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Abstract

In this study we derive and apply a mass-based hygroscopicity parameter interaction
model for efficient description of concentration-dependent water uptake by atmospheric
aerosol particles. The model approach builds on the single hygroscopicity parameter
model of Petters and Kreidenweis (2007). We introduce an observable mass-based5

hygroscopicity parameter κm, which can be deconvoluted into a dilute intrinsic hygro-
scopicity parameter (κm,∞) and additional self- and cross-interaction parameters de-
scribing non-ideal solution behavior and concentration dependencies of single- and
multi-component systems.

For sodium chloride, the κm-interaction model (KIM) captures the observed concen-10

tration and humidity dependence of the hygroscopicity parameter and is in good agree-
ment with an accurate reference model based on the Pitzer ion-interaction approach
(Aerosol Inorganic Model, AIM). For atmospheric aerosol samples collected from bo-
real rural air and from pristine tropical rainforest air (secondary organic aerosol) we
present first mass-based measurements of water uptake over a wide range of relative15

humidity (1–99 %) obtained with a new filter-based differential hygroscopicity analyzer
(FDHA) technique. By application of KIM to the measurement data we can distinguish
three different regimes of hygroscopicity in the investigated aerosol samples: (I) A
quasi-eutonic regime at low relative humidity (.60 % RH) where the solutes co-exist in
an aqueous and non-aqueous phase; (II) a gradually deliquescent regime at interme-20

diate humidity (∼60 %–90 % RH) where different solutes undergo gradual dissolution in
the aqueous phase; and (III) a dilute regime at high humidity (&90 % RH) where the
solutes are fully dissolved approaching their dilute intrinsic hygroscopicity. The charac-
teristic features of the three hygroscopicity regimes are similar for both samples, while
the RH threshold values vary as expected for samples of different chemical composi-25

tion.
In each regime, the concentration dependence of κm can be described by a simple

KIM model equation based on observable mass growth factors and six fit parameters
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summarizing the combined effects of the dilute intrinsic hygroscopicity and interaction
parameters of all involved chemical components. One of the fit parameters represents
κm,∞ and can be used to predict CCN activation diameters as a function of water
vapor supersaturation. For sodium chloride reference particles as well as for pristine
rainforest aerosols consisting mostly of secondary organic matter, we obtained good5

agreement between the predicted and measured critical diameters of CCN activation.
The application of KIM and mass-based measurement techniques shall help to

bridge gaps in the current understanding of water uptake by atmospheric aerosols:
(1) the gap between hygroscopicity parameters determined by HTDMA (hygroscopic-
ity tandem differential mobility analyzer) or FDHA measurements under sub-saturated10

conditions and by CCN measurements at water vapor supersaturation, and (2) the gap
between the results of simplified single parameter models widely used in atmospheric
or climate science and the results of complex multi-parameter ion- and molecule-
interaction models frequently used in physical chemistry and thermodynamics (AIM,
E-AIM, UNIFAC, AIOMFAC etc.).15

1 Introduction

The interaction of aerosol particles with water vapor is among the central issues of
current research in atmospheric and climate science, and numerous studies have in-
vestigated the hygroscopicity of aerosol particles and their ability to serve as cloud
condensation nuclei (CCN). Köhler theory is the main tool to describe the hygroscopic20

growth of particles as a function of relative humidity (e.g., Pruppacher and Klett, 2000;
Seinfeld and Pandis, 2006), and various types of Köhler models have been developed
and applied for the analysis of laboratory and field measurement results as well as
in numerical models of the atmosphere and climate (e.g., Junge and McLaren, 1971;
Fitzgerald, 1973; Shulman et al., 1996; Kulmala et al., 1997; Laaksonen et al., 1998;25

Raymond and Pandis, 2003; Bilde and Svenningsson, 2004; Mikhailov et al., 2004;
Huff-Hartz et al., 2005; Kreidenweis et al., 2005; Topping et al., 2005; Svenningsson
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et al., 2006; Fountoukis and Nenes, 2007; Petters and Kreidenweis, 2007; Rose et al.,
2008; Mikhailov et al., 2009; Ruehl et al., 2010; Metzger et al., 2011; and references
therein).

A central aim of hygroscopicity measurements and studies that discuss different as-
sumptions for parameters used in the Köhler equation is to relate the critical supersat-5

uration of CCN activation to the hygroscopic growth factors observed at subsaturated
conditions (e.g., Rissler et al., 2004; Kreidenweis et al., 2005; Mochida et al., 2006;
Petters and Kreidenweis, 2007; Wex et al., 2008; Gunthe et al., 2009; Petters et al.,
2009; Good et al., 2010a,b; Irwin et al., 2010; Roberts et al., 2010; Cerully et al.,
2011; Duplissy et al., 2011; Fors et al., 2011). For this purpose, Petters and Krei-10

denweis (2007) proposed a single-parameter Köhler model where the hygroscopicity
parameter κ provides a volume-based measure of aerosol water uptake characteris-
tics and CCN activity. For water soluble organic and inorganic compounds, the relative
differences between κ values derived from CCN and growth factor measurements are
usually less than 30 % and can be explained by non-ideal behavior of concentrated15

solutions (e.g., Wex et al., 2008; Mikhailov et al., 2009). For particles containing spar-
ingly soluble compounds, however, the differences can increase by a factor of 5 or more
(Petters and Kreidenweis, 2007). To bridge the gap between κ values observed under
subsaturated and supersaturated conditions, Petters and Kreidenweis (2008) proposed
a pseudo-two-component κ-Köhler model where sparingly soluble compounds gradu-20

ally enter the solution with increasing dilution and relative humidity. The practical appli-
cability of volume based hygroscopicity models, however, is often limited by deviations
from volume-additivity and by the effects of capillary condensation and restructuring of
porous and irregularly shaped particles (e.g., Krämer et al., 2000; Colberg et al., 2004;
Mikhailov et al., 2004; Gysel et al., 2004; Marcolli and Krieger, 2006; Sjogren et al.,25

2007; Zardini et al., 2008; Mifflin et al., 2009; Mikhailov et al., 2009; Wang et al., 2010;
Smith et al., 2011).

In this study we introduce a mass-based hygroscopicity parameter κm building on the
single hygroscopicity parameter of Petters and Kreidenweis (2007), and we develop a
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κm-interaction model (KIM) to describe non-ideal solution behavior and concentration
dependencies of single- and multi-component systems. We demonstrate that the KIM
approach can capture and reproduce the characteristics of water uptake by pure refer-
ence substances as well as atmospheric aerosol samples under sub- and supersatu-
rated conditions.5

2 Theory

2.1 Volume-based hygroscopicity parameter κ

The Köhler theory relates the water vapor saturation ratio (sw =RH/100 %) to the water
activity (aw), the partial molar volume of water (V w), the surface tension (σ), and the
diameter (D) of a spherical aqueous droplet under equilibrium conditions (e.g., Prup-10

pacher and Klett, 2000; Seinfeld and Pandis, 2006):

sw =aw exp

(
4σV w

RT D

)
(1)

where R is the universal gas constant and T is the temperature. Note that all symbols
frequently used in this manuscript are also explained in Table 1.

According to Petters and Kreidenweis (2007), the hygroscopic growth of aerosol15

particles can be efficiently approximated by a simplified version of Eq. (1), the so-called
κ-Köhler equation:

sw =awexp
(

4σwMw

RT ρwD

)
=

(
κ

G3
D−1

+1

)−1

exp
(

4σwMw

RT ρwGDDd

)
(2)

Here Mw, σw, and ρw are the molar mass, surface tension, and density of pure wa-
ter, respectively. The diameter growth factor GD is defined as the ratio between the20
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volume equivalent diameters of the aqueous droplet and of the dry aerosol particle
(GD =D/Dd).

The hygroscopicity parameter κ relates the volume of the dry aerosol particle (Vd) to
the volume of water (Vw) and the activity of water (aw) in the aqueous droplet:

1
aw

=1+κ
Vd

Vw
(3)5

aw =

(
κ

G3
D−1

+1

)−1

(4)

Equations (2)–(4) are commonly used to determine effective hygroscopicity parameters
from HTDMA and CCN measurements (e.g.: Petters and Kreidenweis, 2007; Petters et
al., 2009; Gunthe et al., 2009; Mikhailov et al., 2009; Carrico et al., 2010; Rose et al.,
2010, 2011; Duplissy et al., 2011 and references therein). In the analysis of laboratory10

and field measurement data it is often assumed that measured mobility equivalent di-
ameters (D, Dd) can be regarded as volume equivalent diameters, and that the volume
of the aqueous droplet is a linear addition of the dry particle volume and the volume
of the amount of water taken up into the wet particle (V = Vd +Vw; “volume additivity
assumption”). The limitations of these assumptions for HTDMA and CCN experiments15

have been outlined and discussed in earlier studies (e.g., Krämer et al., 2000; Gysel
et al., 2002; Rose et al. 2008; Mikhailov et al., 2004, 2009; and references therein).
Depending on aerosol particle sources and properties, the deviations from ideality can
range from a few percent up to a factor of 2 or more.

For an individual solute (i ), the hygroscopicity parameter can be related to the molar20

mass (Mi ), density (ρi ), and the van’t Hoff factor or effective dissociation number (Ji )
of the solute:

κi = Ji
ρi/Mi

ρw/Mw

(5)
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Thus, κi can be regarded as an effective molar density of ions or molecules in the
solute normalized by the molar density of water (ρw/Mw ≈55 mol L−1), which has been
designated as “effective Raoult parameter” or “intrinsic hygroscopicity” of the solute
(Mikhailov et al., 2009; Sullivan et al., 2009).

In concentrated solutions, κi is usually concentration-dependent (Mikhailov et al.,5

2009), but under dilute conditions it approaches a substance-specific fixed value which
we designate as the “dilute intrinsic hygroscopicity”, κi ,∞. This parameter is easy to
calculate from tabulated values of Ji for dilute aqueous solutions, and it can be used
as a basis for describing the concentration dependence of hygroscopicity parameters
as detailed below (Sect. 2.3).10

2.2 Mass-based hygroscopicity parameter κm

In analogy to the volume-based hygroscopicity parameter (Eq. 3), we define a mass-
based hygroscopicity parameter κm:

1
aw

=1+κm
md

mw
(6)

where md is the mass of the dry particle material and mw is the mass of water in the15

wet particle (aqueous droplet).
From Eqs. (3) and (6) follows

κm = κ
ρw

ρd
(7)

where ρd is the effective density of the dry particle material. Thus, the knowledge of
ρd enables conversion of κ into κm and vice versa. On the other hand, independent20

measurements of κ and κm enable the determination of ρd.
The mass-based dilute intrinsic hygroscopicity, κm,i,∞, follows from Eqs. (5) and (7);

it is simply the van’t Hoff factor (Ji ) scaled by the ratio of the molar masses of water
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and solute:

κm,i,∞ = Ji
Mw

Mi
(8)

By defining the mass growth factor Gm as

Gm =
mw+md

md
(9)

and combining Eqs. (9) and (6) we obtain5

aw =
(

κm

Gm−1
+1
)−1

(10)

The mass-based relation between water activity and particle hygroscopicity specified
in Eq. (10) is equivalent to the volume based formulation in Eq. (4). Due to mass con-
servation, however, the practical applicability of Eq. (10) and the precision of related
parameters determined in mass-based experiments is not affected by deviations from10

spherical geometry and volume additivity that usually limit the applicability and preci-
sion of volume-based parameters determined in mobility diameter-based HTDMA and
CCN experiments (e.g.: Krämer et al., 2000; Gysel et al., 2002, 2004; Rose et al.,
2008; Mikhailov et al. 2004, 2009; Wang et al., 2010; and references therein).

The mass-based definition of the hygroscopicity parameter κm (Eq. 6) avoids a com-15

plication that occurs in the volume-based definition of κ (Eq. 3): the theoretical dis-
tinction and practical determination of specific volume vs. partial specific volume (alias
molar vs. partial molar volume) of water and solute in a solution droplet. This distinc-
tion had not been addressed and specified in the original volume-based definition of
κ (Petters and Kreidenweis, 2007), but it is relevant in systems where the volumes of20

mixed components are not linearly additive.
If the densities of the dry solute and of the solution are known, the masses of dry par-

ticles and aqueous droplets can be easily converted into volume equivalent diameters:
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D3
d =6md/(πρd), D3 =6Gmmd/(πρ), and D=Dd

(
Gmρd/ρ

) 1
3 , where ρ is the density of

the aqueous solution droplet. For dilute aqueous solution droplets with ρ ≈ ρw follows

D=Dd

(
Gm

ρd

ρw

) 1
3

(11)

By inserting Eqs. (10) and (11) in Eq. (2), we obtain an approximate mass-based κm-
Köhler equation:5

sw =
(

κm

Gm−1
+1
)−1

exp

(
4σwMw

RT ρwDd

[
ρw

ρdGm

] 1
3

)
(12)

The critical mass growth factor (Gm,c) and the critical water vapor saturation ratio (sw,c)
for the CCN activation of an aerosol particle with dry diameter Dd and hygroscopicity
κm correspond to the maximum value of sw according to Eq. (12) (dsw/dGm =0):

Gm,c =
(

3κmDd

A

) 3
2
(
ρd

ρw

) 1
2

(13)10

sw,c =exp

(
2
3

[
A
Dd

] 3
2
[

ρw

3κmρd

] 1
2

)
(14)

with

A=
4σwMw

RT ρw

Exponential series expansion, cancellation of higher order terms, and rearrangement
of Eq. (14) lead to the following approximate relation between the critical dry diameter15

Dd,c and the supersaturation of CCN activation (Sw = (sw−1) ·100%):

Dd,c =A ·
(

4ρw

27κmρd

) 1
3
(

Sw

100

)− 2
3

=β ·S− 2
3

w (15)
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with

β=A ·
(

4ρw

27κmρd

) 1
3
(

1
100

)− 2
3

2.3 Hygroscopicity parameter interaction model (KIM)

In analogy to Petters and Kreidenweis (2008, Eq. 10), the mass-based hygroscopicity
parameter of a multi-component particle can be approximated by a simple mixing rule5

that builds on the Zdanovskii-Stokes-Robinson (ZSR) approach (Stokes and Robinson,
1966; Seinfeld and Pandis 2006):

κm =
∑
i

fi κm,iH
(
ym,i
)

(16)

H
(
ym,i
)
=
{
ym,i if ym,i <1 (partly dissolved)
1 if ym,i ≥1 (fully dissolved)

10

ym,i = (Gm−1)Cm,i/fi
Here fi is the dry mass fraction of the solute component i , Cm,i is the solubility of the
solute in water (mass of dissolved compound i per unit mass of water under equilibrium
conditions), and H

(
ym,i
)

is the relative fraction of component i that is actually dissolved
in the aqueous phase. Accordingly, water insoluble components with κm ≈ 0 do not15

contribute to the overall particle hygroscopicity. For completely dissolved particles, all
values of ym,i equal unity, and κm is given by the simple relation

κm =
∑
i

fi κm,i (17)

Note that in Eqs. (16) and (17) the hygroscopicity parameters of individual chemical
components κm,i are weighted by the corresponding mass fractions, fi , which are usu-20

ally easier to determine than volume fractions. Due to the difficulties involved in ob-
taining correct density estimates for mixtures of organic and inorganic compounds in
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atmospheric aerosol particles, many recent studies applying a hygroscopicity parame-
ter mixing rule used mass fractions as a proxy for volume fractions (e.g., Kreidenweis
2008; Gunthe et al., 2009, 2011; Pringle et al., 2010; Rose et al., 2011).

In the highly dilute solution droplets usually formed at high RH and upon CCN acti-
vation, the hygroscopicity parameters of individual solute components (κm,i ) approach5

the dilute-intrinsic hygroscopicity values κm,i ,∞ that can be estimated using Eq. (8) and
inserted in Eq. (16) or Eq. (17), respectively.

In the highly concentrated solutions formed at low RH, however, the hygroscopicity
of aerosol particles does not always follow the simple ZSR approach (ideal mixing).
Interactions between solute ions and molecules can lead to either higher or lower sol-10

ubilities and hygroscopicity parameters as compared to single-component and dilute
solutions (Marcolli et al. 2004; Marcolli and Krieger, 2006; Mikhailov et al., 2009).

To describe the non-ideal behavior of concentrated solutions, we propose a hygro-
scopicity parameter interaction model, briefly κm-interaction model (KIM), that com-
bines dilute intrinsic hygroscopicity parameters with additional terms of cross- or self-15

interaction between molecular and ionic species:

κm =
∑
i

Km,i (18)

where the mass-weighted hygroscopicity parameter Km,i for each component is defined
by

Km,i =

{(
κm,i ,∞+δκm,i j +δκm,i i

)
(Gm−1)Cm,i if (Gm−1)Cm,i < fi (partlydissolved)(

κm,i ,∞+δκm,i j +δκm,i i
)
fi if (Gm−1)Cm,i ≥ fi (fullydissolved)

(19)20

Here δκm,i j and δκm,i i are defined as incremental hygroscopicity terms accounting
for cross- and self-interactions of molecular and ionic species, respectively. In anal-
ogy to other physico-chemical parameters of atmospheric aerosols and aqueous so-
lution droplets (Finlayson-Pitts and Pitts, 2000), the concentration dependence of the
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incremental terms δκm,i j and δκm,i i can be described by:

δκm,i j =cm,i
∑
j 6=i

αi jcm,j

δκm,i i =αi ic
2
m,i

(20)

Here αi j and αi i are cross- and self-interaction coefficients, respectively; cm,i and cm,j
are the mass concentrations of individual components (i ,j ) in the aqueous solution ex-
pressed here as mass of solute per unit mass of water. Depending on the nature of5

solute interaction, the interaction coefficients and the resulting incremental hygroscop-
icity terms can assume positive or negative values.

The mass concentration cm,i can be calculated either from the solubility Cm,i (if com-
ponent i is only partially dissolved) or from the dry mass fraction fi (if component i is
fully dissolved):10

cm,i =

{
Cm,i if (Gm−1)Cm,i < fi

fi/(Gm−1) if (Gm−1)Cm,i ≥ fi
(21)

For a particle consisting of an aqueous phase (aq) and a non-aqueous phase (na),
Eqs. (18) to (21) can be combined into:

κm =
∑
i∈na

κm,i ,∞+Cm,i

∑
j∈aq,
j 6=i

αi j
fj

Gm−1 +
∑
j∈na,
j 6=i

αi jCm,j

+αi iC
2
m,i

(Gm−1)Cm,i+

∑
i∈aq

κm,i ,∞+ fi
Gm−1

∑
j∈aq,
j 6=i

αi j
fj

Gm−1 +
∑
j∈na,
j 6=i

αi jCm,j

+αi i
f 2
i

(Gm−1)2

fi

(22)
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where

i ∈na, if (Gm−1)Cm,i < fi

i ∈aq, if (Gm−1)Cm,i ≥ fi

(23)

Here the designation i ∈ na means that component i is only partially dissolved in the
aqueous phase, while the designation i ∈ aq refers to a component that is fully dis-
solved in the aqueous phase. For i ∈ na the aqueous phase concentration cm,i de-5

pends on Cm,i , and for i ∈ aq the aqueous phase concentration cm,i depends on Gm
and fi as specified in Eq. (21).

In multi-component systems, the solubility of an individual component Cm,i in the
mixture is not necessarily the same as the solubility of the component in pure wa-
ter, Cm,w,i (single-component system). Interactions between different substances can10

increase or decrease the solubility of individual components (Marcolli et al., 2004; Mar-
colli and Krieger, 2006). The influence of multiple solutes on the solubility of individ-
ual components can be described according to the Setschenov equation (Setschenov,
1889):

Cm,i

Cm,w,i
=exp

∑
j∈na

ηi jCm,j +
∑
j∈aq

ηi j

[
fj

Gm−1

] (24)15

where ηi j is the salting out constant.
If all substances co-exist in the non-aqueous phase, the aqueous phase concentra-

tion of each component is given by the eutonic solubility, Cm,e,i . In this case, Eq. (22)
can be reduced to

κm =
∑
i∈na

κm,i ,∞+Cm,e,i

∑
j∈na,
j 6=i

αi jCm,e,j +αi iC
2
m,e,i

(Gm−1)Cm,e,i (25)20
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If all substances are completely dissolved, Eq. (22) can be reduced to

κm =
∑
i∈aq

κm,i ,∞+
fi

Gm−1

∑
j∈aq,
j 6=i

αi j

fj
Gm−1

+αi i
f 2
i

(Gm−1)2

fi (26)

In case of dilute solutions (Gm � 1), the relative importance of the incremental hygro-
scopicity terms decreases and Eq. (26) can be further reduced to Eq. (17).

For a single component system with fi =1, fj =0,and αi i =α, Eq. (22) can be reduced5

to

κm =
(
κm,∞+αC2

m

)
(Gm−1)Cm if (Gm−1)Cm <1 (partly dissolved) (27)

κm = κm,∞+
α

(Gm−1)2
if (Gm−1)Cm ≥1 (fully dissolved) (28)

Eq. (28) can be combined with Eqs. (8), (10), and with the relation

Gm−1=c−1
m = (µM)−1 (29)10

to obtain an explicit expression of water activity in the aqueous solution of a fully dis-
solved single solute with molar mass M, molality µ, and van’t Hoff factor J :

aw =
(

1+κm,∞ cm+α c3
m

)−1
=
(

1+JµMw+α(µM)3
)−1

(30)

This expression represents a middle way between the simplistic assumption of a con-
stant single hygroscopicity parameter and the complex multi-parameter models like15

AIM (Aerosol Inorganics Model; e.g., Wexler and Clegg, 2002; http://www.aim.env.uea.
ac.uk/aim/aim.php), E-AIM (Extended-AIM; e.g., Clegg et al., 2001; Clegg and Sein-
feld, 2006a,b), UNIFAC, or AIOMFAC (e.g., Fredenslund et al., 1975; Zuend et al.,
2011) typically using more than five semi-empirical parameters for a single solute sys-
tem. For the reasons outlined above (mass conservation vs. volume non-additivity)20

30890

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/11/30877/2011/acpd-11-30877-2011-print.pdf
http://www.atmos-chem-phys-discuss.net/11/30877/2011/acpd-11-30877-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://www.aim.env.uea.ac.uk/aim/aim.php
http://www.aim.env.uea.ac.uk/aim/aim.php
http://www.aim.env.uea.ac.uk/aim/aim.php


ACPD
11, 30877–30918, 2011

Mass-based
hygroscopicity

parameter interaction
model

E. Mikhailov et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

the more detailed solute interaction models are generally also mass based rather than
volume based.

Nevertheless, the hygroscopicity parameter interaction approach presented in this
study can also be translated into analogous volume-based formulations based on the
equivalence of κm and κ (Eq. 7). For example, the single component solution Eq. (28)5

can be rewritten as

κi = κi ,∞+
χi i(

G3
D−1

)2
(31)

where χi i is a volume-based self-interaction coefficient.

3 Experiments

3.1 Aerosol filter sampling10

Atmospheric aerosol samples were collected at a pristine tropical rainforest site and at
a rural boreal site as specified in Table 2. The tropical sample was collected during the
Amazonian Aerosol Characterization Experiment in February 2008 (AMAZE-08, Mar-
tin et al., 2010) at the rainforest research station TT34 near Manaus, Brazil (AMAZE
sample). The boreal sample was collected in the rural environment of the Institute15

of Physics at Petrodvoretz near Saint-Petersburg, Russia, in May 2009 (SPB sam-
ple). The particles were collected by passing an air flow of 20 L min−1 consequently
through a 1 µm cyclone (URG-2000-30EHB) and a 47 mm Teflon-coated glass fiber
filter (Pallflex T60A20, Pall, Germany).

Reference aerosol particles were generated by nebulization of aqueous solution of20

sodium chloride (mass fraction 0.1 %) prepared by dissolving NaCl (Merck, >99.5 %) in
deionized water (18.2 MΩ cm, Milli Q plus 185, Millipore). The sampling equipment on
the filter and procedures were the same as applied for the atmospheric aerosol sam-
ples and the modal diameter of the aerosol mass size distribution was ∼350 nm, which
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implies that the Kelvin effect can be neglected (RH=aw, relative deviations <1 %).
Usually the modal diameter of atmospheric aerosol mass size distributions is of sim-
ilar magnitude or higher (e.g., ∼250 nm for accumulation mode particles and ∼3 µm
for coarse mode particles during AMAZE-08; Pöschl et al. 2010). Thus we assume
aw =RH/(100 %) in this study unless mentioned otherwise.5

3.2 Water uptake measurements

Mass-based water uptake measurements were performed with a filter-based differential
hygroscopicity analyzer (FDHA) using the atmospheric aerosol filter samples and a
sodium chloride reference sample collected as described above. Circular aliquots of
13 mm diameter were cut from the aerosol loaded filters and mounted in the FDHA10

system shown in Fig. 1. Details of the experimental setup and calibration are described
elsewhere (Mikhailov et al., 2011); the operating principles are briefly outlined below.

In the FDHA system, the carrier gas (helium) was humidified with a bubbler (T1),
equilibrated in a saturator (T2 <T1), and then passed through a pair of differential mea-
surement cells (T3 >T2). The reference cell contains a clean filter aliquot; the other cell15

contains the aerosol loaded filter aliquot. The mass of water taken up by the aerosol
particles on the loaded filter aliquot was determined by a differential katharometer and
recorded by an analog-digital converter and a personal computer. The measurement
uncertainties depend on the weighing accuracy of dry particle mass (aerosol load-
ing), absorbed water mass (aerosol hygroscopicity), and water vapor measurement20

precision of the katharometer (Mikhailov et al., 2011). In this study, the largest un-
certainties in the determination of mass growth factors, Gm (Eq. 9) were associated
with the AMAZE sample: ∼1 % at 30 % RH and ∼8 % at 99 % RH. The relative hu-
midity of the FDHA water uptake measurement is determined from the temperature
ratio between the water vapor saturator (T2) and the measurement cells (T3) using em-25

pirical formulas recommended by the World Meteorological Organization (Flatau et al.,
1992). The accuracy at 99 % RH was ±0.06 % RH, resulting from accurate temperature
control using a double-wall copper housing with forced thermal insulation and precise
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temperature measurements (±0.01◦ C, 42905-Pt100; KELVIMAT 4306, Burster). The
water uptake experiments were performed in two modes: hydration= increasing RH;
dehydration=decreasing RH.

4 Measurement results and discussion

4.1 Sodium chloride reference sample5

Figure 2 shows the mass growth factors observed for sodium chloride as a function of
relative humidity. Upon hydration, the NaCl sample exhibited a stepwise deliquescence
transition at RHd = 75–76 % (Fig. 2a), which is in good agreement with literature data
(RHd = 75.3 %; Tang and Munkelwitz, 1993). From the mass growth factor measured
right after the deliquescence transition, i.e., at RH=76 %, we calculated the effective10

solubility using the relation Cm =1/(Gm −1) (Eq. 29). The obtained value of 0.36±
0.02 g g−1 is in good agreement with literature data (Clarke and Glew, 1985; Marcolli
et al., 2004; Stephen and Stephen, 1963). Upon dehydration, efflorescence of the
solution droplets occurred over an RH range of 65–40 %.

The observation of a transition range rather than a sharp threshold value of RH15

can be explained by inhomogeneities and polydispersity of the investigated particles,
whereby larger particles are likely to effloresce at higher RH. The model line shown in
Fig. 2a demonstrates good agreement between the measurement data and the Aerosol
Inorganic Model (AIM, Clegg et al. 1998), which is based on the Pitzer ion-interaction
approach and can be regarded as an accurate reference model (Rose et al., 2008;20

Mikhailov et al., 2009). For the calculation of mass growth factors from the generic AIM
model output data we used Eq. (29).

Figure 2b shows the mass-based hygroscopicity parameter (κm) for NaCl as a func-
tion of the mass growth factor. The κm values were calculated by inserting the data
pairs of Gm and aw in Eq. (10) assuming aw =RH/(100 %) as explained in Sect. 2.1.25

The simple κm-interaction model for single solute systems (KIM, Eq. 28) was applied
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to fit the measurement data points for fully dissolved NaCl (solid black line). The best
fit parameter values and standard errors are κm,∞ = 0.59±0.01 and α = 1.96±0.04.
The mass-based dilute intrinsic hygroscopicity parameter κm,∞ = 0.59 corresponds to
a van’t Hoff factor of J = 1.92 (Eq. 8) and to a volume-based hygroscopicity parameter
κ =1.28 (Eq. 7, assuming volume additivity and a NaCl density of 2.165 g cm−3).5

The KIM two-parameter approach provides not only a good fit to the experimental
data, it is also in good agreement with the much more complex multi-parameter model
AIM (dashed black line). The data points in the lower left corner of Fig. 2b correspond
to the co-existence of solid NaCl with an aqueous solution, which can be described by
KIM Eq. (27). The water uptake observed upon hydration prior to full deliquescence10

is well captured by the model using the parameters obtained by the fit to the data for
fully dissolved NaCl (dotted blue line; Cm, κm,∞, and α as specified above). The water
content observed upon dehydration after partial efflorescence is better matched when
using the effective solubility as a free fit parameter (dotted red line). The best fit value
of this “apparent solubility” C∗

m = 0.48±0.01 is higher than the equilibrium solubility15

value (Cm =0.36), reflecting that aqueous solution droplets of NaCl are supersaturated
at RH<75 %. The difference between the equilibrium solubility at the deliquescence
threshold and the apparent solubility at the efflorescence threshold is also illustrated in
Fig. 2c, which shows the κm data points and model lines as a function of water activity.

4.2 Atmospheric aerosol samples20

Figure 3a and b show the mass growth factors observed as a function of relative hu-
midity upon hydration and dehydration of the atmospheric aerosol samples collected
in the tropical rainforest of Amazonia near Manaus, Brazil (AMAZE) and in the boreal
forest region near St. Petersburg, Russia (SPB) as detailed in Table 2 and Sect. 3.1.
Both samples exhibit gradual and fully reversible water uptake similar to the behavior of25

amorphous organic substances (Mikhailov et al., 2009). The AMAZE sample is known
to consist primarily of secondary organic aerosol (SOA) formed by oxidation and gas-
to-particle conversion of isoprene and terpenes emitted from the rainforest ecosystem

30894

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/11/30877/2011/acpd-11-30877-2011-print.pdf
http://www.atmos-chem-phys-discuss.net/11/30877/2011/acpd-11-30877-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
11, 30877–30918, 2011

Mass-based
hygroscopicity

parameter interaction
model

E. Mikhailov et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

(Chen et al., 2009; Martin et al., 2010; Pöschl et al., 2010). For the SPB sample no
chemical composition data are available, but the sampling location suggests a combi-
nation of SOA from the boreal forest mixed with combustion aerosols from the urban
region of St. Petersburg (Tervahattu et al., 2004; Niemi et al., 2006; Hallquist et al.,
2009; Saarnio et al., 2010).5

From the measurement data displayed in Figs. 3a and 3b we derived mass-
based hygroscopicity parameters as outlined above, using Eq. (10) and assuming
aw =RH/(100 %). The corresponding plots of κm vs. Gm are shown in Fig. 3c for the
AMAZE sample and Fig. 3d for the SPB sample. In both cases, the observed de-
pendence of κm on Gm exhibits three distinctly different sections or regimes of hygro-10

scopicity. In the first section (quasi-eutonic regime, I) κm increases linearly with Gm,
which can be described by Eq. (25) assuming quasi-eutonic conditions where multi-
ple solutes co-exist in a non-aqueous state and their aqueous phase concentrations
correspond to effective eutonic solubilities (Cm,e,i ). In the second section (gradually
deliquescent regime, II), κm exhibits a non-linear increase with Gm, which can be de-15

scribed by Eq. (22) assuming gradual dissolution of multiple water soluble compounds
with different equilibrium solubilities (Cm,i ). In the third section (dilute regime, III), κm
decreases with increasing Gm and becomes concentration-independent at very high
values of Gm. This behavior is analogous to the behavior observed for aqueous sodium
chloride (Fig. 2b), and it can be described by Eq. (26) assuming that the water-soluble20

fraction of the aerosol sample is fully dissolved.
The individual physico-chemical parameters involved in Eqs. (22), (25) and (26) are

not readily available for atmospheric aerosol samples consisting of multiple chemi-
cal components with unknown molecular structures and properties. Nevertheless,
Eqs. (25), (22), and (26) can be re-written as follows to fit the observed dependen-25

cies of κm on Gm in the different regimes of hygroscopicity.

Regime I (quasi−eutonic) : κm =k1 (Gm−1) (32)
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Regime II (gradually deliquescent) : κm =k2+k3 (Gm−1)+k4 (Gm−1)−1+k5 (Gm−1)−2 (33)

Regime III (dilute) : κm =k5 (Gm−1)−2+k6 (34)

Here k1 to k6 are fit parameters related to the solubility and interaction coefficients
defined in Sect. 2:

k1 =
∑
i∈na

κm,i ,∞Cm,e,i +
∑
i∈na

C2
m,e,i

∑
j∈na
j 6=i

αi jCm,e,j +
∑
i∈na

αi iC
3
m,e,i (35)5

k2 =
∑
i∈na

C2
m,i

∑
j∈aq
j 6=i

αi j fj +
∑
i∈aq

κm,i ,∞ fi (36)

k3 =
∑
i∈na

κm,i ,∞Cm,i +
∑
i∈na

C2
m,i

∑
j∈na
j 6=i

αi jCm,j +
∑
i∈na

αi iC
3
m,i (37)

k4 =
∑
i∈aq

f 2
i

∑
j∈na
j 6=i

αi jCm,i (38)

k5 =
∑
i∈aq

f 2
i

∑
j∈aq

αi j fj (39)

k6 =
∑
i∈aq

κm,i ,∞ fi (40)10

The fit parameter k5 occurs in both Eq. (33) for regime II and Eq. (34) for regime
III. Note, however, that the fit parameter values of k5 can differ between regimes II
and III, because the number of species in the aqueous phase can be different upon
deliquescence (k5(II)) and under dilute conditions (k5(III)). According to Eq. (17), the
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fit parameter k6 can be regarded as the dilute intrinsic hygroscopicity parameter of
the investigated sample of particulate matter (κm,∞). The other fit parameters include
interaction coefficients and solubilities.

The lines in Figs. 3c and d are fits of KIM Eqs. (32)–(34) to the experimental data,
and the corresponding best fit parameters k1−k6 are listed in Table 3. The high coef-5

ficients of determination (R2 = 0.7−0.98) confirm that the KIM approach can be used
to describe the concentration dependence of the hygroscopicity of multi-component
atmospheric aerosol samples. In spite of the very different origin of the two investi-
gated atmospheric aerosol samples, most of the best fit parameter values were of a
similar order of magnitude (relative deviations from ∼10 % up to factor ∼10). Only the10

fit parameter accounting for solute cross- and self-interactions under dilute conditions
(k5(III), Eq. 39) was multiple orders of magnitude larger for the AMAZE sample than for
the SPB sample.

Figures 3e and f show the hygroscopicity parameter κm as function of water activity.
The data points were obtained by inserting the corresponding pairs of Gm and κm15

values from Fig. 3c and 3d in Eq. (10). The model lines were obtained by inserting
Eqs. (32)–(34) with the fit parameters from Table 3 in Eq. (10). Again the three sections
I, II, and III reflect different regimes of hygroscopicity. For the quasi-eutonic regime (I),
the combination of Eqs. (10) and (32) yields a constant water activity value given by
aw = (k1+1)−1. This relation yields quasi-eutonic RH values of 64 % for the AMAZE20

sample and 66 % for the SPB sample (assuming RH/(100 %)=aw as justified above).
At and below the quasi-eutonic RH, the observed mass growth factors are close to unity
(Fig. 3a and 3b). Thus, the ±1 % uncertainty in Gm translates into ∼100 % uncertainty
in Gm−1, which propagates further into large relative uncertainties of aw as calculated
from Eq. (10) (large horizontal error bars of the data points in the quasi-eutonic regime25

of Figs. 3e and f). This issue has already been discussed by Kreidenweis et al. (2008).
The gradual-deliquescent regime (II) extends up to 86 % RH for the SPB sample

and even further up to 95 % RH for the AMAZE sample. Gradual deliquescence over
an extended range of RH is typical for mixed multi-component particles that begin to
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take up water vapor at a eutonic RH value and continue to grow with increasing RH
up to full dissolution of all particle components (Wexler and Seinfeld 1991; Martin et
al., 2000; Clegg et al., 2001; Mikhailov et al., 2009). The particularly wide range of
gradual deliquescence observed for the AMAZE sample can be explained by a very
small content of hygroscopic salts like ammonium sulfate and a high content of spar-5

ingly soluble secondary organic aerosol components like 2-methyltetrols from isoprene
oxidation (Decesari et al., 2006).

In the dilute regime (III), the characteristic decrease of κm with increasing aw is rel-
atively steep for the AMAZE sample (d ln κm/d lnaw = 4) and rather small for the SPB
sample (d ln κm/d lnaw =0.5). The steep slope reflects a high value of the fit parameter10

k6, which in turn indicates strong interaction between the organic solute molecules in
the AMAZE sample (Eq. 40, Table 3). The insert in Fig. 3e shows that the AMAZE
particles reach a constant hygroscopicity only at RH close to 100 %. That is in contrast
to the SPB sample where the concentration effect becomes negligibly small already at
RH<99 % (Fig. 3f). Most likely the more prolonged concentration effect for the AMAZE15

particles arises from a high content of the sparingly soluble compounds (Decesari et
al., 2006).

4.3 Closure between hygroscopic growth and CCN activation

In this section we test the applicability of our mass-based hygroscopicity parameter
interaction model and FDHA data for closure between hygroscopic growth and CCN20

measurements. We used the dilute intrinsic hygroscopicity parameters obtained with
KIM Eq. (34) (κm,∞ = k6, Table 4) to predict the conditions of CCN activation. To
calculate critical dry diameters of CCN activation (Dd,c) as a function of water vapor
supersaturation (Sw) we inserted κm,∞ in the simplified Köhler model (Eq. 15) using
ρw = 1.0 g cm−3, ρd = 2.165 g cm−3 for NaCl and ρd = (1.7±0.3) g cm−3 for the atmo-25

spheric aerosol samples (Table 4). For the AMAZE sample an approximate average
density of 1.7 g cm−3 was estimated based on Eq. (7) using the volume-based hygro-
scopicity κ = 0.132 (Gunthe et al., 2009, Table 2, CCN retrieved) and κm,∞ = 0.078
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(Table 4). The same density value was also used for the SPB sample.
Figure 4a shows the relationship between the critical dry diameter of CCN activation

and water vapor supersaturation for NaCl particles predicted with KIM. For comparison
the relationship is also calculated based on a full Köhler model (Köhler model AP3 of
Rose et al., 2008) using the AIM for the parameterization of the water activity. The two5

model lines agree well with each other and show small differences only in the small di-
ameter range (high supersaturation range). However, these differences are still much
smaller than the differences between several experimental data obtained from direct
CCN measurements (Raymond and Pandis, 2002; Giebl et al., 2002; Corrigan and No-
vakov, 1999; Rose et al., 2008) or derived from HTDMA measurements (Kreidenweis10

et al., 2005).
Figure 4b shows the relationship between the critical dry diameter of CCN activation

and water vapor supersaturation for atmospheric aerosol particles predicted with KIM.
For the AMAZE sample, the model predictions are in good agreement with the results
of size-resolved CCN measurements (Gunthe et al., 2009) averaged over the same15

period as the filter sampling time (Table 2). The KIM model line falls within the error bars
(standard deviations) of the experimental data points. The grey shaded area around
the model line shows that uncertainties in particle density have limited influence on the
prediction of critical dry diameters for CCN activation: relative variations of ρd by ±18 %
((1.7±0.3) g cm−3) lead to relative variations of ±∼6 % in the critical dry diameter. For20

the SPB sample no CCN measurement data were available, but the lower value of
κm,∞ (–40 % relative to AMAZE) implies higher critical diameter values (+15 % relative
to AMAZE).

Overall, Fig. 4 demonstrates that the mass-based hygroscopicity interaction model
(KIM) is well-suited to link hygroscopic growth measurement data to CCN measure-25

ment data. The good agreement can be explained by the fact that the parameter value
κm = k6 inserted in Eq. (15) represents the intrinsic hygroscopicity κm,∞, which cap-
tures the characteristics of water uptake by dilute solution droplets as formed upon
CCN activation.

30899

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/11/30877/2011/acpd-11-30877-2011-print.pdf
http://www.atmos-chem-phys-discuss.net/11/30877/2011/acpd-11-30877-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
11, 30877–30918, 2011

Mass-based
hygroscopicity

parameter interaction
model

E. Mikhailov et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

5 Summary and conclusions

In this manuscript, we present a mass-based model approach for efficient descrip-
tion of concentration-dependent water uptake by atmospheric aerosol particles. Equa-
tions (6)–(10) define the mass-based hygroscopicity parameter κm, which is equiva-
lent to the volume-based hygroscopicity parameter introduced by Petters and Kreiden-5

weis (2007) but independent of deviations from volume additivity. Equations (12)–(15)
describe a simple Köhler model in which κm can be used to predict the particle critical
diameter for activation to a cloud droplet.

In Eqs. (16)–(24) we develop a κm-interaction model (KIM) that combines a dilute
intrinsic hygroscopicity parameter with additional self- and cross-interaction parameters10

describing non-ideal solution behavior and concentration dependencies of single- and
multi-component systems. For specific conditions, the main model equation (Eq. 22)
can be reduced to simplified versions (Eqs. 25–28).

By application of KIM to water uptake measurement data of atmospheric aerosol
samples, we can distinguish three different regimes of hygroscopicity: (I) A quasi-15

eutonic regime at low-humidity (.60 % RH) where the solutes co-exist in aqueous
and non-aqueous phase (Eq. 32); (II) a gradually deliquescent regime at intermediate
humidity (∼60 %–90 % RH) where different solutes undergo gradual dissolution in the
aqueous phase (Eq. 33); and (III) a dilute regime at high humidity (&90 % RH) where
the solutes are fully dissolved approaching their dilute intrinsic hygroscopicity (Eq. 34).20

In each of these regimes, the concentration dependence of κm can be described by
simplified model equations (Eqs. 32–34) based on observable mass growth factors and
a series of fit parameters (k1 −k6) summarizing the combined effects of the dilute in-
trinsic hygroscopicity and interaction parameters of all involved chemical components.
The parameter k6 determined by fitting of Eq. (34) to hygroscopic growth data obtained25

in the dilute regime at high humidity represents the dilute intrinsic hygroscopicity of
the aerosol (κm,∞) and can be used to predict CCN activation diameters as a func-
tion of water vapor supersaturation. For sodium chloride reference particles as well
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as for pristine rainforest aerosols consisting mostly of secondary organic matter, we
obtained good agreement between the predicted and measured critical diameters of
CCN activation.

The good agreement between size-resolved CCN measurements and filter-based
mass growth factor measurements is consistent with the fairly homogeneous and5

hardly size-dependent chemical composition of the pristine rainforest aerosols.
For aerosols that are externally mixed and exhibit a strong size dependence of parti-

cle hygroscopicity (e.g., in polluted megacity air, Rose et al., 2010, 2011; Gunthe et al.
2011), it may be useful to perform size-resolved measurements of mass growth factors
using multi-stage impactor samples. Moreover, it may be useful to combine the KIM10

approach with hygroscopicity distribution concepts that resolve the size-dependence
of the hygroscopic growth and CCN activity of aerosol particles (e.g., Su et al., 2010;
Cerully et al., 2011). For detailed understanding and efficient description of aerosol-
water interactions, we suggest and intend to pursue further investigations along these
lines.15
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Table 1. Frequently used symbols and their meaning.

Symbol SI-unit Quantity

aw water activity
Cm kg kg−1 solubility of the solute in water
Cm,e kg kg−1 eutonic solubility
cm,i kg kg−1 mass concentration of individual component in solution
D m diameter of a spherical aqueous droplet
Dd m diameter of the dry aerosol particle
Dd,c m critical dry diameter
fi mass fraction of individual component of particulate matter
GD diameter growth factor
Gm mass growth factor
J van’t Hoff factor
md kg mass of the dry particle in the aqueous droplet
Mw kg mol−1 molar mass of pure water
mw kg mass of the water in the aqueous droplet
R J K−1 mol−1 universal gas constant
RH % relative humidity
sw water vapor saturation ratio
Sw % water vapor supersaturation
sw,c critical water vapor saturation ratio
T K temperature
αi j , αi i cross-, self-interaction coefficient
κ volume-based hygroscopicity parameter
κm mass-based hygroscopicity parameter
κm,i ,∞ mass-based dilute intrinsic hygroscopicity
µ mol kg−1 molality
ρ kg m−3 density of the aqueous solution droplet
ρd kg m−3 density of the dry particle material
ρw kg m−3 density of pure water
σ J m−2 surface tension of solution droplet
σw J m−2 surface tension of pure water
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Table 2. Atmospheric aerosol sampling location and parameters.

Sample ID Sampling location Sampling
level above
surface, m

Sampling
period

Aerosol mass used for
FDHA analysis, mg

AMAZE Manaus, Brazil
02◦35′ S, 60◦12′ W

39 15–20 February 2008 0.061±0.002

SPB Saint-Petersburg, Russia
59◦88′ N, 29◦82′ E

15 18–27 May 2009 0.60±0.01
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Table 3. Best fit parameters (k1 −k6) obtained with KIM Eqs. (35)–(40) and eutonic relative
humidity, RHe obtained for Amazon (AMAZE) and Saint-Petersburg (SPB) atmospheric aerosol
samples. R2

I , R2
I I , and R2

I I I are the coefficients of determination of the non-linear least squares
fits of the respective model Eqs. (32), (33), (34) to the experimental data.

Sample ID k1 R2
I k2 k3 k4 k5(II) R2

I I k5(III) k6 R2
I I I RHe (%)

AMAZE 0.56±0.03 0.91 0.10±0.01 0.003±0.002 −0.011±0.001 4.9·10−4±9.1·10−5 0.98 0.186±0.021 0.078±0.002 0.92 64

SPB 0.51±0.06 0.71 0.07±0.010 −0.03±0.02 −0.003±0.001 1.8·10−5±4.8·10−5 0.95 2.6·10−4±4.9·10−5 0.047±0.001 0.87 66
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Table 4. The CCN parameters of the reference NaCl particles, and AMAZE and SPB aerosol
samples. κm,∞ is the mass hygroscopicity of the diluted droplet solution (Eq.34), ρd is the
particle density, β is the scaling parameter and Ds,c is the critical dry diameter estimated from
Eq. (15). The critical dry diameter corresponds to the supersaturation Sw of 0.2 % and of 0.8 %.

Sample ID κm,∞ ρd β Ds,c (nm) Ds,c (nm)
(g cm−3) (nm−1) (Sw =0.2 %) (Sw =0.8 %)

NaCl 0.592 2.165 22.04 65.1 25.6
AMAZE 0.078 1.7 47.03 137.5 54.6
SPB 0.047 1.7 55.68 162.8 64.6

30914

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/11/30877/2011/acpd-11-30877-2011-print.pdf
http://www.atmos-chem-phys-discuss.net/11/30877/2011/acpd-11-30877-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
11, 30877–30918, 2011

Mass-based
hygroscopicity

parameter interaction
model

E. Mikhailov et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Fig. 1. Schematic set-up of the filter-based differential hygroscopicity analyzer (FDHA): FC
– flow controller, TC – temperature controller, PC – computer. T1, T2, and T3 – temperature
sensors. 1-Peltier elements, 2-copper housing double wall cylinder, 3-insulation.
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Figure 2: Hygroscopic properties of sodium chloride (NaCl): (a) mass growth factors (Gm) 

observed as a function of relative humidity; (b) mass-based hygroscopicity parameters (κm) 

calculated as a function of mass growth factor (Eq.10); and (c) mass-based hygroscopicity 

parameters (κm) plotted against water activity. The data points and error bars are based on 

FDHA measurements (mean value ± standard deviation) obtained upon hydration (blue 

circles) and dehydration (red crosses). The lines represent different models: AIM reference 

model – black dashed; KIM aqueous phase (aq) (Eq.28) - black solid; KIM non-aqueous 

phase (na) equation (Eq.27) - blue dotted for hydration and red dotted for dehydration.  

Fig. 2. Hygroscopic properties of sodium chloride (NaCl): (a) mass growth factors (Gm) observed as a function
of relative humidity; (b) mass-based hygroscopicity parameters (κm) calculated as a function of mass growth factor
(Eq. 10); and (c) mass-based hygroscopicity parameters (κm) plotted as a function of water activity. The data points
and error bars are based on FDHA measurements (mean value± standard deviation) obtained upon hydration (blue
circles) and dehydration (red crosses). The lines represent different models: AIM reference model – black dashed; KIM
aqueous phase (aq) (Eq. 28) – black solid; KIM non-aqueous phase (na) equation (Eq. 27) – blue dotted for hydration
and red dotted for dehydration.
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Figure 3: Hygroscopic properties of atmospheric aerosol samples: (a, b) mass growth factors 

(Gm) observed as a function of relative humidity; (c, d) mass-based hygroscopicity parameters 

(κm) calculated as a function of mass growth factor ( Eq.10); and (e, f) mass based 

hygroscopicity parameters (κm) plotted against water activity. The data points and error bars 

are based on FDHA measurements (mean value ± standard deviation) obtained upon 

hydration (blue circles) and dehydration (red crosses). The black lines are fits of KIM Eqs. 

(32) – (34); the labels I, II, III indicate different regimes of hygroscopicity; and borders of the 

corresponding fit intervals are indicated by green lines (panels c and d). The left row (panels 

a, c, e) refers to the tropical rainforest air sample from Manaus, Brazil (AMAZE), the right 

row (panels b, d, f) refers to the boreal rural air sample from St. Petersburg, Russia (SPB).   

Fig. 3. Hygroscopic properties of atmospheric aerosol samples: (a, b) mass growth factors (Gm) observed as
a function of relative humidity; (c, d) mass-based hygroscopicity parameters (κm) calculated as a function of mass
growth factor (Eq. 10); and (e, f) mass based hygroscopicity parameters (κm) plotted as a function of water activity.
The data points and error bars are based on FDHA measurements (mean value± standard deviation) obtained upon
hydration (blue circles) and dehydration (red crosses). The black lines are fits of KIM Eqs. (32)–(34); the labels I, II, III
indicate different regimes of hygroscopicity; and borders of the corresponding fit intervals are indicated by green lines
((c) and (d)). The left row (a, c, e) refers to the tropical rainforest air sample from Manaus, Brazil (AMAZE), the right
row (b, d, f) refers to the boreal rural air sample from St. Petersburg, Russia (SPB).
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Figure 4: Predicted critical dry diameters of CCN activation based on FDHA measurements 

and KIM model (Eq.15) as compared with literature experimental data and Köhler theory with 

AIM water activity model (AP3, Rose et al., 2008). (a) NaCl particles: KIM model (black 

line), experimental data (colored points), Kreidenweis et al. (2005) – predicted data based on 

HTDMA measurements, other literature data are direct CCN measurements; (b) Atmospheric 

aerosol: KIM predicted activation dry diameters for SPB sample (blue line), and for AMAZE 

sample (black line); average critical dry diameters obtained from CCN measurements for 

AMAZE (black points with error bars; arithmetic mean ± standard deviation). Gray shaded 

area denotes the estimated uncertainty in the predicted critical dry diameters for the AMAZE 

sample based on excursions in the particle density, where the top bound belongs to d = 1.4 g 

cm
-3

 and the low bound stands for d = 2.0 g cm
-3

. 

 

Fig. 4. Predicted critical dry diameters of CCN activation based on FDHA measurements
and KIM model (Eq. 15) as compared with literature experimental data and Köhler theory with
AIM water activity model (AP3, Rose et al., 2008). (a) NaCl particles: KIM model (black line),
experimental data (colored points), Kreidenweis et al. (2005) – predicted data based on HTDMA
measurements, other literature data are direct CCN measurements; (b) Atmospheric aerosol:
KIM predicted activation dry diameters for SPB sample (blue line), and for AMAZE sample
(black line); average critical dry diameters obtained from CCN measurements for AMAZE (black
points with error bars; arithmetic mean± standard deviation). Gray shaded area denotes the
estimated uncertainty in the predicted critical dry diameters for the AMAZE sample based on
excursions in the particle density, where the top bound belongs to ρd = 1.4 g cm−3 and the low
bound stands for ρd =2.0 g cm−3.
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