tb(
J)

Vp(
M

Y)−
Tb(

N)

Vp(
M

Y)−
Tb(

SB)

Vp(
M

Y)−
Tb(

J)

Bas
e−

ac
t

CH2
C=C
OH
CH2CO
CHO
CCOO
HCOO
CH2O
CNH2
CNH
(C)3N
CCN
COOH
CCl
CCl2
CCl3
CNO2
I
Br

Vp(N)−Tb(SB)
Vp(N)−Tb(J)
Vp(MY)−Tb(N)
Vp(MY)−Tb(SB)

Vp(MY)−Tb(J)
Base−act

−0.5

0

0.5

Functional groups

Change in abundance (log
10

) 

Fig. 9. Variation in fractional contribution to condensed material
(top) and change in molecular abundance in the condensed phase
(bottom) of all UNIFAC functional groupings dependent on the
property predictive technique used in the partitioning model. Am-
bient conditions were chosen to be T=298.15K and RH=90%

Fig. 9. Variation in fractional contribution to condensed material (top) and change in molecular
abundance in the condensed phase (bottom) of all UNIFAC functional groupings dependent
on the property predictive technique used in the partitioning model. Ambient conditions were
chosen to be T=298.15 K and RH=90%.
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Fig. 10. An example illustration of the sensitivity of predicted to-
tal condensed organic mass across all conditions to the differences
in vapour pressure predictive technique in the partitioning model
(green bars, n=45), the inclusion of non-ideality for the aqueous
mixture of organics(red bars, n=9) and the inclusion of non-ideality
for a mixture including sodium chloride at a mass ratio of 1:1 with
the base case condensed mass (blue bars, n=9). The boxplots en-
compass all T- & RH-values

Fig. 10. An example illustration of the sensitivity of predicted total condensed organic mass
across all conditions to the differences in vapour pressure predictive technique in the parti-
tioning model (green bars, n=45), the inclusion of non-ideality for the aqueous mixture of or-
ganics(red bars, n=9) and the inclusion of non-ideality for a mixture including sodium chloride
at a mass ratio of 1:1 with the base case condensed mass (blue bars, n=9). The boxplots
encompass all T - and RH-values.
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