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Abstract. In this study we derive and apply a mass-based For atmospheric aerosol samples collected from boreal ru-
hygroscopicity parameter interaction model for efficient de-ral air and from pristine tropical rainforest air (secondary
scription of concentration-dependent water uptake by atmoorganic aerosol) we present first mass-based measurements
spheric aerosol particles with complex chemical composi-of water uptake over a wide range of relative humidity (1-
tion. The model approach builds on the single hygroscopic-99.4 %) obtained with a new filter-based differential hygro-
ity parameter model of Petters and Kreidenweis (2007). Wescopicity analyzer (FDHA) technique. For these samples the
introduce an observable mass-based hygroscopicity parameoncentration dependenceqf can be described by a sim-
ter xm Which can be deconvoluted into a dilute hygroscopic- ple KIM model equation based on observable mass growth
ity parameter;(%) and additional self- and cross-interaction factors and a total of only six fit parameters summarizing
parameters describing non-ideal solution behavior and conthe combined effects of the dilute hygroscopicity parameters,
centration dependencies of single- and multi-component sysself- and cross-interaction parameters, and solubilities of all
tems. involved chemical components. One of the fit parameters
For reference aerosol samples of sodium chloride and amFepresentsc,% and can be used to predict critical dry diam-
monium sulfate, thecy-interaction model (KIM) captures eters for the activation of cloud condensation nuclei (CCN)
the experimentally observed concentration and humidity de-as a function of water vapor supersaturation according to
pendence of the hygroscopicity parameter and is in gooKohler theory. For sodium chloride and ammonium sulfate
agreement with an accurate reference model based on theference particles as well as for pristine rainforest aerosols
Pitzer ion-interaction approach (Aerosol Inorganic Model, consisting mostly of secondary organic matter, we obtained
AIM). Experimental results for pure organic particles (mal- good agreement between the KIM predictions and measure-
onic acid, levoglucosan) and for mixed organic-inorganic ment data of CCN activation.
particles (malonic acid — ammonium sulfate) are also well The application of KIM and mass-based measurement
reproduced by KIM, taking into account apparent or equilib- techniques shall help to bridge gaps in the current under-
rium solubilities for stepwise or gradual deliquescence andstanding of water uptake by atmospheric aerosols: (1) the gap
efflorescence transitions. between hygroscopicity parameters determined by hygro-
The mixed organic-inorganic particles as well as atmo-scopic growth measurements under sub-saturated conditions
spheric aerosol samples exhibit three distinctly differentand by CCN activation measurements at water vapor super-
regimes of hygroscopicity: (I) a quasi-eutonic deliquescencesaturation, and (2) the gap between the results of simplified
& efflorescence regime at low-humidity where substancessingle parameter models widely used in atmospheric or cli-
are just partly dissolved and exist also in a non-dissolvedmate science and the results of complex multi-parameter ion-
phase, (II) a gradual deliquescence & efflorescence regime and molecule-interaction models frequently used in physical
intermediate humidity where different solutes undergo grad-chemistry and solution thermodynamics (e.g., AIM, E-AIM,
ual dissolution or solidification in the agueous phase; andADDEM, UNIFAC, AIOMFAC).
(1) a dilute regime at high humidity where the solutes are
fully dissolved approaching their dilute hygroscopicity.
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1 Introduction Detailed thermodynamic models that describe the water
uptake of aqueous solutions and aerosols are usually mass-
The interaction of aerosol particles with water vapor is pased rather than volume-based and require multiple input
among the central issues of current research in atmospherisarameters for every chemical species involved. For exam-
and climate science, and numerous studies have investigatqgje, seven parameters are used to describe a Simp|e NacCl par-
the hygroscopicity of aerosol particles and their ability to ticle with the rigorous Aerosol Inorganic Model (AIM; Clegg
serve as cloud condensation nuclei (CCNyhler theory is et al., 1998; Wexler and Clegg, 2008ttp://www.aim.env.
the main tool to describe the hygroscopic growth of parti- yea.ac.uk/aim/aim.phpOther advanced models like the Ex-
cles as a function of relative humidity (e.g., Pruppacher anttended Aerosol Inorganic Model (E-AIM; Clegg et al., 2001),
Klett, 2000; Seinfeld and Pandis, 2006), and various typeshe Aerosol Diameter Dependent Equilibrium Model (AD-
of Kohler models have been developed and applied for thebEM, Topping et al., 2005a, b), the Universal Quasichemi-
analysis of laboratory and field measurement results as weltal Functional Group Activity Coefficients model (UNIFAC;
as in numerical models of the atmosphere and climate (e.gfredenslund et al., 1975; Hansen et al., 1991), the Aerosol
Junge and McLaren, 1971; Fitzgerald, 1973, Shulman et al.jnorganic-Organic Mixtures Functional Groups Activity Co-
1996; Kulmala et al., 1997; Laaksonen et al., 1998, Raymona:fficients model (AIOMFAC; Zuend et al., 2008, 2011) and
and Pandis, 2003; Bilde and Svenningsson, 2004; Mikhailovrelated approaches referenced in the above studies typically
et al., 2004, 2009; Huff Hartz et al., 2005; McFiggans et al., also require four or more semi-empirical parameters for sin-
2006; Svenningsson et al., 2006; Rose et al., 2008; and refgle solute systems plus additional interaction parameters
erences therein). for multi-component systems. Application of these complex
A central aim of hygroscopicity measurements ar@ler  thermodynamic models to atmospheric aerosols containing
model studies is to relate the critical supersaturation of CCNa multitude of unspeciated Organic Compounds remains dif-
activation to the hygroscopic growth factors observed at subficult, especially at low relative humidity (RH) (Petters and
saturated conditions (e.g., Rissler et al., 2004; Kreidenweikreidenweis, 2007; Tong et al., 2008).
et al., 2005; Mochida et al., 2006; Petters and Kreidenweis, |n this study we introduce a mass-based hygroscopicity pa-
2007; Wex et al., 2008; Gunthe et al., 2009; Petters et al.rameterx, building on the single hygroscopicity parameter
2009; Good et al., 2010a, b; Irwin et al., 2010; Roberts etof Petters and Kreidenweis (2007), and we deve|opna
al., 2010; Cerully et al., 2011; Duplissy et al., 2011; Fors interaction model (KIM), which describes the non-ideal so-
et al., 2011; Metzger et al., 2012; and references therein)iution behavior and concentration dependence of single- and
For this purpose, Petters and Kreidenweis (2007) proposed gulti-component systems with a small number of parame-
single-parameter &hler model where the hygroscopicity pa- ters that can be determined by fitting of measurement data.
rameterc provides a volume-based measure of aerosol watei\e demonstrate that the KIM approach can capture and re-
uptake characteristics and CCN activity. For water soluble Or-produce the characteristics of water uptake by reference sub-
ganic and inorganic compounds, the relative differences bestances as well as atmospheric aerosol samples under sub-
tweenk values derived from CCN and growth factor mea- and supersaturated conditions.
surements are usually less than 30 % and can be explained
by non-ideal behavior of concentrated solutions (e.g., Wexy Theory
et al., 2008; Mikhailov et al., 2009). For particles containing o
sparingly soluble compounds, however, the differences caf-l Velume-based hygroscopicity parametexy

increase by a factor of 5 or more (Petters and Kre|denwe|s,]_he Kohler theory relates the water activity,(), the partial
2007). To bridge the gap betweenvalues observed under — .
molar volume of water ¥y,), the surface tensions{, and

subsaturated and supersaturated conditions, Petters and Kr%-e diameter D) of a spherical aqueous droplet under equi-
denweis (2008) proposed a pseudo-two-comporndbhler P d P q

. librium conditions to the water vapor saturation of the sur-
model where sparingly soluble compounds gradually enter

. . . o . . .. rounding gas phasey{ = RH/100 %) (e.g., Pruppacher and
EH? solutlc_)n with increasing dilution and relative humlqny. Klett, 2000: Seinfeld and Pandis, 2006)-
e practical applicability of volume based hygroscopicity
models, however, is often limited by deviations from volume- 4o Vy
additivity and by the effects of capillary condensation and $w = dw€XP| - | »
restructuring of porous and irregularly shaped particles (e.g.,
Kramer et al., 2000; Mikhailov et al., 2004, 2009; Gysel et where R is the universal gas constant afdis the tem-
al., 2004; Sjogren et al., 2007; Zardini et al., 2008; Wang etperature. Note that all frequently used symbols used in this
al., 2010). manuscript are also explained in Table 1.

According to Petters and Kreidenweis (2007), the hygro-
scopic growth of aerosol particles can be efficiently approx-
imated by a simplified version of Eq. (1), the so-called
Kohler equation:

1)
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Table 1. Frequently used symbols.

719

(4)

Equations (2)—(4) are commonly used to determine effec-

Symbol Sl Unit Quantity
aw water activity
Cm kg kg1 solubility (gram solute per gram water)
CgY kg kgf1 eutonic solubility (gram solute per gram water)
C;’?i kg kg_l apparent solubility (gram solute per gram water)
cm,i kg kg1 mass concentration (gram solute per gram water)
D m diameter of aqueous solution droplet
Dy m diameter of dry aerosol particle
Dy c m critical dry diameter of CCN activation
fi mass fraction of individual component in particulate matter
Gp diameter growth factor
Gm mass growth factor
J van't Hoff factor
my kg mass of the dry solute in aqueous droplet
My kg mol~1 molar mass of pure water
my kg mass of the water in aqueous droplet
R JK1mol~1 universal gas constant
Sw water vapor saturation ratio
Sw % water vapor supersaturation
Sw,c critical water vapor saturation ratio
T K temperature
o, cross- and self-interaction coefficients
Ky volume-based hygroscopicity parameter
Km mass-based hygroscopicity parameter
/c,% mass-based dilute hygroscopicity
m mol kg1 molality (mole solute per kilogram water)
od kg m—3 density of dry particle material
Pw kg m—3 density of pure water
o Jnr2 surface tension of solution droplet
ow Jm2 surface tension of pure water
RHy % deliquescence relative humidity of individual component
RHe % efflorescence relative humidity of individual component
-1
ay = < il =+ 1)
G -1
Sw ~ a exp(—%WMW
W aw RTpWD>

4GwMW )

-1
Ky

= 1 expl ————

|:G?5—1+ } p<RTpWGDDd

and density of pure water. The diameter growth factgris

tive hygroscopicity parameters from hygroscopic growth or
CCN activation measurements using hygroscopicity tandem
(2) differential mobility analyzer (HTDMA) and CCN counter
techniques (e.g.: Petters and Kreidenweis, 2007; Petters et
al., 2009; Gunthe et al., 2009; Mikhailov et al., 2009; Car-
Here My, o, and py, are the molar mass, surface tension, rico et al., 2010; Rose et al., 2010, 2011; Duplissy et al.,

2011 and references therein). In the analysis of laboratory

defined as the ratio between the volume equivalent diameterand field measurement data it is often assumed that measured

of the aqueous droplet and of the dry aerosol partiGlg &

D/Dy).

The hygroscopicity parametey relates the volume of the
dry aerosol particle¥y) to the volume of water,) and the
activity of water @) in the aqueous droplet:

1
— =14xy—

Ay w

www.atmos-chem-phys.net/13/717/2013/

mobility equivalent diametersly, Dq) can be regarded as

volume equivalent diameters, and that the volume change of

mixing is negligible (“volume additivity assumption”). The
limitations of these assumptions for HTDMA and CCN ex-

periments have been outlined and discussed in earlier stud-

ies (e.g., Kamer et al., 2000; Gysel et al., 2002; Rose et

al., 2008; Mikhailov et al., 2004, 2009; Wang et al., 2010;
®3) and references therein). For an individual solutg the

Atmos. Chem. Phys., 13, 7248-2013
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hygroscopicity parameter can be related to the molar masbowever, the practical applicability of Eqg. (10) and the preci-
(M;), density p;), and the van't Hoff factor or effective dis- sion of related parameters determined in mass-based exper-
sociation numberJ;) of the solute: iments is not affected by deviations from spherical geome-
try and volume additivity that usually limit the applicability

Y S (5) and precision of volume-based parameters determined in mo-
pW/MW bility diameter-based HTDMA and CCN experiments (e.g.,
Thus,«y; can be regarded as an effective molar density ofKramer et al., 2000; Gysel et al., 2002, 2004; Rose et al.,
ions or molecules in the solute normalized by the molar den-2008; Mikhailov et al., 2004, 2009; Wang et al., 2010; and
sity of water /My, ~ 55 mol L~1) which has been desig- eferences therein).
nated as “effective Raoult parameter” or “dilute hygroscop- The mass-based definition of the hygroscopicity parameter
icity” of the solute (Mikhailov et al., 2009; Sullivan et al., «m (EQ. 6) avoids a complication that occurs in the volume-
2009). based definition ofy (Eq. 3): the theoretical distinction and

In concentrated solutions;,; is usually concentration- Practical determination of specific volume vs. partial specific
dependent (Mikhailov et al., 2009), but under dilute condi- volume (alias molar vs. partial molar volume) of water and

designate as the “dilute hygroscopicity? . This parame- ~ dressed and specified in the original volume-based definition
N . . . . .
ter is easy to calculate from tabulated valuegofor dilute ~ Of xv (Petters and Kreidenweis, 2007), but it is relevant in

aqueous solutions (Eq. 5). systems where the volumes of mixed components are not lin-
early additive.
2.2 Mass-based hygroscopicity parametex If the densities of the dry solute and of the solu-

o tion are known, the masses of dry particles and aqueous
In analogy to the volume-based hygroscopicity parameterroplets can be easily converted into volume equivalent di-
(Eq. 3), we define a mass-based hygroscopicity parameteameters;pg = Gmd/(npd), D3 = GGmmd/(Np), and D =

“m. Dy (Gmpd/p)l/g, where p is the density of the aqueous

1 md solution droplet. For dilute aqueous solution droplets with
_——= 1+ Km—, (6) ~
aw My p ~ py follows
wheremyg is the mass of the dry particle material ang is 0d 1/3
the mass of water in the wet particle (aqueous droplet). D = Dd (Gmp—w> (11)
Under the assumption of volume additivity, Eq. (3) and ) ) ) )
Eq. (6) can be combined to By mse_rtmg Eqg. (10) and Eq (11) in Eg. (2), we obtain an
o approximate mass-baseg-Kohler equation:
W
Km= Kva (7) RH o Km L -1 Ao My Ow 1/3 12
: , : , 100% \em=1"") P\ RTpwDq | 0aG (12)
where pq is the density of the dry particle material. In this m Pwid L pdorm

case, the knowledge g enables conversion af, into km  The critical mass growth factoiG{,,¢) and the critical wa-

and vice versa. On the other hand, independent measurger vapor saturation ratiay c) for the CCN activation of an

ments ofcy andkm enable the determination pf. aerosol particle with dry diameté¥y and hygroscopicitym
The mass-based dilute hygroscopicit, ;, follows from  correspond to the maximum valuesgfaccording to Eq. (12)

Eq. (5) and Eq. (7); it is the van't Hoff factor for a dilute (ds,/dG, = 0):

solution (/,.0) scaled by the ratio of the molar masses of water

. e D 3/2 1/2
and soluti/.l o= ( Kr;; d) <%) (13)
Klgn,i = Jioﬁv,v (8)

i 2/ 4N\ o, 1/2

By defining the mass growth fact6iy, as swe=exp| = — hd (14)

N ’ 3\ Dg 3kmpd

my +—mqg
Gn=——— 9 .
m mg ©) with A = foulu

P . . . .
Exponentlavr series expansion, cancellation of higher or-
der terms, and rearrangement of Eq. (14) lead to the follow-
Km -1 ing approximate relation between the critical dry diameter

and combining Eqg. (9) and Eg. (6) we obtain

Gm—1 of CCN activation Dqc) and water vapor supersaturation
— _ . 05
The mass-based relation between water activity and partiCIéSW = (sw—1)-100%:
hygroscopicity specified in Eq. (10) is equivalent to the vol- dpw Y3/ Sw 73 23
ume based formulation in Eq. (4). Due to mass conservation,Dd~C =4 27km Pd 100% =B Sw (15)

Atmos. Chem. Phys., 13, 7177440, 2013 www.atmos-chem-phys.net/13/717/2013/



E. Mikhailov et al.: Mass-based hygroscopicity parameter interaction model 721

1/3 -2/3 . . -
with g =A. 27“& / <Tlofy> / . A detailed derivation  Of cross- or self-interaction between molecular and ionic
KmpPd ( .
species:

of Eq. (15) is given in Appendix A.
2.3 Hygroscopicity parameter interaction model (KIM) Km = X’: Km.i, (18)

In analogy to Petters and Kreidenweis (2008, Eq. 10), thewhere the parameteéf, ; for each component is defined by
mass-based hygroscopicity parameter of a multi-component

particle can be approximated by a simple mixing rule that (K,?M + Skcm,ij +3Km,ii) (Gm—1)Cm,i
builds on the Zdanovskii-Stokes-Robinson (ZSR) approach if (Gm—1)Cmi < f; (partly dissolved
(Stokes and Robinson, 1966; Seinfeld and Pandis, 2006): Kmi= 0 (19)
Km.i +8km,ij + Skm.ii ) fi
km =Y fikmiH (ym.i) if (Gm—1)Cm; > f;i (fully dissolved
i

ym,i =(Gm—1D Cn,i/fi 16) Here §km,;; and ékm,;; are defined as incremental hygro-
H (ymi) = ym,i if ymi <1 (partly dissolveg scopicity terms accounting for cross- and self-interactions

M) =11 ymi >1 (fully dissolved of molecular and ionic species, respectively. Accounting of

binary interactions between solutes in the aqueous solution
droplet (Clegg et al., 2001, 2003), the concentration depen-
dence of the incremental termism,;; anddxm ;; can be de-
scribed by:

Here f; is the dry mass fraction of the solute compongnt
Cn,i is the solubility of the solute in water (mass of dissolved
compound per unit mass of water under equilibrium condi-
tions), andH (ym,;) is the relative fraction of component
that is actually dissolved in the aqueous phase. Accordinglydim,ij = cm,i Y @ijcm,j

water insoluble components wikh, ~ 0 do not contribute to i>j (20)
the overall particle hygroscopicity. For completely dissolved 0xm.ii = aiicﬁq,i

particles, all values oym; equal unity, andey, is given by

. . Herew;; anda;; are cross- and self-interaction coefficients,
the simple relation

respectivelyrm,; andem, ; are the mass concentrations of in-
K = Z fikm.i 17) dividual components(j) in the. aqueous solution expres.sed
here as mass of solute per unit mass of water. Depending on
the nature of solute interaction, the interaction coefficients
and the resulting incremental hygroscopicity terms can as-

eters of individual chemical components,; are weighted g me positive or negative values. Accordingly, the concen-
by the corresponding mass fractions, which are usually tration dependence af, can be expressed as follows:
easier to determine than the volume fractions. Due to the dif-

ficulties involved in obtaining correct density estimates for km=» "k ;cmi+ Y > eijcmicm,j +Z°‘”cmz (21)
mixtures of organic and inorganic compounds in atmospheric i i j>i

aerosol particles, many recent studies applying a hygroscop-
icity parameter mixing rule used mass fractions as a proxy.
for volume fractions (e.g., Kreidenweis et al., 2008; Gunthe'
etal., 2009, 2011; Pringle et al., 2010; Rose et al., 2011).

In the highly dilute solution droplets usually formed at
high RH and upon CCN activation, the hygroscopicity pa-
rameters of individual solute componentﬁlc) approach the
dilute hygroscopicity valuesm that can be estimated using
Eq. (8) and inserted in Eq. (16) or Eq. (17), respectively. o {Cm,i if (Gm—1)Cmi < f;

In the highly concent_ra_ted solutions formed at low RH, ¢mi = fi/(Gm—=1 if (Gm—21)Cm; > f;
however, the hygroscopicity of aerosol particles does not al-
ways follow the simple ZSR approach (ideal mixing). Inter- FOr a system consisting of fully dissolved (fd) and partly dis-
actions between solute ions and molecules can lead to eithélved (pd) components, Eq. (18) to Eg. (22) can be com-
higher or lower solubilities and hygroscopicity parametersbined into:
as compared to single-component and dilute solutions (Mar-
colli et al., 2004; Marcolli and Krieger, 2006; Mikhailov et
al., 2009).

To describe the non-ideal behavior of concentrated so-
lutions, we propose a hygroscopicity parameter interac-
tion model, brieflykm-interaction model (KIM), that com-
bines dilute hygroscopicity parameters with additional terms

Note that in Eq. (16) and Eq. (17) the hygroscopicity param-

In the double sum on the right hand side of Eq. (21), self-
interactions are excluded and each pair of solutes is counted
only once ( > i). The mass concentration of each compo-
nent in the aqueous solutiony, ;, can be calculated either

from the solubilityCn,; (if component is only partially dis-
solved) or from the dry mass fractiofy (if component is
fully dissolved):

(22)

www.atmos-chem-phys.net/13/717/2013/ Atmos. Chem. Phys., 13, 7248-2013
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characterized by an apparent solublllﬁla replacing the
eutonic solubilityC; in Eq. (26). Apparent solubilities are
well-established parameters for the description of the water
] ) interactions of amorphous substances as discussed below and
+a,,le

Km=

> | k3i+Cmi Z a,jG L+ > iiCm,j in the scientific literature dealing with semi-solid or solid
iepd o (23) amorphous organics in the pharmaceutical and food sciences
(Gm—1) Cm,it+ (Mosharraf and Nystm, 1999; Hancock and Parks, 2000;
Murdande et al., 2010, 2011). In contrast to the thermody-
tai =2 | £ namically fixed value of equilibrium solubility, however, the
@n apparent solubility of a substance is a kinetically limited pa-

rameter that may vary depending on the pre-treatment and

iefd

> ( mz+(G |:Za'J(G 1)Jr Z ®;jCm,j

Jj>i

where history of the investigated system. The apparent solubility
iepd if (Gm—1)Cmi<f enhancement rati®ap; = Cr?fi/cm,i can be used to de-

(24) scribe the degree of supersaturation and amorphicity/meta-

. L » stability of the system (Hancock and Parks, 2000; Murdande
Here the designation € pd means that componentis etal., 2010, 2011).

only partially dissolved in the aqueous phase, while the des-
ignationi € fd refers to a component that is fully dissolved in

iefd, if (Gm—1Cm;>fi'

If all substances are completely dissolved, Eq. (23) can be

reduced to
the aqueous phase. Foe pd the aqueous phase concentra-
tion ¢m,; depends oy, ;, and fori € fd the agueous phase P f; 2
E(;n?gg;ratiorrm,i depends onGy, and f; as specified in szi; Kr?.]_i-i-(Gml_l);aij (ij—l) +aii(Gml—l)2 fi (27)

Jj>i

In multi-component systems, the solubility of an individ-
ual componentCy,; in the mixture is not necessarily the In case of dilute solutionsGm > 1), the relative impor-
same as the solubility of the component in pure watgyy, ; tance of the incremental hygroscopicity terms decreases and
(single-component system). Interactions between differenEd. (27) can be further reduced to Eq. (17).
substances can increase or decrease the solubility of individ- For a single component system with=1, f; =0, and
ual components (Marcolli et al., 2004; Marcolli and Krieger, @ii = «, Eg. (23) can be simplified to

2006). The influence of multiple solutes on the solubility

of individual components can be described according to thém = ("m +al ) (Gm—DCm (28)

Setschenov equation (Setschenov, 1889): if (Gm—1)Cm <1 (partly dissolved

Cm.i/Cmw.i=€XP| D 0ijCm,j+ ) 1ij i .(25) "m:"%‘*‘#z (29)
’ o jepd S jefd "\Gm-1 (Gm—1)

if (Gm—1)Cm > 1 (fullydissolved
wherer;; is the salting out constant.

If all substances are just partly dissolved (pd) and exist
also in a non-dissolved phase, the concentration of each cont?
ponent is given by the eutonic SO|UbI|It§Zm’l. Inthis case, (¢ =Gmn-1t=uM (30)
Eq. (23) can be reduced to

Equation (29) can be combined with Eq. (8), Eqg. (10), and
ith the relation

to obtain an explicit expression of water activity in the aque-
ous solution of a fully dissolved single solute with molar

. ; 0.
K = Z Kg” + Ceu Z“U _I_a”(CEI.’Ji)Z massM, molality p and van't Hoff factoy™:
iepd Jjepd, 1 0 -1
J=t 0 3\~ Km o
=(1+ + =|1+
(Gm _ 1) Cr?nL)jl (26) Ay ( KmCm OtCm) ( (Gm—l) (Gm_1)3>
Combining Eg. (26) with Eq. (10) yields a constant water ac- _— (1+ JOUMy +a (MM)C*»)_l (31)

tivity independent ot ,,, which is characteristic for stepwise

phase transitions (deliquescence or efflorescence). The terfhis expression represents a middle way between the sim-
eutonic solubility normally refers to a liquid phase in sta- plistic assumption of a constant single hygroscopicity pa-
ble equilibrium with multiple crystalline phases. Partly dis- rameter and the complex multi-parameter models typically
solved solutes may also co-exist in meta-stable equilibriumusing four or more semi-empirical parameters for a sin-
with amorphous phases. For this “quasi-eutonic” state, thegle solute system (e.g.: AIM, E-AIM, ADDEM, UNIFAC,
maximum aqueous phase concentration of a solute can bAIOMFAC as specified in the introduction). Note that the

Atmos. Chem. Phys., 13, 7177440, 2013 www.atmos-chem-phys.net/13/717/2013/
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Table 2. Atmospheric aerosol samples.

Sample Sampling Sampling height  Sampling Aerosol mass used
location above ground (m)  period for FDHA analysis (mg)
AMAZE Manaus, Brazil 39 15-20 Feb 2008 0.06D.002
02°35' S, 60012 W
SPB Saint-Petersburg, Russia 15 18-27 May 2009 H®O01

59°88 N, 29°82 E

more detailed solute interaction models are generally alschemical composition data are not available for the SPB
mass-based rather than volume-based for the reasons owample, but a thermal combustion method (Kuhlbusch et
lined above (mass conservation vs. volume non-additivity). al., 1998) supplemented by aqueous extraction experiments
Inserting the equilibrium solubilityy, for the mass con- (Mayol-Bracero et al., 2002) indicate that the total water-
centrationcy in Eq. (31) and combination with Eq. (12) leads soluble fraction of the collected particulate matter was only
to the following explicit analytical expression for the rela- 30 % and the water-soluble organic fraction was as low as
tive humidity threshold of the deliquescence of solid particles10 %. These values are consistent with the FDHA measure-

(RHg): ment results presented below: low hygroscopicity and rela-
1 tively low importance of molecular interactions in the SPB
RHg ~ 100 [(K% +aCr2n) + 1] sample.
3 The particles were collected by passing an air flow of

20Lmin"! through a cyclone with 1pm cut-off diame-
RToD ) (32)  ter (URG-2000-30EHB), a silica gel diffusion drier, and a
Pwd \ py (Cm + 1) 47 mm Teflon-coated glass fiber filter (Pallflex T60A20, Pall,
Germany).

The same equation yleldS the relative hum|d|ty threshold Reference aerosol Samp'es of sodium chloride (NaCly
of the efflorescence ofsupersaturated solution dropletsXRH - 99.5 94, Merck) and ammonium sulfate ((MHSO; or
When the apparent Solublll'@ml as def|ned and Used belOW AS F|uka > 99 5%) were generated by nebu||zat|on Of
is inserted (Sect. 4.1). aqueous solutions with a salt mass fraction 0.1% in deion-

General relations between the KIM approach, the osmotiGzed water (18.2 M2 cm, Milli Q plus 185, Millipore). The
coefficient of mUlti-Component agueous SOIUtionS, and thesamp“ng system and procedures were the same as app“ed
extended ZSR model approach of Clegg et al. (2003) argor the atmospheric aerosol samples, except for the particle
specified and discussed in Appendix B. size selection using a Battelle-type pre-impactor (model I-1,
PIXE International Corporation, Florida, USA) (Mitchel and
Pilcher, 1959) with 1 um cut-off diameter at a flow rate of
1Lmin 1,

The size distributions of the investigated aerosols were
measured with a mobility particle sizer. The mean diameters

Atmospheric aerosol Samp|es in the submicrometer Sizéand geometric standard dEViationS) of the number size dis-

range were collected at a pristine tropical rainforest site andributions were: 139 nm (2.38) for AMAZE; 109.7 nm (1.77)

at a suburban boreal forest site as specified in Table 2. Th&r SPB; 81.6 nm (1.71) for AS; and 59.4 nm (1.47) for NaCl.

tropical sample was collected during the Amazonian Aerosol

Characterization Experiment in February 2008 (AMAZE-08, 3.2 Water uptake measurements

Martin et al., 2010) at the rainforest research station TT34

near Manaus, Brazil. Concurrent chemical and microscopidVlass-based water uptake measurements were performed

analyses indicate that the AMAZE sample consisted mostlywith a filter-based differential hygroscopicity analyzer

of biogenic secondary organic aerosol (SOA) accounting for(FDHA) using the atmospheric aerosol filter samples and

up to 85 % of the submicrometer particle mass (Chen et al.reference samples collected as described above. Circular

2009; Gunthe et al., 2009; Martin et al., 201@sehl et al.,  aliquots of 13 mm diameter were cut from the aerosol loaded

2010). filters and mounted in the FDHA system shown in Fig. 1.
The boreal sample was collected at the Institute of PhysicS he filter loadings of the atmospheric samples are listed in

of the State University of Saint-Petersburg in suburban for-Table 2, the loadings of the NaCl and AS reference sam-

est environment of Petrodvoretz near the city of Saint-pleswere 0.132 mg and 0.130 mg, respectively. Details of the

Petersburg, Russia, in May 2009 (SPB sample). Detailedexperimental setup and calibration are described elsewhere

4o M,
exp wMw Pw

3 Experiments

3.1 Aerosol sampling and composition
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Differential that under these conditions the average distance between par-
) katharometer . .
Measuring ticles was larger than the expected diameter growth factors
Bubbler Sawrator | chember L. b (Gp =2-10 for NaCl at RH=80-99 %) (Mikhailov et al.,
He+H20 [ T ™ 2011). Moreover, the hydration and dehydration experiments
‘ E were performed in multiple cycles that went up to different
13, | maximum RH values (60 %, 80 %, 99 %) and yielded con-
4 : sistent results, indicating that coagulation at high RH had no
K| P _t E significant effect.
) E The potential particle mass lost due to evaporation was
1 Trrmemeneend | monitored by weighing the loaded filters before and after
T2<T3 water uptake measurements. These measurements as well as

Fig. 1. Schematic set-up of the filter-based differential hygroscopic- SUPS€guent hygroscopic data obtained at repetitive drying-
ity analyzer (FDHA): FC — flow controller, TC — temperature con- NUmidifying cycles showed that the effect of particle evap-
troller, PC — computer. T1, T2, and T3 — temperature sensors. 1 -Oration was negligibly small for the atmospheric samples as
Peltier elements, 2 — copper housing (double wall cylinder), 3 — in-well as the NaCl and AS reference samples.

sulation.

4 Measurement results and discussion

(Mikhailov et al., 2011); the operating principles are only
briefly outlined here. 4.1 Sodium chloride and ammonium sulfate

In the FDHA system, the carrier gas (helium) was hu-
midified with a bubbler (T1), equilibrated in a saturator Figure 2a and b show the measured mass growth factors plot-
(T2<T1), and then passed through a pair of differential ted against relative humidity (RH) for the sodium chloride
measurement cells (T:3T2). The reference cell contains a (NaCl) and ammonium sulfate (AS) reference samples in-
clean filter aliquot; the other cell contains the aerosol loadedvestigated in FDHA experiments. Upon hydration (increas-
filter aliguot. The mass of water taken up by the aerosoling RH), the inorganic salt crystals exhibited stepwise deli-
particles on the loaded filter aliquot was determined by aquescence transitions at Rkalues of 75.8 0.2 % for NaCl
differential katharometer and recorded by an analog-digitaland 80.6t 0.3 % for AS. The Kelvin effect correction, which
converter and a personal computer. The measurement unis needed for polydisperse aerosol samples (cf. Appendix
certainties depend on the weighing accuracy of dry parti-C), gives 75.0% for NaCl and 79.9 % for AS. These val-
cle mass (aerosol loading), absorbed water mass (aerosol hyes are in a good agreement with literature dataqRddi =
groscopicity), and water vapor measurement precision of th&5.3+0.1 %, RHj os = 79.94+0.5 %; Tang and Munkelwitz,
katharometer (Mikhailov et al., 2011). The experimental con-1993). From the mass growth factors measured after full del-
ditions in the measurements cells were close to ambient temiquescence, i.e., at 76 % RH for NaCl and at 81 % RH for
perature and pressure 95 K, ~ 1 atm). AS, we calculated the corresponding water solubilities using

In this study, the largest uncertainties in the determinationthe relationCy, = 1/(Gn — 1) (Eqg. 30). The obtained values
of mass growth factors; m (Eq. 9) were associated with the of 0.36+0.02gg* for NaCl and 0.76:0.02gg ! for AS
AMAZE sample:~1% at 30% RH and~8% at 99% RH. are in a good agreement with literature data on the equilib-
The relative humidity of the FDHA water uptake measure- rium solubility of these salts in water at room temperature
ment is determined from the temperature ratio between th¢Stephen and Stephen, 1963; Clarke and Glew, 1985; Tang
water vapor saturator (T2) and the measurement cells (T3and Munkelwitz, 1994; Marcolli et al., 2004). Upon dehydra-
using empirical formulas recommended by the World Mete-tion (decreasing RH), efflorescence of the solution droplets
orological Organisation (Flatau et al., 1992). The accuracy abccurred at RH values of 54+ 2 % for NaCl and 411 %
99 % RH wast0.06 % RH, resulting from accurate tempera- for AS. The observed efflorescence thresholds are at the up-
ture control using a double-wall copper housing with forced per end of literature data reported for particles larger than
thermal insulation and precise temperature measurements00 nm (35-40 % for AS, Ciobanu et al., 2010; 43-50 % for
(£0.01K, 42095-Pt100; KELVIMAT 4306, Burster). The NaCl, Gao et al., 2007), which may be due to partial coagu-
water uptake experiments were performed in two modes: hydation and impurities inducing crystallization (Martin, 2000).
dration= increasing RH; dehydratioa decreasing RH. Hy-  The dashed model lines in Figs. 2a and 2b were calculated us-
dration/dehydration mass growth factor measurements tookng Eq. (30) with data of the Aerosol Inorganic Model (AlIM,
on average 10—-60 min at 10—-70 % RH, while above 98 % RHClegg et al., 1998), which can be regarded as an accurate
it took 1-2 days to reach thermodynamic equilibrium. reference (Rose et al., 2008; Mikhailov et al., 2009). In these

To avoid or minimize potential particle coagulation in the and subsequent model calculations relating water activity and
course of humidification and drying cycles we used relativelyrelative humidity, we used Eq. (12) assumibg = Deff as
low filter loadings ¢ 0.1 mgcnT?). SEM analyses showed explained in Appendix C (Eq. C4).
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Fig. 2. Hygroscopic properties of sodium chloride (Na&hd ammonium sulfate (AS) particlés; b) mass growth factorsdi,) observed as

a function of relative humidity{c, d) mass-based hygroscopicity parameterg)(calculated as a function of mass growth factor (Appendix

C, Eg. C2). The data points are from FDHA experiments of hydration (blue circles) and dehydration (red crosses). The lines represent
different models(a, b) KIM — black solid; AIM reference — black dashe;, d) KIM for fully dissolved (fd) particles (Eq.29) — black solid;

KIM for partly dissolved (pd) particles (Eq. 28) — blue dotted upon hydration and red dotted upon dehydration.

Table 3.KIM fit parameters for inorganic reference salt and pure organic substance particle sa@‘rﬂeda are the dilute hygroscopicity
and self-interaction parameters obtained with KIM model Egs. (29) and;(&ﬂr)dR2 are the number of data points and the coefficient of
determination of the fitCyy, is the equilibrium water solubility determined upon deliquescencecﬁﬁds the apparent solubility determined
upon efflorescence.

Sample Data Data source 9, o n R2  Fit Cm cgp
equation  (gg~h @™
NaCl FDHA This study 0.68+0.01 2.35+0.07 19 0.99 29 0.36+0.02 0.58+0.01
(NHg)2S04 (AS) FDHA This study 0.32+0.01 0.047+0.002 18 0.96 29 0.76+0.02 2.44+0.01
Malonic acid (MA) Raman Yeung and Chan (2010) 0.23+0.01 1.49x 1073 +3.5x 1074 19 0.56 29 1.58+0.03 13.35+0.01
Levoglucosan (LG) EDB+ bulk  Peng et al. (2001) 0.22+0.01 —1.62x107°+1.8x10% 36 097 31 - -
EDB + bulk  Chan et al. (2005) 0.11+0.01 —5.45x1076+4.0x 1077 36 0.98 31 - -

* FDHA: filter-based differential hygroscopicity analyzer; EDB: electrodynamic balance, Raman: Raman micro-spectroscopy.

Figure 2c and d show the mass-based hygroscopicity pa2.165 g cn1?2). For AS,K,?1 =0.32 corresponds td° = 2.35
rameters £m) plotted against the mass growth factors mea-and to;<\9 =0.57 (Eq. 7 withpg = 1.769 g cn73), which is
sured for NaCl and AS. Theny, values were calculated as consistent with Petters and Kreidenweis (2007) and calcula-
specified in Appendix C. We used the KIM model Eq. (29) tions based on a CCN experiment and the Aerosol Inorganic
for single solute systems to fit the data points for fully deli- model (AIM) (Rose et al., 2008).
quesced NaCl and AS (solid black lines), and the obtained By insertingx,?q anda from Table 3 in Egs. (29) and (12),
best fit parameter values and standard errors of the massve obtained the KIM model results displayed in Fig. 2a and
based dilute hygroscopicity paramera#q and of the solute b (solid line). For both NaCl and AS, the KIM two parameter
interaction parameter are listed in Table 3. For NaCl, the model is in good agreement with the measurement data as
best fit value ofxQ = 0.67 corresponds to a dilute van't well as with the much more complex AIM multi-parameter
Hoff factor J©=2.17 (Eq. 8) and to a volume-based di- model (dashed line).
lute hygroscopicity parametet{,) =145 (Eq. 7 withpg =
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The data points on the dry salt particle baseline in Fig. 2a4.3 Malonic acid
and b correspond to the data points in the lower left corner
of Fig. 2c and d G, = 1 and«y = 0). The data points in  Figure 3b shows the hygroscopic growth of amorphous mal-
between the dry salt baseline and the hygroscopic growttonic acid (MA) observed by Peng et al. (2001) using electro-
curve for fully deliquesced particles indicate the co-existencedynamic balance (EDB) and bulk measurement techniques.
of solid salt crystals with aqueous solution droplets, whichThe measurement data are well described by a fit of the
can be explained by inhomogeneities in the salt particle samKIM model Eq. (31), and the corresponding fit parameter
ples (size, morphology, impurities, etc.) or non-uniform con- values ofKr?1 anda are given in Table 3. The best fit value
ditions in the experimental setup (spatial and temporal fluctu-of «% = 0.22 corresponds to a dilute van't Hoff factaP =
ations in relative humidity; Biskos et al., 2006; Mikhailov et 1.33 (Eqg. 8) and to a volume-based dilute hygroscopicity pa-
al., 2009). The KIM model Eq. (28) can be used to describerametern? = 0.36 (Eq. 7, withpg = 1.619 g cn3). The re-
such partially deliquesced systems. With the parameters desults of the KIM two-parameter equation are nearly identical
rived from the fit of Eq. (29) to the data for fully deliquesced to the E-AIM results that are also displayed in Fig. 3b and
salt samples«(?], o, andCr, as specified in Table 3), Eq. (28) are based on a more complex approach with four fit parame-
yields the dotted blue model lines in Fig. 2c and d that areters (Redlich-Kister expansion; McGlashan, 1963; Clegg and
in good agreement with the water uptake observed duringSeinfeld, 2006).
partial deliquescence upon hydration. For the data points re- Figure 4a shows the hygroscopic growth of crystalline
flecting partial efflorescence upon dehydration, we appliedMA observed by Yeung and Chan (2010) who used Ra-
Eq. (28) withCy, as a free fit parameter representing the ap-man micro-spectroscopy and reported water-to-solute mass
parent solubility of the salts in the supersaturated aqueousgatios (WSR) that are equivalent to mass growth factors
solution droplets. The apparent solubilities corresponding tod(Gm = WSR+ 1). The crystalline MA sample exhibited a
the dotted red fit lines in Fig. 2c and d are 058.01gg?! stepwise deliquescence transition at 67 % RH (equilibrium
for NaCl and 2.44- 0.01gg ! for AS (Table 3). These val- solubility Cr, = 1.58gg 1), and sharp changes in the po-
ues represent the maximum salt concentration in metastablejtion and width of the Raman signals indicated an efflo-

supersaturated aqueous solution droplets atHRHy. rescence transition at 14% RH. The dependence,obn
G observed for crystalline MA (Fig. 4b) is qualitatively
4.2 Levoglucosan similar to the behavior observed for crystalline NaCl and

i AS (Fig. 2a, b). KIM model Eq. (29) was used to fit the
Figure 3a shows mass growth factors of levoglucosan (LG)yatq points for fully deliquesced MA (Fig. 4b, solid black

plotted against relative humidity. The data are from Chan etline), and the corresponding fit parameters are given in Ta-
al. (2005) who used electrodynamic balance (EDB) and bulky o "3 The goodness of fit for the Raman data is lower

measurement techniques and observed no stepwise deliquegia for the EDB data, but nevertheless, the fit parameters
cence or efflorescence transitions, indicating that the samz 4 ihe corresponding model lines in Fig. 4a are in good

ples were amorphous (MikhaiI(;v et al.,02009). Throughout 3 reement with each other and with the measurement data.
the investigated RH range of 3% to 98 %, the observed hyyjit, the equilibrium solubility determined upon hydration,
groscopic growth of the amorphous organic particles is weIICm — 158+0.03ggL, the KIM model Eq. (28) for par-
described by a fit of the KIM model Eq. (31) for deliquesced 451y geliquesced systems yields the dotted blue model line
particles, and the corresponding hygroscopicity and intery, Fig 4p, A fit of the same equation to the data observed

. O . .
action parametersy, Oa”d“ for LG are given in Table 3. ,,on dehydration (red dotted line) yields an apparent solu-
The best fit value ok, = 0.11 corresponds to a dilute van't bility of C3 = 1335+ 0.01gg™.

Hoff factor close to unity as expected for non—dissociatipg The good agreement with measurement data for NaCl,
molecules (702,9'99’ Eqg. 8) and to a volume-based di- A5 | G and malonic acid shows that the KIM model ap-
lute hygrgscoplcny parameta) = 0.18 (Eq. 7, withoa = yroach is well suited to describe the hygroscopic growth
1.6gcnt). The KIM two-parameter equation fits the exper- 4 stepwise deliquescencelefflorescence transitions of crys-
imental data well as the empirical three-parameter approachyjine inorganic and organic substances as well as the grad-
used in earlier studies (Mikhailov etal., 2009) and much bet- 5 geliquescence/efflorescence of amorphous organic sub-
ter than the more complex UNIFAC model with group in- gances. The KIM model results are also in good agreement
teraction parameters taken from Hansen et al. (1991), whickyiih established reference models (AIM, E-AIM), but the lat-
does not capture the shap? of the measured growth curnvg, syally depend on more parameters and KIM is easier to
(Fig. 3a). The near-unity van't Hoff factor and the small inter-  se for efficient fitting and description of new measurement
action parqmeter reflect n(_aar—|deal solution behavior of lev-y4¢4. Egs. (29) and (31) with the dilute hygroscopicity pa-
oglucosan in agreement with the HTDMA measurement and.ametenc0 and the interaction parameterenable efficient
model results of Mikhailov et al. (2009). description of the RH and solute concentration dependence
of the hygroscopicity of fully deliquesced single-component
systems. Equation (28) enables the description of partially
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Fig. 3. Mass growth factors observed for amorphous levoglucosan (LG) and malonic acid (MA) particles as a function of relative humidity.
Data points: bulk experiments (filled triangles) and EDB experiments (open triangles) of hydration (blue) and dehydration (r@g]) from
Chan et al. (2005) antb) Peng et al. (2001). Model lines: KIM for fully dissolved (fd) particles (Eqg. 31) — black solid; UNIFAC — black
dotted; E-AIM, Clegg et al. (2006) — black dashed.
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Fig. 4. Hygroscopic properties of crystalline malonic acid (MA) particl@g:mass growth factoradm) observed as a function of relative
humidity; (b) mass-based hygroscopicity parameteps)(calculated as a function of mass growth factor (Eq. 10). Data points: micro-Raman
experiments of hydration (blue) and dehydration (red) from Yeung and Chan (2010). Mode(dingslIFAC with interaction parameters

from Peng et al. (2001) — black dotted; KIM fit to micro-Raman data — black solid; KIM with fit parameters from EDB data for amorphous
MA (Fig. 3b) — black dashedb) KIM for fully dissolved (fd) particles (Eq. 29) — black solid; KIM for partly dissolved (pd) particles (Eqg. 28)

— blue dotted upon deliquescence and red dotted upon efflorescence.

deliquesced systems, and Eq. (32) with the equilibrium sol-Brooks et al., 2002), indicating an amorphous state of MA as
ubility Cm, or the apparent solubilit¢§& describes the RH  discussed below. The observed hygroscopic growth of fully
threshold of deliquescence and efflorescence, respectively. deliquesced particles (RH 75 %) is in good agreement with

4.4 Mixed malonic a

AS) with a mole ratio of 1 1 (fya = 0.441; fas = 0.559).

cid and ammonium sulfate

predictions based on the E-AIM (Clegg and Seinfeld, 2006)
and on the E-ZSR model (Clegg et al., 2004).

) ] ] ] Upon dehydration (Fig. 5b), efflorescence was observed
Figure 5 shows the hygroscopic behavior of particles con-gr5nd~ 20% RH. In one of the particles investigated by
sisting of mixed malonic acid and ammonium sulfate (MA- coi and Chan (2002), partial crystallization was observed

at higher RH, but the experiment was likely influenced by

The measurement data are from EDB experiments of Ling.gntaminants (Yeung and Chan, 2010) and the data are not

and Chan (2008) (stars), scanning EDB (SEDB) experi-

included in our study.

ments of Choi and Chan (2002) (open triangles), and Raman Figure 5c shows the mass-based hygroscopicity param-
micro-spectroscopic experiments by Yeung and Chan (2010ters piotted against the mass growth factors observed for
(open squares). Upon hydration (Fig. 5a), the mixed MA-ne mixed MA-AS particles. Then, values were calculated
AS particles exhibit gradual deliqguescence as expected fo[)y inserting the data pairs afm and aw = RH/100% in

mixed crystalline or amorphous substances (Martin, 2000;

g. (10). The observed dependencexgfon G exhibits

Mikhailov et al., 2009). The onset of deliquescence occurredyree different sections labeled (I, Ib, 11, and I1l). These sec-

at much lower relative humidity~30%) than predicted
by the E-AIM (eutonic point at~63% RH, Clegg et al.,
2006) and reported from earlier bulk measurementgl %,

www.atmos-chem-phys.net/13/717/2013/

tions can be classified as different regimes of hygroscopicity
and described by KIM model equations as follows:
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The first section is a “quasi-eutonic deliquescence &
efflorescence regime”, where all substances are just
partly dissolved and exist also in a non-dissolved state
and their aqueous phase concentrations correspond to
apparent solubilities as defined and discussed above
(Sect. 2.3):

In the “quasi-eutonic deliquescence regime” (la), the
linear increase okm with G, starting fromx, = 0 at
Gm =1 can be described by Eq. (26):

_((0 o 0_~ap
Km = ((KMACm,MA +KASCAS)
ap ap ap ap
+ (aMAsASCm,MA Cmas (Cm,MA + Cm,AS))

+ (OlMA (C;‘?MA>3+0!AS (Cfn?m) 3)) (Gm—D(33)

In the “quasi-eutonic efflorescence regime” (1b), the lin-
ear decrease afy, with decreasings,, towardscy, =0
atGm = 1 can be also described by Eq. (33).

. Inthe second section (“gradual deliquescence regime”),

the dependence afy, on Gy can be described by
Eqg. (24), assuming that MA is fully dissolved and that
AS undergoes gradual deliquescence:

2
0 a|
km = Kya fMA +aMA AS (Cm?AS) fva

3
+ (KXSC;?AS +aas (C;?AS) ) (Gm—1)

ama AS faa C;?As
(Gm—1

aMA f|\?;|A
(Gm—1)?

(34)

In the third section (“dilution regime”), the dependence
of km on Gy can be described by Eq. (27), assuming
that both MA and AS are fully dissolved and undergo
reversible dilution but no phase transition (reversible
hygroscopic growth of fully deliquesced substances):

0 0
Km = KA fva +KAszS
N ama AS fMA faS + aMA faa +aas fas

35
(Gm—1)? (39)

groscopicity. Data points: EDB experiments (stars) from Ling and USIng the dilute hygroscopicity and self-interaction poarame-
Chan (2008), SEDB experiments (triangles) from Choi and Chanters determined in single cpmponent experlmer@FA( Kps
(2002), and micro-Raman experiments (squares) from Yeung an&ma, @as; Table 3), we fitted Egs. (33)—(35) to the data

Chan (2010). Model linega, b) KIM — black solid; E-AIM, Clegg

points in Fig. 5¢ and obtained the fit parameters specified in

etal. (2006) — black dashed; E-ZSR, Clegg et al. (2004) — black dot-Table 4. For the cross-interaction coefficieta as we ob-
ted;(c) KIM: quasi-eutonic deliquescence regime — blue solid; grad- tained two independent estimates from the gradual deliques-
ual deliquescence regime — blue dashed; dilution regime — blackence regime (Eq. 34) and from the dilution regime (Eq. 35)

solid; quasi-eutonic efflorescence regime — red solid.

Atmos. Chem. Phys., 13, 7177440, 2013

that agree within statistical uncertainty@.032 vs —0.031).
The apparent solubility of AS in the gradual deliquescence
regime obtained by a fit of Eq. (34§, =0.70gg™?,

is close to the equilibrium solubility of pure crystalline AS
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Table 4. KIM fit parameters for mixed malonic acid — ammonium sulfate particles (MA-AS, mole ratib).]C%?AS and CfrfMA are the
apparent solubilities of ammonium sulfate and malonic acid in the specified hygroscopicity regi@esid fyya are the mass fractions of
ammonium sulfate and malonic acid in the dry particle material ;g As is the cross-interaction paramet‘;ezlandR2 are the number of
data points and the coefficient of determination of each fit over the relevant range of mass growttGiagtor (

Regime Gmrange n R? Fit equation  Input parameter Best fit parametstandard error
Quasi-eutonic deliquescence (la) 1.00-1.04 13 0.58 33 CPas=070ggt  CPa=128+07gg7t

ama As = —0.032
Gradual deliquescence (Il) 1.04-181 70 0.96 34 fma = 0.441 ama As = —0.032+£0.001

cP\s=070£001gg?

Dilution (Il 1.10-468 93 0.19 35 fas =0.559 ama As = —0.031+£0.001

fuma = 0.441
Quasi-eutonic efflorescence (Ib)  1.12-1.0 15 0.84 33 cPua=128ggt CFP\g=036+0.03gg"

amA.As = —0.032

(Cmas =0.76gg %, Table 3). This confirms that the MA- in related studies (Clegg and Seinfeld, 2006; Ling and Chan,
AS patrticles investigated by Choi and Chan (2002), Ling and2008; Tong et al., 2008; Yeung et al., 2009). Upon hydration,
Chan (2008), and Yeung and Chan (2010) contained AS irKIM Egs. (10) and (33) predict a stepwise onset of water ab-
crystalline form. The apparent solubility of MA in the quasi- sorption (quasi-eutonic deliquescence) at 37 % RH in agree-
eutonic deliqguescence regime obtained by a fit of Eq. (34)ment with the experimental data (insert in Fig. 5a). From
is C%’?MA =128gg L, which is close to the apparent solu- the intersect of the gradual deliquescence curve (Egs. 10 and

bility of pure MA (C%,,, =13.3gg%, Table 3). However, ~34) with the dilution curve (Egs. 10 and 35) follows an RH
in contrast to AS, it is an order of magnitude higher than threshold of 74 % for complete deliquescence in agreement
the equilibrium solubility of pure crystalline MA(m ma = with the measurement data and E-ZSR model results (Clegg

1.58 g g1, Table 3) and the eutonic solubility of MA in crys- and Seinfeld, 2006). Upon dehydration, KIM Egs. (10) and
talline MA-AS bulk samples 2%, = 1.25gg%; Brooks (33) predict an efflorescence threshold of 23 % RH in agree-
et al., 2002), which confirms that the MA-AS particles in- ment with the experimental data (insert in Fig. 5b).
vestigated by Choi and Chan (2002), Ling and Chan (2008),

and Yeung and Chan (2010) contained MA in amorphous4.5 Atmospheric aerosol samples

form (apparent solubility enhancement raypma =~ 8).

For the quasi-eutonic efflorescence regime, a fit of Eq. (33)Figure 6a and b show the mass growth factors observed as a
with Crya = 128997 yields CiP,s =0.36ggL, which  function of relative humidity upon hydration and dehydration
is lower than the equilibrium solubility (0.76 gg) and ap-  ©of the atmospheric aerosol samples collected in the tropical
parent solubility (2.44gqt) of pure AS. One possible ex- rainforest of Amazonia near Manaus, Brazil (AMAZE) and
planation of the low value @%PAS obtained for the MA-AS  in the boreal forest region near St. Petersburg, Russia (SPB)
system is partial crystallization of AS in the efflorescence-as detailed in Table 2 and Sect. 3.1. Both samples exhibit
mode experiment (Braban and Abbatt, 2004; Yeung andoradual and fully reversible water uptake similar to the be-
Chan, 2010), which decreases the total concentration of th8avior of amorphous organic substances (Mikhailov et al.,
AS in solution. 2009).

By inserting the hygroscopicity, solubility and interaction ~ From the measurement data displayed in Fig. 6a and b we
parameters from Tables 3 and 4 in Egs. (33), (34), (35) comderived mass-based hygroscopicity parameters as outlined in
bined with Eq. (10), we obtained the KIM model results dis- Appendix C, using Eq. (C2). The corresponding plot&af
played in Fig. 5a and b (solid lines). For the hygroscopicVS- Gm are shown in Fig. 6c for the AMAZE sample and
growth of fully deliquesced particles (aqueous droplets),in Fig. 6d for the SPB sample. In both cases, the observed
the KIM results are in agreement with both the measure-dependence okm on Gm exhibits three distinctly differ-
ment data and the more complex E-AIM and E-ZSR multi- €nt sections or regimes of hygroscopicity. In the first sec-
parameter models (dashed and dotted lines). Moreover, KIMiON (quasi-eutonic regime, ki increases linearly witkm,
can also describe the early stages of water uptake and pha¥#ich can be described by Eq. (26) assuming quasi-eutonic
transitions in a mixture of crystalline inorganic and amor- conditions where multiple solutes co-exist in the partly dis-
phous organic substances, which has not yet been possibﬁé)|Ved state and their aqueous phase concentrations corre-

with the more complex thermodynamic models as discusse§Pond to apparent solubilitie€ ). In the second section
(gradually deliquescent regime, IR exhibits a non-linear
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Fig. 6. Hygroscopic properties of atmospheric aerosol samples from tropical rainforest air (AMAZE) and boreal rural air (SPB, Table 2):

b) mass growth factorsdm) observed as a function of relative humidity compared to K(&;d) mass-based hygroscopicity parameters

(km) calculated as a function of mass growth factor (Appendix C, Eq. C2){@nf) mass based hygroscopicity parametefs)(plotted

against water activity. The data points and error bars (mean vedt@ndard deviation) are from FDHA experiments of hydration (blue
circles) and dehydration (red crosses). The black lines are fits of KIM Egs. (36)—(38). The labels I, Il, and Il indicate different regimes of
hygroscopicity; the borders of the corresponding fit intervals are indicated by gree(e bdks

increase withGy, which can be described by Eq. (23) assum- mospheric aerosol samples consisting of multiple chemical
ing gradual dissolution of multiple water soluble compounds components with unknown molecular structures and proper-
with different solubilities C,‘?&). In the third section (dilute ties. Nevertheless, Egs. (26), (23) and (27) can be re-written
regime, lll), xym decreases with increasing, and becomes as follows to fit the observed dependenciesgfon G, in
concentration-independent at very high valuesGgf. This the different regimes of hygroscopicity:
behavior is analogous to the behavior observed for aqueouRegime | (quasi-eutonic deliquescence/efflorescence):
solutions of pure substances (Fig. 2c, d; Fig. 4b) and it can be
described by Eq. (27) assuming that the water-soluble frackm = k1(Gm — 1) (36)
tion of the aerosol sample is fully dissolved.

The individual physico-chemical parameters involved in

Egs. (23), (26) and (27) are not readily available for at- km—ko-+k3 (Gm—1) +k4(Gm—1)*l+k5(Gm—1)*2 37)

Regime Il (gradual deliquescence/efflorescence):
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Table 5.KIM fit parameters for the atmospheric aerosol samples collected in the Amazon (AMAZE) and in St. Petersburg éSEIR)Z.
are the number of data points and the coefficient of determination of the fit.

Sample Regime Gm n R2 Fit Best fit parameter
range equation =+standard error
AMAZE  Quasi—eutonic deliquescence & efflorescence (I) 1-1.06 14 094 36 k1=057+0.02
Gradual deliquescence & efflorescence (I1) 1.06-3.6 24 098 37 kp=0.098+0.004;k3 = 0.008+ 0.002
kg = —0.082+0.001;k5(ll) =2.7x 1074+ 5x 10~
Dilution (I1) 3.6-9 8 072 38 ks (Ill) = 0.091+0.021;
ke =0.104+0.002
SPB Quasi-eutonic deliquescence & efflorescence (I) 1-1.05 11 0.65 36 k1=0.51+£0.05
Gradual deliquescence & efflorescence (1) 1.05-5.14 11 0.82 37 kp=0.053+0.002;k3=455x103+7.7x10°%
kg=—-147x103455x 1074 ks(I) =1.0x 10 °+3x 107>
Dilution (I1) 514-91 7 010 38 ks (Ill) = 0.079+ 0.062;kg = 0.067+ 0.003
Regime Il (dilution): can be regarded as the dilute hygroscopicity parameter of the

. _2 investigated sample of particulate mattef Y. The other fit
km = ks (Gm—1)"" +ke (38) parameters include interaction coefficients and solubilities.

Herek;to kg are fit parameters related to the solubility and ~ The lines in Fig. 6¢ and d are fits of KIM Egs. (36)—(38) to

interaction coefficients defined in Sect. 2.3: the experimental data, and the corresponding best fit parame-
2 tersky —kg are listed in Table 5. The mostly high coefficients
k1= kg Coit > (C;‘fi) > aiiC of determination R?) confirm that the KIM approach can be
iepd iepd jepd, used to describe the concentration dependence of the hygro-
3 =t scopicity of multi-component atmospheric aerosol samples.
+ Zaii (C;Pi> (39) In spite of _the very different origin of the two myesngated
iepd ' atmospheric aerosol samples, most of the best fit parameter

values were of similar magnitude.

ap \2 0 Figure 6e and f show the hygroscopicity parametgas
ko= (Cm,,») e fi+ Y ki (40)  function of water activity. The data points were obtained by
iepd f;gfj.’ iepd inserting the corresponding pairs 6fn, — km values from

Fig. 6¢c and d in Eq. (10). The model lines were obtained by
inserting Eqgs. (35)—(37) with the fit parameters from Table 5

k3= Z x%icﬂf’i + Z (Cr?fi)z Zaij C;'?j in Eqg. (10). Again the three sections |, Il, and Il reflect differ-
iepd iepd jepd, ent regimes of hygroscopicity. For the quasi-eutonic regime
= (1), the combination of Eq. (10) and Eq. (36) yields a constant
+) ai (C,?u) (41)  water activity value given by = (k1 + 1)~L. This relation
iepd yields the following quasi-eutonic RH values characterizing
the onset of deliquescence: 64 % for the AMAZE sample and
kg — 2N g CP 42 67 % for the SPB sample.
! I-;fl ;; 5Cm.; (42) At and below the quasi-eutonic RH, the observed mass
J>i growth factors are close to unity (Fig. 6a and b). Thus, the
+1 % uncertainty inG, translates inte~ 100 % uncertainty
ks=> f2> aijf (43)  in Gm— 1, which propagates further into large relative un-
iefd  jefd, certainties ofzy as calculated from Eq. (10) (large horizon-
= tal error bars of the data points in the quasi-eutonic regime
of Fig. 6e and f). This issue has already been discussed by
ke =) i fi (44)  Kreidenweis et al. (2008).
iefd The gradual-deliquescence regime (ll) extends up to 96 %

The fit parameteks occurs in both Eq. (37) for regime Il RH for the AMAZE sample and even further up to 99 % RH
and Eq. (38) for regime Ill. Note, however, that the fit pa- for the SPB sample. Gradual deliquescence over an extended
rameter values ofs can differ between regimes Il and I, range of RH is typical for mixed multi-component particles
because the number of species in the aqueous phase can that begin to take up water vapor at a eutonic RH value and
different upon deliquescencés(ll)) and under dilute con- ~ continue to grow with increasing RH up to full dissolution of
ditions &s(111)). According to Eq. (17), the fit parametég
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80

all particle components (Wexler and Seinfeld, 1991; Martin
et al., 2000; Clegg et al., 2001; Mikhailov et al., 2009).

In the dilution regime (llIl), the characteristic decrease of
km With increasingay is relatively steep for the AMAZE
sample (dlrm/dInay, = 4) and rather small for the SPB sam-
ple (dinem/dinay = 0.5). The steep slope reflects a high
value of the fit parameteks(lll), which in turn indi-
cates strong interaction between the solute molecules in 309 \aci 1
the AMAZE sample consisting mostly of SOA and small 201 (a) \,\%\
amounts of inorganic ions~(10-20 %) (Eq. 40, Table 5)

(Martin et al., 2010; Bschl et al., 2010). 02 04 06 08 10 12
Supersaturation, S, (%)

—KIM
- - - AP3, Rose et al. (2008)
Raymond and Pandis (2002)

704

Giebl et al. (2002) i
Corrigan and Novakov (1999)
Kreidenweis et al. (2005)
Rose et al. (2008)

604 o
[ ]
50 °

40

Critical diameter, D, , (nm)

4.6 Closure between hygroscopic growth and CCN
140

activation T e
5 120 - - - AP3, Rose at al. (2008)

In this section we test the applicability of our mass-based 8 . gfgggpglé&dogg)”d‘s (2002)
hygroscopicity parameter interaction model and FDHA data Q1004 @ Corrigan and Novakov (1999)
for closure between hygroscopic growth and CCN measure- % 80 R a0,
ments. We used the dilute hygroscopicity parameters ob- £
tained with KIM Eq. (29) (Table 3) and Eq. (44§ = ks, 5 0
Table 5) to predict the conditions of CCN activation. To S 404 AS
calculate critical dry diameters of CCN activatio®) b= (b)
as a function of water vapor supersaturatidi,)(we in- © W,
sertedc? in the simplified Kohler model (Eq. 15) usingy = " Supersaturation, S, (%)
1.0gcnt3, pg = 2.165g cnt 3 for NaCl, pg = 1.769 g cnm3 v
for AS. For the AMAZE sample an approximate average 250
density of 1.3gcm?® was estimated based on Eq. (7) using €
the volume-based hygroscopicity = 0.132 (Gunthe et al., 5; 200 Te o et (2009)
2009, Table 2, CCN retrieved) ang}, = k¢ = 0.104 (Table s '
5). A density of 1.5gcm? was used for the SPB sample o
(Virtanen et al., 2006). g ™

Figure 7a and b show the relationship between the critical %
dry diameter of CCN activation and water vapor supersatu- S 1004
ration for NaCl and AS particles predicted with KIM. For § AMAZE
comparison the relationship is also calculated based on a full S 501 (c)
Kohler model (Kohler model AP3 of Rose et al., 2008) us- 0.2 0.4 0.6 0.8 10
ing the AIM for the parameterization of the water activity. Supersaturation, S, (%)

The two model lines agree well with each other and show

only small differences (4 % &t = 0.3 % for NaCl and 5 % at Fig. 7. Critical dry diameters of CCN activation for sodium chloride

S =1.2% for AS). These differences are still much smaller (NaCl), ammonium sulfate (AS) and atmospheric aerosol samples
than the differences between several experimental data ofAMAZE) as a function of water vapor supersaturation according
tained from direct CCN measurements (Raymond and Pant-o Kdhler theory. Solid lines are KIM model predictions based on
dis, 2002; Giebl et al., 2002: Corrigan and Novakov. 1999_FDHA measurement results% inserted in Eqg. 15)(a, b) Predic-

. tions for NaCl and AS are compared against a detailed reference
ROS(_E et al.,. 2008) or derived from HTDMA measurementsmodel (dashed lines: AIM/AP3, Rose et al., 2008) and literature
(Kreidenweis et al., 2005).

data from HTDMA measurements (Kreidenweis et al., 2005) or di-
Figure 7c shows the relationship between the critical dryyect cCN activation measurements (other studig)Predictions

diameter of CCN activation and water vapor supersaturafor the Amazonian aerosol sample (AMAZE) are compared against

tion for atmospheric aerosol particles predicted with KIM. CCN measurement data recorded while the filter sample was col-

For the AMAZE sample, the model predictions are in good lected (arithmetic meas- standard deviation). The gray shaded

agreement with the results of size-resolved CCN measurearea denotes the uncertainty range of prediction related to parti-

ments (Gunthe et al., 2009) averaged over the same periogle density: center line assumipg = 1.3g cn3, top bound with

as the filter sampling time (Table 2). The KIM model line Pd= 1.0gcn® and low bound wittpg = 1.6 g cnm >,

falls within the error bars (standard deviations) of the exper-

imental data points. The grey shaded area around the model

line shows that uncertainties in particle density have limited
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Table 6. CCN parameters for the reference salt samples (NaCl4{p$0,) and for the atmospheric aerosol samples (AMAZE, SR%).
(= kg) is the dilute hygroscopicity parameter (Eq. 44y,is the particle densitys is the scaling parameter amd ¢ is the dry activation
diameter calculated from Eq. (15) for water vapor supersaturatiynsdf 0.2 % and 0.8 %.

Sample K pd B Dyc(nm)  Dyc(nm)
(gecm3) (m1 Sy=02% Sy=08%
NaCl 0.68  2.165 21.09 618 24.9
(NHg)»S04 (AS) 032 1.769 28.87  84.6 34.1
AMAZE 0.104 1.3 4663  136.3 54.10
SPB 0.067 1.5 51.52  150.6 59.8

influence on the prediction of critical dry diameters for CCN  Equations (6)—(10) define the mass-based hygroscopicity
activation: relative variations gfy (1.3+0.3gcnt3) leadto ~ parametekm, which is equivalent to the volume-based hy-
relative variations oft~ 6 % in the dry activation diameter. groscopicity parameter introduced by Petters and Kreiden-
For the SPB sample no CCN measurement data were availweis (2007) but independent of deviations from volume ad-
able, but the lower value af®, (—35 % relative to AMAZE) ditivity. Equations (12)—(15) describe a simplétder model
implies higher activation diameter values¥0 % relative to  in which x, can be used to predict the particle critical diam-
AMAZE; Table 6). eter for activation to a cloud droplet.

Overall, Fig. 7 demonstrates that the mass-based hygro- In Egs. (16)-(24) we develop any-interaction model
scopicity interaction model (KIM) is well-suited to link hy- (KIM) that combines a dilute hygroscopicity parameter with
groscopic growth measurement data to CCN measuremeradditional self- and cross-interaction parameters describing
data. The good agreement can be explained by the fact thaton-ideal solution behavior and concentration dependencies
the parameter valuey = «2 inserted in Eq. (15) represents of single- and multi-component systems. For specific condi-
the dilute hygroscopicity, which captures the characteristicgions, the main model equation (Eg. 23) can be reduced to
of water uptake by dilute solution droplets as formed uponsimplified versions (Egs. 26-27).

CCN activation. For particles consisting of a single organic or inorganic
solute (MA, LG, NaCl, AS), Egs. (28)—(31) provide a sim-

) ple two-parameter approach (dilute hygroscopicity and self-

5 Summary and conclusions interaction) that yields a good fit to experimental data and

. . . is in agreement with more complex multi-parameter refer-
In this manuscript, we present a mass-based hygroscopic=

. . o ence models (AIM, E-AIM; Figs. 2—4). Binary mixtures of
ity parameter model approach for efficient description of . . . X

. . _organic and inorganic solutes (MA-AS) are described by Eqs.
concentration-dependent water uptake by pure and mixe

particles including multi-component atmospheric aerosols. 33)—(35) with five parameters (dilute hygroscopicities, self-

. : “and cross-interactions) providing a good fit to experimental
It can be directly used for the analysis of water uptake ex data. Compared to established reference models (E-AIM, E-

periments measuring the mass of absorbed water: eIectrod)ZSR) the KIM approach agrees for fully deliquesced parti-

namic balance (EDB), particle mass analyzer (Khalizov etcles and is actually better suited for partially dissolved parti-
al., 2009), microbalance (Hatch et al., 2008), micro-RamanCIeS (gradual deli yuescence Ei 5)ptakinyinto accoul?\t ap-
spectroscopy (Yeung and Chan, 2008), and filter-based tech- g q : 119- 9), g b

! A i . parent or equilibrium solubilities.
::g:ezso(ol\gl)khanov etal, 2011; Speer et al., 2003; Lee and By application of KIM to FDHA measurement data of at-

The KIM framework enables the analysis and prediction mospheric aerosol samples, we can distinguish three differ-

. . . _ent regimes of hygroscopicity: (I) a quasi-eutonic regime at
of the hygroscopic growth and phase transitions of partlclesbw_hL?mi dity (< ng% IgH) zvrsezre '?he solutes co-e?dst in
with complex chemical composition. It can be applied to sys- : ) .

O . ) . .aqueous and solid phases (Eq.36); (II) a gradual deliques-
tems containing organic and inorganic compounds that are in . ; ) . 0
amorphous and metastable states cence regime at mtermedlate humidity 70% to ~9§—

' 99 % RH) where different solutes undergo gradual dissolu-
tion in the aqueous phase (Eq. 37); and (1) a dilute regime at
high humidity & ~ 96—99 % RH) where the solutes are fully
dissolved approaching their dilute hygroscopicity (Eq. 38).

In each of these regimes, the concentration dependence of
km can be described by simplified model equations (Egs. 36—
38) based on observable mass growth factors and a total of

only six fit parameterskq — kg) summarizing the combined
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effects of the dilute hygroscopicity parameters, self- andThe derivation of Eq. (A3) yields
cross-interaction parameters, and solubilities of all invoIveddlns p 14 1/3
chemical components. The parametgrdetermined by fit-  ——= = —% — = — (p_w)
ting of Eq. (38) to hygroscopic growth data obtained in the 4Gm qm 3 Dy ~d _
dilute regime at high humidity represents the dilute hygro- To determine the maximum of Eq. (A3), Eq. (A4) is set to
scopicity of the aerosokf) and can be used to predict CCN zero, and the critical value @ mis calculated:
activation diameters as a function of water vapor supersatu;|n s P 1A 1/3
. . . . w m Pw
ration. For sodium chloride and ammonium sulfate referenceT =Gz~ 3Dg ( )
particles as well as for pristine rainforest aerosols consisting y m
mostly of secondary organic matter, we obtained good agreeGm '~ =0
ment between the KIM predicted critical dry diameters and 3cmDa \ Y2 [ pg \ Y2
directly measured dry particle activation diameters. m.c = A -
Pw
We are not aware of any other model that would be able - . . .
. . . . To get the critical water vapor saturation ratio of CCN acti-
and has been applied to describe the different regimes of hy- ~ . ) . )
L : vation, sy, ¢, we substitute Eq. (A5) into Eq. (A2):
groscopicity observed in our FDHA measurements and out- ’
lined above. The application of KIM and mass-based mea- _ Km Pw V2 4 Ow /3
surement techn_iques shall help to bridge gaps .in the cur-1sw.c =~ 3emDg 32 E Fd
rent understanding of water uptake by atmospheric aerosols: A
(1) the gap between hygroscopicity parameters determine 3w D\ 32 1727-1/3 A \¥2 172
by hygroscopic growth measurements under sub-saturate (M) (ﬁ> } :<7> (&W> (Bkm) Y2
conditions and by CCN activation measurements at wate Pw Dy pd
vapor supersaturation, and (2) the gap between the results / 4 \3/2 ow 1/2
() s (2) -

(A4)

pd

(AS)

£d

of simplified single parameter models widely used in atmo-—

spheric or climate science and the results of complex multi- 32 12

parameter ion- and molecule-interaction models frequently_ (i) (PW> (3/<m)*1/2 [1_ K_m]
Dq

od

used in physical chemistry and solution thermodynamics. od 3km

It follows,

. 2 2
Appendix A INsw.c = 2(A ¥ pw \Y
"7 3\ Dy 3Kmpd
Critical supersaturation and dry diameter of CCN or
activation B 3/2 1/27
2/ A

Sw,c = €Xp| 5 <_> ( Pu ) (A6)

To calculate the critical values of water vapor supersaturation _3 Dqg 3icmd

and particle dry diameter, KIM (Eq. 12) can be rewritten as Transforming Eq. (A6) considering that ~ x -+ 1 for small

follows: x leads to
-1 1/3 r 3/2 1/27
Km A Pw . 2( A Ow
= 1) exp| — with =exp| = | —
W <Gm—1+ ) p<Dd [PdGm} ) hwe p_3<Dd> (3Kmpd) |
dow M 2/ A\32 1/2
A= RV; LY (A1) =Z(= +1 (A7)
Pw 3\ Dy 3kmpod
Taking the logarithm of Eqg. (Al) and considering Combining Eq. (A7) withSy (%) = (sw — 1) - 100% yields:
In(x + 1) ~ x for smallx yields: 2/ A \32 1/2
» 13 Sw (%) = = (= Pw x 100% (A8)
Ins —In< m +1) i[ p } 3\ Dd Scmpd
W Gm—1 Dqg | 0dGm Further transformation of Eq. (A8) yields the critical dry di-
Km AT pw T3 ameter of CCN activationDy,c:
() * s s
Gm—1 Dq | pdGm b 100%A3/22 ow 1/2 2/3
Km A Pw 13 de= Sw 3 <3Km/0d)
N — + = (A2)
Gm—1 Dg[pdGm 10096\%3 /2\23 1 pu \13
For dilute solutionsGm — 1~ G leads to =A Sw 3 3Kmpd
Iy = —m A _pw T (A3) IPYVENR R
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or
Dac=Bx Su> (A9)

1/3 -2/3
— 4 _p 1
wheref = A (2—7Kmvlv)d) (100%> .

Appendix B

Relations between KIM, the osmotic coefficient and the
extended ZSR model approach for multicomponent solu-
tions

The water activity and the osmotic coefficienof a multi-

735

Equation (B2) can be combined with Eq. (21) to obtain
the respective expression for total mass of water based on the
KIM :

My =

Ay o .
mqg E Km.iCm,i + E E oijCm,iCm,j
1—ay - ’ —/ L—
i i j>i
2
+) aiicm,i)
i

Equation (B5) and Eq. (B6) demonstrate the basic differences
between KIM and ZSR models.

In the KIM one cross interaction parameteuss; { is used
for every pair of solute, while in the ZSR model three em-

(B6)

component solution are related by the expression (Clegg epirical fit parameters are taken into account. It should also

al., 2001)
d.on;

J
my

Naw = —Mud Y 1j=—Mug : (B1)
j

where the summation goes over the molality or mole

numbern; of all solute species (ions and molecules). From

the definition ofcy, (Eq. 6) follows:

1 (1-ay) 1
mW_ Ay Kmhid

(B2)

Inserting the right-hand side of Eqg. (B2) into Eq. (B1) and

re-arranging Eq. (B2) relative tay, we obtain explicit rela-

tion between mass-based hygroscopicity parameter and regs, =

ular osmotic coefficient:

My, (A —aw
My

where Mg =mq/) n; is the effective molecular mass of

(B3)

Km = s
awlnaw

J
mixed dry particle.
For dilute solution the term(1-— aw)/(awlnaw) ap-
proaches-1 and Eq. (B3) reduced to

(B4)

Equation (B4) shows that the dilute hygroscopicit, is

simply the osmotic coefficient of solution scaled by the ratio

of the molar masses of water and solute.

In case of a multicomponent system the extended ZSR ex

pression for the total mass of water at water activity, is

given by the relation (Kirgintsev and Luk’yanov, 1966; Clegg

etal., 2003):

mw=Zw?+ (an) ZZXin <A1Q,j + A}j)»ij+Bijaw>v(Bs)

i j>i

Wherewi0 mass of water in pure solution of solutet wa-

ter activity ay, n; is the number of moles of specigs
X = n,-/zin,- is the dry mole fraction of a solute (simi-
larly for x;), and alsdv;; =n; / (n; +n;), A®, A andB are
the empirical fit parameters for mixture.

www.atmos-chem-phys.net/13/717/2013/

be mentioned that in the extended ZSR model the concentra-
tion effect of pure solution of the solute is not considered.
The terme? in Eq. (B5) assumes semi-ideal behavior

1
where every solute may interact with the solvent but not with
each other (Stokes and Robinson, 1966). The KIM contains
the self-interaction coefficieng(;), which takes into account
these pair interactions.

That is important for hygroscopic modeling in highly con-
centrated (supersaturated) solutions both for pure and for
mixed particles.

From Eq. (B2), Eq. (B5) the explicit relationship between
KIM and the extended ZSR model can be obtained
l—ay 1

— (B7)
aw Mg
(Z w?—i— (an> ZZX,’XJ' (Agj + Ailj)»ij + B,-jaw>>
i ; T i
Appendix C

Kelvin correction

In this study submicron polydisperse aerosols were sampled
and analyzed with the FDHA method. When calculating
from the hygroscopic growth of polydisperse particles the
Kelvin effect has to be taken into account. Therefore, the fol-
lowing iterative procedure was utilized to calculatge

The initial <" was determined from Eq. (C1) (equivalent
to Eq. 10) at a given relative humidity,, and mass growth
factor,Gm:

. 1
K;Q't = (a — 1) (Gm—1) (under assumption that (C1)

sw = aw, i.e., without Kelvin effec}

Based on Eqg. (12) including the Kelvin effeef; can be writ-
ten as

1/3
Aow My
exp(RT,Owa,i I:Pd/();wmj:l >
Km = p -1 (Gm,l’ — 1) . (CZ)
w
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