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Abstract. A large number of calculations of absorptive parti-  The impacts of this variability on behaviour of particles as
tioning of organic compounds have been conducted, makingloud condensation nuclei, on predicted cloud droplet num-
use of several methods to estimate pure component vapourer and uncertainty in radiative forcing are explored. When
pressures and activity coefficients’(andy;). The sensitiv- it is assumed only water evaporates on drying, the sensitivity
ities of the predicted particle properties (density, hygroscop-in radiative forcing, ‘A F” to choice of p® andy; estimation
icity, CCN activation potential) to the choice @f andy; technique is low when the particle organic volume fraction is
models and to the number of components used to represetess than 55 %. Sensitivities increase with decreasing com-
the organic mixture have been systematically compared.  ponent complexity. If all components re-equilibrate on dry-

The variability in theoretical hygroscopic growth factor ing, the sensitivity ofA F increases substantially for organic
attributable to the choice of estimation technigue increasesolume fractions as low as between 16 and 22 % depending
with decreasing mixture complexity. Generally there is low on the complexity of the organic composition and assumed
sensitivity to the choice of vapour pressure predictive tech-aerosol size distribution. The current study ignores the im-
nique. The inclusion of non-ideality is responsible for a pact of predicted changes in particle size which will increase
larger difference in predicted growth factor, though still rela- uncertainty in droplet number and forcing.
tively minor.

Assuming instantaneous equilibration of all semi-volatile
on drying the aerosol to 0 % RH massively increases the seng
sitivity. Without such re-equilibration, the calculated growth

factors are comparable to the low hygroscopicity of organic oerosol particles remain highly uncertain contributors to cli-
material widely measured in the laboratory and atmosphereq,ate changeSolomon et al.2007. Both inorganic and
Allowing re-equilibration on drying produces a calculated organic material can transfer between the gas and particle
hygroscopicity greater than measured for ambient organighase. The composition of secondary organic aerosol (SOA)
material, and frequently close to those of common inorganic, ne atmosphere is comple@6ldstein et al.2007 Lewis
salts. Such a result has substantial implications on aerosqlt 51 200q Hallquist et al, 2009 Bloss et al, 2005ab; Au-
behaviour in instruments designed to measure hygroscopicyont et al, 2005 and, as a result of its large contribution to
ity and on the degree of equilibration of semi-volatile com- e total aerosol mass, SOA will significantly contribute to
ponents in the ambient atmosphere. the aerosol direct and indirect effects on climataywood

and Boucher200Q Forster et a].2007). Aerosol schemes

in large-scale models necessarily ignore the compositional

Correspondence td5. McFiggans complexity of the organic mixture and will continue to do
BY (9.mcfiggans@manchester.ac.uk) so in the future. Empirical models of SOA formation by
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definition ignore detailed chemistry or process information, assess the sensitivity of predicted hygroscopicity and CCN
lacking an ability to account for the complexity and dynam- activation potential to uncertainty ilpf) and ¢;). The need

ics of the SOA system. More complex explicit and semi- for improved understanding of organics hygroscopicity and
explicit models suffer from substantial uncertainties associ-its representation in global models has already been high-
ated with fundamental model parametekallquist et al, lighted in the literaturel(iu and Wang 2010. Considering
2009. It is the impact of some of these uncertainties which this requirement, a parameterisation linking hygroscopicity
form the focus of the present study. A primary driver for the to cloud droplet number, and thereby uncertainty in the ra-
transfer of organic material between the gas and condensediative forcing by the aerosol first indirect effect, is used to
particulate phase is the vapour pressure of each of the partestimate potential large scale impacts of the study, focusing
tioning components above the particulate composition. Thison secondary organic aerosol only (SOA). This provides an
is dependent on the vapour pressure of each compound in il@ssessment of the ability of reduction methodologies using
pure state;QlQ) (vapour pressure of componenéabove pure  current mechanistic techniques to reduce the complexity of
liquid (or sub-cooled liquid)), multiplied by the compo- organic aerosol and retain the capability to predict their prop-
nent activity §;) or “effective” concentration in the complex erties.

mixture of components (ref) using an appropriate reference

state. The partitioning constast, ;, in units of n? umol~2

is given by Eq. {): 2 Methodology
cicond RT f As detailed in the Appendi&2 andMcFiggans et al2010),
Kpi= (1) the combination of predictive techniques used fof)(and

C®Con 10y, p° inatio :

i TOA Fyip; (y;) are listed in Tablel for reference. Propagation of the
whereC)*is the vapour phase molar concentration of com-Sensitivities to hygroscopicity and CCN activation potential
ponent {, umolni3), cd s the condensed phase mo- requires calculation of pure and multi-component density
lar concéntration 01; colmponen't amolnt3), Con is the (see AppendixAl) and then aerosol size at different rela-
total molar concentration of condensed organic materialtalsgrlf)r\?vﬁltf';;o:h:r?gg;osfcvc\)lgﬁgy dﬁ?g}g;g&i Z(gir\(/aesierglés
(umol n3), p? is the saturated vapour pressure of com- '

. g, . ;
ponnt i 1 e el e consn o7 ce DY (), ety oD T st
10-°>miatmmol 1 K1), T is the temperature (K)f is the ' grow SolIs caicu S TOTIOWS:

fraction of the condensed material that may be considered Mwetfdr
absorptive (usually considered unity for most absorptive parGFp = 3 —erey (2)
titioning calculations) and; is the activity coefficient for dryOwet

compo_nent in the liquid phase (dimensionless). wheremyet and pyet the mass and density of the “wet” parti-
McFiggans et ali2010 presented a large number of calcu- cle, mary and pary the mass and density of the “dry” particle.

lations of the absorptive partitioning of organic compounds e caicylation technigue for pure and multicomponent den-
using se\éeral methods to pr;du;t the componehnt Vapour PreSsities used in this calculation is presented in the Appendix.
sures, ;), and activity coefficients, £). As the number A single parametex (Petters and Kreidenwei@007) is

of organic compounds used within atmospheric studies caf ;e ysed to describe and link sub- and supersaturated
vary dramatically, partitioning calculations were carried out measurements of hygroscopicity. Thevalue is derived di-

using 2, 10, 100, 1000 and 10 000 compounds for a range ofqqyy from the difference in dry and wet size according to:
ambient conditions (RH: 60, 80, 90 % =27315, 298.15,

313.15K) to assess the impact of complexity. The sensitivi- D3— Dg’ 405 /a My
ties of the predictions in terms of the condensed componentg(D) = D3—D3(1—x) ( RTpwD )
masses, volatility, O:C ratio, molar mass and functionality

distributions to the choice opg andy; models and to the whereDy is the dry diameter), D is the wet diameteny
number of components to represent the organic mixture was GFp x Dy), « is the single parameter hygroscopicity value
systematically compared. The authors found that the con{dimensionless)gs/, is the surface tension of the solution
densed component mass was highly sensitive to the vapouiV/m), M, is the molar mass of water (18 g mad), andpy
pressure model, and less sensitive to the inclusion of mixturés the density of water (1000 kgTH).

non-ideality. The sensitivity to the change in property esti- It should be emphasised at this point that the inability to
mation method increased substantially with increased simypredict the surface tension of multicomponent organic mix-
plification of the organic mixture. This was a general finding tures from first principles (s€eopping et al(2007) prevents

and was clearly evident in terms of the predicted componengxplicit calculation of the Kelvin term at the high organic
functionality, O:C ratio, molar mass and volatility distribu- concentrations present at sub-saturation. This means that the
tions of the condensed organic components. In this study, th@ygroscopic growth factor results, and subsequent calcula-
results presented byicFiggans et al(2010 are extended to  tion of single hygroscopicity parameter (see Sect. 4 below)

©)
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Table 1. Combinations of %) and ¢;) predictive techniques used within absorptive partitioning calculations.

(p%) “VP” method %) “Tb” method (/) method reference notes
Nanoolal Nanoolal ideabf =1) N/VP-N “base case”
Nanoolal Stein and Brown ideak(=1) N-SB

Nanoolal Joback ideayf =1) N-JR

Myrdal and Yalkowsky  Nanoolal ideay(=1) MY-N

Myrdal and Yalkowsky  Stein and Brown ideal=1) MY-SB

Myrdal and Yalkowsky  Joback idealk(=1) MY-JR

Nanoolal Nanoolal non-ideay( #1) N/VP-N act

are valid above around 100 nm diameter under sub-saturated
conditions. Furthermore, it has been shown recently that
bulk to surface partitioning of some surface active compo-
nents Sorjamaa et al2007 Topping 201Q Raatikainen et
al.,, 2011 will largely offset any reduction in critical super-
saturation resulting from lowered surface tension, previously
thought to be important above saturation. This justification
is used here to allow approximate estimation of the critical
supersaturation from predictedusing Eq. 8).

The dry diameter is that at 0% RH and is frequently as-
sumed to be that achieved in the pre-drying before measure-

ments of hygroscopicity in instruments such as the hygro- 4

scopic tandem mobility analyser (HTDMAByvietlicki et

al., 2008. In deriving those hygroscopicity parameters nor-
mally determined empirically, the behaviour of the aerosol
within the HTDMA is replicated using two different assump-
tions. These assumptions, relating to the degree of equilibra-
tion of organic material attained on drying, are discussed in
Sect.3.1 The impacts of kinetically limited mass transfer or

condensed phase reactions are not considered in this study. 5

To clarify, the following procedure is used:

1. Absorptive partitioning calculations are performed at
90% RH using pre-defined mixing ratio of 2 com-
pounds in the gas phase to represent a randomly-
generated organic functionality (sé&cFiggans et al.
(2010) for a detailed description of the initialisation
procedure). The “base case” vapour pressure method is
first used to estimate component volatility and the total
mixing ratio is iteratively varied (maintaining the com-
ponent relative abundance) to yield a total 10 piraf
condensed material, with a core of 2 ug The cal-
culation is repeated using each vapour pressure method
and assumption of non-ideality, giving different con-
densed masses of each component.

2. The density of the condensed material at 90 % RH, in-
cluding water, is calculated using a simple mass fraction
multicomponent density mixing rul@éng and Munkel-
witz, 1994). The pure component density of each com-

ture Hallquist et al, 2009 Ng et al, 2007 Healy et al,
2008.

. The mass of material at 0% RH is calculated using two

assumptions: (a) only water evaporates on drying, leav-
ing the condensed organic material at 90 % RH repre-
senting the dry material and (b) all semi-volatile com-

pounds re-equilibrate on drying, requiring absorptive

partitioning calculations at 0 % RH using the same total
abundance used in partitioning calculations at 90 % RH
(see Fig. 2).

. The density of condensed material at 0% RH is calcu-

lated using the multicomponent density mixing rule de-
scribed in AppendiAl.

. Hygroscopic diameter growth factors (g}-are calcu-

lated using the wet and dry density from 2 and 4 respec-
tively and wet mass from 1 and dry mass from 3a and
3b.

. The single parameter hygroscopicity parametgfg,

values Petters and Kreidenwei2007) are directly cal-
culated from GlIp, allowing a prediction of CCN acti-
vation behaviour (described in Sect. 5).

7. The calculation steps 1 to 6 are repeated for a 10000

compound representation of the randomly generated
functionality (see Sect. 2.3 dficFiggans et a).2010

to provide comparison of the predicted particle proper-
ties with increased mixture complexity.

8. The calculation steps 1 to 7 are repeated for the 1000

randomly-generated initialisations describedvioFig-
gans et al(2010.

. korg-values are compiled across all predictive methods

at each level of representation complexity and used in
a parameterised function to calculate the potential vari-
ability in radiative forcing resulting from choice of the
estimation techniques.

pound is calculated using the structure based method of Note that the impact of the variation in the predicted con-
Girolami et al.(1994), the core prescribed a density of densed mass on the size of particles has not been evaluated.
1400 kg nm3 based on recommendations in the litera- Absorptive partitioning is a bulk equilibrium prediction and

www.atmos-chem-phys.net/11/7767/2011/
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carries no information about the size of particles. A modi- Wet size at S0%RH Dry size at 0%RH
fied approach to account for the impacts of the Kelvin term

is required for this and is the subject of an ongoing study. a N ’ ___________ .

3 Results No re-equilibration of organic compounds on drying

Wet size at 90%RH Dry size at 0%RH
The variability in the calculated hygroscopic growth factors <8,
of the predicted condensed mixtures are first presented a ¢ N\ = £ N """~ 7 @
each level of organic complexity, along with sensitivity to the b) , _______________________
choice of pure component vapour pressupgd estimation

technique and non-idealityy{) treatment. This variability Re-equilibration of organic compounds on drying

is then propagated through to predictions of CCN activation

through calculation of the-value of the mixture. The sensi- Fig. 1. Cartoon schematic illustrating the two different assumptions
tivity is finally propagated through to radiative forcing vari- used in calculating the multicomponent particle hygroscopi¢ay:
ability using a recently published parameterisatidfang et  only water evaporates on drying, leaving the condensed organic ma-

al., 2008. The variation in predicted multicomponent densi- terial at 90 % RH representing the dry mater{a) All semi-volatile
ties is presented in the Appendix. compounds re-equilibrate on drying, requiring absorptive partition-
ing calculations at 0% RH using the same total abundance used in

partitioning calculations at 90 % RH. At the left side of the figure,
each circle represents an aqueous aerosol (blue area equivalent to

. . water and green equivalent to condensed organic material plus a
A m m 0,
s stated in Sece, the mass of material at 0% RH has been core. The middle portion of the figure illustrates whether organic

alternatively CaICUIat?d using two assumptions: (a) Only_Wa'semi-volatiIes are allowed to evaporate (single red arrow) or are
ter evaporates on drying, such that the condensed organic M@yt allowed to evaporate (crossed red arrow) on drying. The right
terial at 90 % RH is identical to that present under dry condi-portion of the figure illustrates the resulting aerosol at 0% RH, the
tions, (b) all semi-volatile compounds re-equilibrate on dry- light green representing the equivalent volume fraction that parti-
ing, requiring absorptive partitioning calculations at 0 % RH tions into the gas phase on drying.
using the same total semi-volatile organic component mixing
ratios used in partitioning calculations at 90 % RH. Figlre
displays schematics of both cases “a” and “b”. measured for organic aerosol created within chamber experi-
A comparison of the sensitivity of predicted hygroscop- ments and the atmosphe@uietlicki et al, 2008 Wex et al,
icity is shown in Fig.2 under the assumption of no re- 2010. To summarise, the variability in theoretical growth
equilibration of semi-volatile organic components on drying factor caused by choice of predictive technique tends to in-
(“a”). The hygroscopic diameter growth factors and derived crease with a decrease in compound complexity, with values
«-value sensitivity to property estimation technique and com-all falling within a range consistent with measured values.
plexity assumption are shown on the left and right axes re- As summarised in Tabl, the trend inc-values obviously
spectively and the results are summarised in Table reflects those in predicted GF Variation of thep® predic-
Under this assumption of water being the only semi-tive technique leads to small difference«rwith the use of
volatile component to re-equilibrate between the wet and drythe JR method causing largest variability and greatest dif-
state, the impact of vapour pressure predictive technique foference of 0.015 between its median value and that of the
the 10000 compound simulations results in a narrow rangdase case in the 10 000 compound simulations. The range of
of median growth factors between 1.21 to 1.24. Within this «-values associated with the N-JR method is between 0.045
very narrow range, the use of the JR boiling point methodand 0.15, the base case method 0.049 to 0.127. Use of the
with its systematic overprediction of boiling point leads to MY technique reduces variability. Inclusion of non-ideality
slightly greater variability, the use of the MY vapour pres- increases variability more than variation gt technique, as
sure technique reducing variability. For the 2 component testeferenced to the base case, with kappa values noteably de-
cases, the same pattern is observed, with larger variability inereasing. The difference in-values between the base case
troduced by using the JR method. Predicted growth factorsimulations for the 10 000 compound case and the base case
for this level of complexity fall within a larger range, as re- vapour pressure with non-ideality is 0.041. For the 2 com-
flected in the inter-quartile-range in Table 1. The largest dif-ponent testcase, the median is higher at 0.071, with values
ference in median values caused by choicg®techniques  ranging between 0.006 and 0.11Retters and Kreidenweis
is only ~0.03. Using non-ideality within the calculations de- (2007 report that moderately hygroscopic organic species
creases the predicted growth factors for both the 2 and 10 00bave CCN activities corresponding to001< x < 0.5, a
component testcase, as reflected in lower median values armdnge much larger than values displayed in Fg. Very
increased inter-quartile range. These values fall within thosdow « values (between 0.03 and 0.067) correspond to fulvic

3.1 Aerosol hygroscopicity
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Table 2. Predicted hygroscopicity across all simulations. The first four rows present the hygroscopic diameter growth factairj&iity

with predictive technique, complexity and assumptions of equilibration on particle drying. The bottom four rows present the corresponding
single parameter hygroscopicityvalues. * Denotes an assumption of re-equilibration of all semi-volatiles on drying within the HTDMA
(option “b”) in Fig. 1. 10 000 compound testcases outside brackets, 2 compound testcases in brackets.

N-N/VP act N-N/VP N SB N-JR MY-N MY-SB MY-JR N-N/VP* N-JR*
Median 1.12(1.18) 1.21(1.2) 1.22(1.2)  1.24(1.21) 1.2(1.2) 1.2(1.2)  1.23(1.21)  157(1.76)  1.44(1.26)
Maximum  1.26(1.34)  1.28(1.29)  1.28(1.27)  1.31(1.33)  1.23(1.26)  1.23(1.25) 1.31(1.3)  1.94(2.39) 1.71(2.3)
Minimum 1.02(1.01)  1.17(1.13)  1.17(1.14)  1.19(1.12)  1.17(1.18)  1.17(1.15)  1.19(1.12)  1.35(1.12)  1.29(1.11)
IQR 0.08(0.11)  0.04(0.05)  0.04(0.05)  0.05(0.05)  0.02(0.04)  0.02(0.04)  0.03(0.06)  0.19(0.76)  0.16(0.48)

Median ~ 0.045(0.071) 0.086(0.081) 0.091(0.081) 0.101(0.086) 0.081(0.081) 0.081(0.081) 0.096(0.086) 0.319(0.495) 0.221(0.111)
Maximum  0.111(0.156) 0.122(0.127) 0.122(0.117) 0.139(0.150) 0.096(0.111) 0.096(0.106) 0.1387(0.15) 0.700(1.406) 0.444(1.241)
Minimum  0.006(0.003) 0.067(0.049) 0.067(0.054) 0.076(0.045) 0.067(0.071) 0.067(0.058) 0.076(0.045) 0.162(0.045) 0.127(0.041)
IQR 0.033(0.048) 0.019(0.025) 0.019(0.025) 0.025(0.024) 0.010(0.020) 0.015(0.020) 0.015(0.030)  0.161(0.71) 0.115(0.348)

The most dramatic effect is observed if it is assumed that
1457 {0228 all semi-volatile compounds re-equilibrate on drying. In this
case, the dry composition is recalculated by absorptive par-

14t 10.194
titioning at 0 % RH using the same total abundance used in
ol 1002 partitioning calculations at 90 % RH. This is intuitively the
L3r : : . i F oo case that might be expected using commonly employed am-
1250 1 ' | H 3 E 1 0106 bient sampling techniques and yields most surprising results,
Ll ! g g - ? é =1 |0 oet with hygroscopic growth factors exceeding those measured
Tl % H ¥ under any reasonable atmospheric or even chamber condi-
15y 10-058 tions. Figure3 shows the increase in the range of growth
Lif {0037 factors when equilibration of all semi-volatile components
sl i loos is considered in both the wet and dry states. The first three
i boxes and whiskers allowing only equilibration of water are
N-NVPact N-NVP  N-SB N-JR _ MY-N  MY-SB _ MY-JR shown for reference. The fourth and fifth sets of boxes and

whiskers show results from simulations using the N-N/VP
Fig. 2. Predicted growth factors as a function of predictive tech- agnd N-JR methods, allowing all components to equilibrate
nique and number of compounds used in the partitioning calculagenoted with the symbol *. In each case, red boxplots corre-
Fions, assuming thg qnly difference between the wet and dry.sizegpond to 10 000 compound testcases, green 2 compound test-
is that of the equilibrium water content. 10000 compound simu- cases. The sixth box and whiskers highlights the effect of as-
lations are shown as red boxes, 2 compound simulations as green '

L r o e o .
Predictive technique acronyms displayed on the x-axis are listed ipuming non ideality in partitioning at 0 % RH using the base

Table 1. The left-hand y-axis lists calculated @Fthe right side case VaF?O“r pr_essure_ method (N-N/VP). Compari_son of the
lists the corresponding-values. N-N/VP ideal simulations shows that the assumption of re-

equilibration on drying vastly increases the predicted growth
) , factor (columns 2 and 4 in Fi@). The median value for the
acid type substances. They report that a hlgdjqalue _Of . 10000 component testcase increases from 1.21 to 1.57, and
0.'13 corresponds to a 1:2:2 levoglucosan:succinic:fulvic aC|dfor the 2 component testcase from 1.22 to 1.76. Furthermore,
_mlxt_ure. These range afvalues bracket those values shown the sensitivity to complexity increases, with the 2 component
in Fig. 2. Even higher-values of around 0.2 upwards rep- o4cases having an inter quartile range of 0.76 at 90 % RH.

resent the most hygroscopic organic compounds such as [eVeyq is readily explained by the fact that allowing evapora-
oglucosan, with inorganic salts exhibitirgzalues above 0.6, tion of all semi-volatiles on drying in each case leads to a

much higher than the range of yalues displayed .in FIS. smaller size at 0% RH. For the 2 component case, a signif-
of 3 below. Aerosols generated in chamber experiments ex;eap portion of the condensed SOA is comprised of only 2
hibit small« vaIL_Jes.Wex et al.(2019 reportic = 0.1+ 0'0_4 compounds with varying volatility. For the 10 000 compound
of aerosols dliarlvbe.d from dark ozonolys:js of r?lphalpmene.case there is a much higher probability that the “full” range
More generally, |ogen|ﬁ SOA are noted to hawwalues ¢\ |atjlities are represented within the mixture, leading to a
betwe'en 0'06_0'2.3’ anthropogenic SOA between 0.06-0.1f o 4ramatic change in size. This was illustrated/oyrig-

and blqmass burnlng organic aerosol bgtween 0.06 and O'aans et al(2010 who showed the compounds used within
(Prenni et al.2007, King et al, 2007 Duplissy et al. 2008 the range of simulations exhibited an atmospherically repre-

Engelhart et a).2008 Gunthe etal.2009 King etal, 2009 gopiative range of volatility for the most complex testcases
201Q Asa-Awuku et al.2008 Carrico et al.2008.

www.atmos-chem-phys.net/11/7767/2011/ Atmos. Chem. Phys., 11, 77692011
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experiments that could be attributable to effects such as those
described hereGood et al. 201Q Duplissy et al. 2009, as

has failure to achieve closure under nitrate rich conditions at-
4 tributed to HTDMA evaporation of semi-volatile§ysel et

al., 2007). Within the HTDMA system, there are a number
of potential artefacts. As a particle is deflected across the gas
flow streamlines in a DMA, it potentially moves from higher

H * H concentrations of semi-volatile vapours in the sample air into

25+ i 1 1.625

2r 10.778

lower concentrations in the sheath air, shrinking as it is being
* ] H . 10204 sized. This can occur in the first DMA where it is sized dry.
t . i In the second DMA where it is sized wet, the sample flow
=] » - will already have been stripped of semi-volatile vapours, so
shrinkage may occur throughout the trajectory through the
instrument. In the drier before DMA 1, there is the potential
for shrinkage as a result both of the intentional evaporation

Fig. 3. Predicted growth factors as a function of predictive tech- of water and the unln'Fe_n_tlon.aI Strlpp_lng of ot_herseml-volatlle
nique and number of compounds used in the partitioning calculavapours. In the humidification section, shrinkage by evapo-
tions. The three bars on the left only allow water to equilibrate ration of semi-volatile components will be accompanied by
with the ambient humidity (and are the same as the first, second anblygroscopic growth. The net effect on growth factor will de-
fourth bars of Fig2), the three bars on the right with very much pend on the shrinkage prior to initial sizing and that prior to
greater variability (denoted “*") use the same techniques but as-final sizing, in turn depending on the time spent in each sec-
sume re-equilibration of all semi-volatiles on drying within the HT- tjon and whether the volatile material has time to evaporate
DMA (case “b”in Fig.1). Note that (*-act) refers to the case where i gach section. Direct evidence that semi-volatile reparti-
non-ideality was assuomEd to play a role on drying, i.e. for a non-y,ning can take place is provided by use of the TDMA to
aqueous aerosol at 0% RH. As in F&.10 000 compound simula- o6 re component vapour pressures from measurement

tions are shown as red boxes, 2 compound simulations as green an the shrink f ticl fK it Bilde et
the predictive technique acronyms displayed on the x-axis are liste®! (N€ Shrinkage of particies ot known composition (Bilde e

in Table 1. The left-hand y-axis lists calculated gRhe right side al., 2003)' . . .
lists the corresponding-values. Tracking the growth factors, assuming re-equilibration

on drying increases the predictedvalue and sensitivity

to choice of predictive technique used in the partitioning

calculations. For the 2 component testcases and the base
using the base case vapour pressure combination. On thease vapour pressure method the rangec-eflues now
other hand, for the 2 component testcases, it is impossiblde between 0.045 and 1.406, the median increasing from
to cover a broad range of volatility. Using the N-JR combi- 0.081 to 0.495. For the 10000 compound testcases, the
nation, assuming equilibration of all components on dryingvalues lie between 0.162 to 0.57, the median increasing
also increases predicted growth factor, but to a lesser extenfrom 0.086 to 0.319. As before, the use of the JR boiling
This is simply a consequence of the JR method consistentlpoint method decreases the rangecofalues when assum-
underpredicting volatility of individual components, with a ing re-equilibration on drying, reflecting the underprediction
consequent reduced mass lost on drying in this case, leadingf component volatility. Using the base case vapour pres-
to a smaller difference in size. Again, the 10000 compoundsure method, the range of predictedsalues now cover a
testcases exhibit smaller variability with a median of 1.44 range that includes common inorganic saltsQ(6 Petters
and inter quartile range of 0.16. In all cases, therefore, senand Kreidenweis2007), far higher than observed in the lab-
sitivity to choice of predictive method increases when it is oratory or field.
assumed that all semivolatile components equilibrate under Thek-value can be used to predict the critical supersatu-
both dry and wet conditions. If these predicted sensitivitiesration required to activate a particle of a given composition
are reasonable, it appears evident that semi-volatile organiand size into a cloud droplet. Figudereproduces the plot
components present in secondary aerosol in the atmosphepresented irPetters and Kreidenwe{2007) of the critical
or smog chambers do not equilibrate in instruments designedupersaturation as a function of particle dry size avalue.
to expose them to varying humidity. A discussion of the The solid lines represent the assumption of no evaporation of
possibility of equilibration occuring within the instruments any organic compounds on drying, the dashed lines evapo-
aiming to measure hygroscopicity, and potential reasons foration on drying. The upper and lower limits are taken from
disequilibria (such as kinetic limitation in the gaseous or con-the difference between the N-N/VP-act and N-JR predictive
densed phases), is beyond the scope of this paper. Howevaechniques, an upper limit @f= 0.9 used for illustrative pur-
discrepancies in measurements of SOA particle hygroscopicposes. The red lines represent 10 000 component testcases,
ity with multiple instruments have been reported in chamberthe green the 2 component testcases. The resultant critical

15

i 0

N-N/VP act N-N/VP N-JR  N-NAVP(*) N-JR(*) N-N/VP(*-act)
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NS ‘\\0"1 \80‘1\0 001 Table 3. Range of critical supersaturation (%) for an 100nm dry
1r NN . 1 particle based on kappa values derived assuming: (no evap) no
2 component re-equilibration of organic semi-volatiles on drying and (evap) re-
g 10000 component equilibration of all organic semi-volatiles on drying. Upper and
< lower limits taken from difference between N-N/vp act and N-JR
] predictive techniques listed in table (3)
% 2 component (*)
0 .
s 10000 component (*) . Drying . Upper_ Lower.
2 0oLk Complexity assumption Scrit Scrit
g 2 compounds no evap 1.37 0.3
S NH NG evap 0.54 0.12
levoglucosan 10000 compounds  no evap 1.15 0.31
“““““ fulvic evap 0.29 0.17
0.01 01 / 1

Dry diameter (um)

portantly, the authors in that study focused on both POA and
Fig. 4. Critical supersaturation §¢rit”, %) versus dry diameter as  5OA, whilst in this study focus is only given to the bulk prop-
a function ofx value. Each solid black line highlights the rela- erties of SOA. Using prescribed size distributions and parti-
tionship betweerfi; and diameter for 4 refereneevalues. The cle hygroscopicity, the parameterisation presentetiviang
« values derived from simulations assuming no re-equilibration ofet al. (2009 aIIows, assessment of the impact of particle

all semi-volatiles on drying are highlighted as solid green and red L
lines (green: 2 compound simulations, red: 10000 compound Sim_value on stratocumulus cloud droplet number and radiative

ulations). The horizontal arrows span the range ofilues. The  forcing by.the first indi_rect effect, for _specific_environments
« values derived from simulations assuming re-equilibration of all &S & fUthlpn of organic volume fraction W|th.|n the ?erQSQL
semi-volatiles on drying are displayed as dotted green and red linesAssuming internally mixed aerosol, the error in the first indi-
3 example compounds are shown as blue lines, described in the legect effect can be calculated using:

end. _

n(|n Dpc) 07(1—X0rg) +K0rg.X0rg

AF=-0.7 n
Ncen 0.7(1— xorg) + KorgXorg

(4)

supersaturations required for activation into a cloud droplet . . N

. . where AF is the error in the aerosol first indirect effect
for a 100nm aerosol are given in Take For 2 compound (Wm-2) nnDye) yooends on the shape of the size distri-
simulations, S¢rit ranges from 0.3 to 1.37. Similarly, for ", Neen P P

10 000 compound simulations, the range is between 1.15 angution and supersaturatiaty is the variable organic kappa

0.31. Four different kappa values, equally spaced Iogarithmi—value"(org is the prescribed average kappa value across all

) - .. environments anglorg is the mole fraction of organic.
cally, are displayed for reference as black solid lines. If itis For free tropospheric and boundary layer aerosols, the av-
assumed that organics evaporate on drying, the range of crit- anDye) - _ '
ical supersaturations, whilst higher, display smaller variabil-rage value OF ooy IS 1.6 and 1.35 respectiveljvang et
ity (between 0.54 and 0.12 for the 2 component and 0.29 an@!» 2008, but ranges from 0.2 to 2.3 for marine, rural, ur-
0.17 for the 10000 component testcases). It is important t2n @nd remote continental aerosd). (Following Wang et
note that the properties of the organic mixtures change com@!- (2008, we restrict our analysis to values of 1.3 and 0.9
pletely, as reflected by 3 reference lines representative of 307 Marine aerosolsxorg is varied to assess the sensitivity
different organic compounds and ammonium nitrate (assum®' €hoice on property predictive technique on the derived

ing no equilibration between the gas and condensed phas\éalu,e' ) o o
for ammonium nitrate). Figure5 plots the estimated uncertainties in the first indi-

rect aerosol effect when using a consteg of 0.12 for all
organic species in an internal mixture. This value is chosen
to represent the median value for ambient organWwan(g

et al, 2008. The range okorg values were taken from Ta-
ble 2 assuming that the only semi-volatile component that

Liu and. Wang (2019 recently studied t.h? sensitivity of changes on drying is water. It can be seen that the sensitivity
aerqsol indirect forcing to the hygroscopicity of primary or- of AF to derived kappa value increases as the molar vol-
ganic aerosol (POA) and SOA. The authors found that un- . (D)
certainty inx values, based on current understanding, mayume of organic increases for both values é;CCN - In all
lead to uncertainties comparable or even larger than thoseases, sensitivities are largest for smaller value'é(—llécfzp—")
due to autoconversion parameterisation and tuning paramder all volume fractions of organics. Wang et al. (2008“5 con-

ters related to entrainment, drizzle and snow formation. Im-clude that for typical aerosol size distributions and a range of

3.2 Sensitivity in uncertainties of cloud droplet number
and radiative forcing
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n(InD JINC =13 n(InD N =0-9 n(InD JINCy =13 n(InDpc)/NCCN=0A9
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10000 compounds 10000 compounds / -
g P
05 05 05 o5} Kappa .. =0.6 e
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Fig. 5. Uncertainty in the first indirect effeck F as a function of

korg and xorg(organic volume fraction). The range efrg were i ) A
korg @andxorg. The range okorg were derived from simulations as-

derived from simulations assuming no re-equilibration of all semi- ) S ) .
volatile components to the dry state using two different methods to>uMming re-equilibration of all semi-volatile components to the dry

calculatep®. The maximunmorg is represented by the top red line, state_ using two dltfjfet;enthmethod (tjol_calcurl]atg. _T_he maximum
the minimumkorg represented by the blue line. Each column repre- «org IS represented by the top red line, the minimugig repre-

sents two different size distributions, the top plots 10 000 compounosgnt?d k_)y the blue line. Each column represer_lts tW‘? different size
simulations, the bottom plots 2 compound simulations. distributions, the top plots 10 000 compound simulations, the bot-

tom plots 2 compound simulations.

Fig. 6. Uncertainty in the first indirect effeck F as a function of

“expected”«qrg, the predicted CCN and the corresponding simulations this value drops to 16 %. F%% of 0.9,

first indirect aerosol effect are insensitive to the properties ofthese values increase slightly to 31 % and 22 % respectively.
organic species when the volume fraction of aerosol organic#\s the organic compounds begin to dominate, the uncer-
is less than 70 %. The cutoff value mF was chosen to be tainty in AF increases significantly with differences iF
0.2Wn12, corresponding to less than 10 % uncertainty in of 1 Wm2 at organic volume fractions greater than 60 %
predicted CCN. In other words, when organic volume frac-for 2 component simulations. The reduction in sensitivity
tion was lower tham-60 %, using<org of 0.12 leads taA F to increasing organic complexity is evident as the change in
of less than 0.2Wm?. For the 10000 compound simu- AF decreases to 0.72 WTA at the same volume fraction for
lations andw of 1.3, at an organic volume fractions 10000 compounds.

of ~55%, the range okorg-values derived using different To summarise, when it is assumed that semi-volatile or-
predictive techniques causes a changaif of 0.2WnT2  ganic compounds do not equilibrate on drying, the pro-
from net cooling to slight net warming. As organic com- pogated sensitivity ofA F' to variability in predictedcrg, de-
pounds increasingly dominate, the sensitivity increases subPendent on choice of predictive technique in absorptive par-
stantially. At 90% organic volume fractiony\ F changes titioning calculations, is insenstive for organic volume frac-
from ~0.1WnT?2 to —0.75Wn1?2, a dramatic change in tions less than 55 %, although, at these concentratiais,
sign and magnitude. Sensitivities are slightly larger for thechanges sign from a negative to positive forcing. Any sensi-
2 component simulations but not noticeably so. Chang-tivities which do exist, increase with decreasing component
ing n(lnDpc> to 0.9 reduces the uncertainties slightly, the or- complexity. This apparent lack of sensitivity for “moderate”

ganic voT'ume fraction of organics at whighF changes by molar volumes of condensed organic material was already
0.2 W nm2 increasing from 55 % to 66 %. noted byLiu and Wang(2010 who found the choice of SOA

korg had a relatively small impact on calculated CCN con-
! X 2 : centration for present day simulations due to internal mixing
values derived assuming r_e-eqwhbrqtlon of ff"_" organic com-y;i high-hygroscopic inorganic species. However, the au-
pounds on drymgthT?e difference in sensitivity 20F is thors also rightly point out that the changexigg from pre-

substantial. For-g—2= of 1.3, the organic molar volume ndustrial to present day simulations as a result of anthro-
at which AF changes by 0.2 W i? changes from 70% to  pogenic influence may lead to additional uncertainty. In this
22 % for the 10 000 compound simulations. For 2 compoundstudy, if it is assumed that semi-volatile organic compounds

Figure6 plots the same sensitivities for the range of kappa
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re-equilibrate on drying, the sensitivity @f F to choice of An overwhelming sensitivity of all properties was found
predictive technique and complexity increases subtantiallyto the assumption of equilibration of components. Assum-
In this case the concentration of organics at which the sening that all semi-volatile components re-equilibrate with the
sitivity of A F to choice of predictive technique becomes in- gas phase on drying the aerosol to 0% RH as might reason-
sensitive drops to between 16 and 22 % depending on thably be expected, vastly increases the sensitivity of predicted
complexity of the organic composition and aerosol size dis-growth factors to choice of estimation technique and to the

tribution, represented bM_ A value for korg Of 0.9 number of components used in the partitioning calculations
is clearly very high and doés not compare well with mea-and produces higher calculated hygroscopicity values than
sured SOA growth factors. However, use of the substantiallycommonly measured. Assuming no re-equilibration leads
lower predicted values implies that water is the only semi-to calculated growth factors consistent with the low values
volatile component equilibrating between the wet and dryfor organic compounds derived from ambient and chamber
states. This has important implications. measurements, much lower than those of common inorganic
It should be noted that the choice of predictive techniquesalts. Several possible explanations exist with implications
has two distinct effects on F. For prescribed organic vol- for hygroscopicity measurements:
ume fractions, the sensitivity oA F' to the change irkqrg
resulting from the choice of predictive technique has been
investigated. The second impact & results from the
change in the particle size distribution resulting from vari-

1. semi-volatile organic compounds are kinetically pre-
vented from completely attaining equilibrium under dry
and/or wet conditions (i.e. do not fully shrink and/or

S . : S grow),

ation in the predicted mass on changing property estimation

technique. It was shown bylcFiggans et al(2010 that 2. for unknown reasons, the gaseous mixing ratio of con-

this sensitivity was substantial. However, the absorptive par-  densable organic compounds increases as water vapour

titioning calculations do not directly carry consideration of mixing ratio decreases in all cases such that it would ap-

particle size and the sensitivity to this effect is the subject of proximately offset the tendency of the organic compo-

ongoing work. Furthermore, the organic volume fraction will nent to evaporate on drying as a result of the increased

be directly influenced by the choice of estimation technique. mole fraction and hence vapour pressure. This would

Both effects may lead to considerable impactsAaf. appear to require a substantial coincidence for which
there is no ready explanation,

4 Conclusions and future work 3. despite our best attempts to target the simulations, and
contrary to the evidence provided bjcFiggans et al.

A large number of calculations of absorptive partitioning of (2010, the organic components in the simulations are

organic compounds have been made using a number of meth-  ynrepresentative of those in atmospheric particulates in
ods to predict pure component vapour pressures and activity  a manner that systematically leads to enhanced hygro-
coefficients p° andy;). The sensitivities of the predictions scopicity. This would be an unfortunate and unforeseen
in terms of the resulting particle density, hygroscopicity and result and is not readily supported,

CCN activation potential to the choice pP andy; models ) )

and to the number of components to represent the organic 4- organic components measured in the laboratory or the

mixture have been systematically compared. ambient atmosphere are never dominated by semi-
Hygroscopic growth factors and derived single parame- ~ Volatile components susceptible to reversible absorp-

ter hygroscopicity {org)-values have been calculated using tive partitioning and the particle hygroscopicity is de-

two assumptions of equilibration under wet and dry condi- termined by components that do not equilibrate between

tions: (a) only water evaporates on drying, such that the  the wetand dry states.

condensed organic material at 90 % RH is the same as thaf s hropable that some combination of 1 and 4 is responsi-
present when dry and (b) all semi-volatile compounds at-pe for the discrepancy between measured and predicted be-
tain equilibrium under dry and wet conditions. In general, h5yiour, This is of substantial consequence to ambient mea-
the variability in theoretical growth factor caused by choice ¢ ;rements of hygroscopicity and attempts to reconcile sub-
of predictive technique tends to increase slightly with a de-g1 ,rated and supersaturated water uptake.

crease in compogn_d complexity. For choice of technique 1 shoyid be noted that full equilibration could conceiv-
used to calculatg”, inclusion of the Joback and Reid boil- o1,y |ead to smaller or larger particles under dry conditions.
ing point method marginally increases variability owing to ¢ e majority of the mass of dry particle comprised com-
the systematic under-prediction of component volatility. In ponents that were sufficiently hydrophobic that they would
contrast to the greater sensitivity of condensed componene present at greater abundance in the absence rather than
mass to the choice of vapour pressure estimation techniqupesence of water, then the dry mass would be greater when
for in McFiggans et al(2010, the predicted hygroscopicity  4qquming full equilibration when non-ideality was assumed,
was found to be more sensitive to inclusion of non-ideality. o1 just assuming water evaporates on drying. That this is
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never the case in 1000 randomised initialisations gives strong 1.8 ¥
indication that more condensed SOA mass would always be ;| T

. . . 2 component simulations
formed in a moist rather than a dry environment by absorp- E ! |
tive partitioning under the conditions of these simulations. 2 | o om Coom Crono3
Of course, this may be substantially less than if the com- £ *°f i
ponents were ideally mixed. Furthermore, the condensingé 147 .
compounds could be more hydrophobic than those producect ;5| O CH3CH=CH CH20 CHCOOH CHaNO2 |
by the semi-random initialisations. HowevétcFiggans et O cHo csor =
al. (2010 showed that the predicted O:C ratios in the sim- i O GH3 CH2CO CH2 COOH
ulations were comparable to those observed in the ambiens **[ / i O CHAOM GHS CHAC00 Coc ]
atmosphere, so no systematic bias in hygroscopicity shouldg i 10000componemsm:manons 1
be obviously expected. It is difficult to prescribe evidence ¢} 1 i
based probabilities to either of the above scenarios. How- '!' O cHacH2 CHO

ever, if water were to play no role, or a inhibitory role, in
absorptive par_titio_ning, dry pgrticles_ would be comparabIeFig' Al. Boxplots showing the range of individual compound den-
or even larger in size than moist particles. sities used in the simulations described by McFiggans et al. (2010).
The impacts of uncertainty in hygroscopicity on singleé The Green boxplot shows the range for 2 compound simulations,
particle CCN activation potential and cloud droplet num- the red 10000 compound simulations. The open red circles show
ber/radiative forcing uncertainty have been explored usingexamples of the calculated densities of individual compounds con-
common parameterisations. When it is assumed that semitructed using UNIFAC subgroups within the simulations described
volatiles do not equilibrate on drying, the propagated sen-by McFiggans et al. (2010).
sitivity in radiative forcing ‘A F” to variability in predicted
korg, dependent on choice of predictive technique in absorp-
tive partitioning calculations, is insensitive for organic vol- pounds used within the partitioning calculations are shown
ume fractions less than 55 %. Although, at these concentraln Fig. Al. The range of values are fairly equal, suggesting
tions, AF changes sign from a negative to positive forcing. & uniform representation of organic composition across both
Any sensitivities which do exist, increase with decreasinglevels of complexity. This is to be expected, since Fig. 1b) in
component complexity. If it is assumed that semi-volatiles McFiggans et al(2010 demonstrated that the semi-random
re-equilibrate on drying, the sensitivity & F to choice of initialisations provided a uniform contribution from each
predictive technique and complexity increases substantiallyfunctional groups at each complexity representation across
In this case the concentration of organics at which the senthe 1000 sets of simulations. Also shown in FAfl for
sitivity of A F to choice of predictive technique becomes in- reference are calculated densities for several randomly se-
sensitive drops to between 16 and 22 % depending on théected compounds used within the simulations. Laboratory
complexity of the organic composition and aerosol size dis-measurements of SOA formed from anthropogenic and bio-
tribution. The impact of predictive technique on condenseddenic precursors yield aerosol effective densities in the range
mass should be included in future sensitivity studies as thil060 to 1450kgm?® and 640 to 1650 kg m’ respectively
can only increase propagated uncertaintieA i (Bahreini et al. 2005 Alfarra et al, 2006 Kostenidou et aJ.
2007 Hallquist et al, 2009. A density of 1400 kg m® has
been determined for SOA generated from isopredent-

O CH2 CH2 OH COOH COOH T

ompon
=
8
‘

Appendix A men et al. 2006 Ng et al, 2007 and aromatic Alfarra
et al, 2006 Ng et al, 2007 oxidation by comparing mo-
Al Calculation of pure component and bility diameter measurements from a differential mobility
multicomponent density for use in hygroscopicity ~ analyzer with the vacuum aerodynamic diameter measured
calculation with an on-line aerosol mass spectrometer. In the absence

of direct measurements, it is recommended that a value of
To calculate the pure component density of each compound400kg 2 is used for the SOA densityH@llquist et al,
the structure based method®frolami et al.(1994 is used. 2009 Ng et al, 2007 Healy et al, 200§. We have therefore
The authors claim accuracy to within 100 kg#for awide ~ chosen 1400 kg m? for the core density.
variety of liquids, yielding estimates that are within 2 or 3%  Figure Al indicates that the values used within this study
of the actual density. The scaled volume of the molecule isare reasonable for atmospheric compoundiskiggans et al.
simply the sum of its constituent atoms and the density is(2010 noted general patterns in the O:C ratio and molecular
then related to the total mass. Modifications are prescribedveight of aerosol resulting from the use of separate predic-
for molecules containing the hydroxyl, carboxyl, primary tive methods. For example, the use of the JR boiling point
and secondary amino and amide groups. The range of purmethod tends to consistently underpredict the volatility of in-
component densities for simulations with 2 and 10 000 com-dividual compounds, leading to generally lower O:C ratios
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of the resulting aerosol. It is therefore reasonable to ex-that the MY method significantly underestimated the slope
pect an impact of the variation in O:C ratio on the density, of the vapour pressure line. The combination of predictive
thus growth factor. However, the correlation coefficient be-techniques used forpf) and ¢;) are listed in Tablel for
tween the density of compounds and their O:C ratio for allreference.
of the 10 000 compound simulations was found to be 0.0057 In all of the partitioning simulations the abundance of
suggesting no relation between the two variables. The relacompounds within the gas phase was adjusted to produce
tionship is further complicated by the fact tHdtFiggans 10 pgnm23 of condensed material, with a core of 2 pgtn
et al. (2010 also found that, despite general patterns in pre-using the N-N/VP predictive technique combination. This is
dictions of O:C ratios and molecular weights of condensedreferred to as the ‘base case’ technique. The vapour pres-
material, there was substantial heterogeneity in condensesure and treatment of non-ideality, were changed systemati-
abundance of individual compounds as a function of O:C ra-cally and the impact on predicted mass and functionality of
tios and molecular weights. the condensed material was assessed. In total, 1000 sets of
For multicomponent densities (both dry and wet), the idealsimulations were carried out to cover a broad range of func-
mixing rule is applied. Whilst it would be more accurate to tionality. The reader is referred to the initialisation procedure
not rely on this assumption, it is impossible to obtain em- described in detail in Sect. 2.3 bfcFiggans et al(2010 for
pirical fits for all compounds studied here. This is given by a full description of the preparation of the model scenarios.

Eq. (A1). _ i L
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