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Abstract. We investigate the CCN activity of freshly emitted
biomass burning particles and their hygroscopic growth at a
relative humidity (RH) of 85 %. The particles were produced
in the Mainz combustion laboratory by controlled burning
of various wood types. The water uptake at sub- and super-
saturations is parameterized by the hygroscopicity parame-
ter, κ (c.f. Petters and Kreidenweis, 2007). For the wood
burns,κ is low, generally around 0.06. The main emphasis
of this study is a comparison ofκ derived from measure-
ments at sub- and supersaturated conditions (κG andκCCN),
in order to see whether the water uptake at 85 % RH can
predict the CCN properties of the biomass burning particles.
Differences inκG andκCCN can arise through solution non-
idealities, the presence of slightly soluble or surface active
compounds, or non-spherical particle shape. We find thatκG
andκCCN agree within experimental uncertainties (of around
30 %) for particle sizes of 100 and 150 nm; only for 50 nm
particles isκCCN larger thanκG by a factor of 2. The magni-
tude of this difference and its dependence on particle size is
consistent with the presence of surface active organic com-
pounds. These compounds mainly facilitate the CCN acti-
vation of small particles, which form the most concentrated
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solution droplets at the point of activation. The 50 nm par-
ticles, however, are only activated at supersaturations higher
than 1 % and are therefore of minor importance as CCN in
ambient clouds. By comparison with the actual chemical
composition of the biomass burning particles, we estimate
that the hygroscopicity of the water-soluble organic carbon
(WSOC) fraction can be represented by aκWSOC value of
approximately 0.2. The effective hygroscopicity of a typ-
ical wood burning particle can therefore be represented by
a linear mixture of an inorganic component withκ ∼= 0.6, a
WSOC component withκ ∼= 0.2, and an insoluble compo-
nent withκ = 0.

1 Introduction

Both, CCN properties and hygroscopic growth of aerosols
are determined by the amount and nature of the soluble and
insoluble materials contained in the particles. It is therefore
reasonable to assume a relationship between the hygroscopic
growth at subsaturated conditions and the critical supersatu-
ration of droplet activation. This has been the motivation for
developing models to predict critical supersaturations based
on aerosol hygroscopic growth factors measured at subsatu-
rated conditions (e.g., Brechtel and Kreidenweis, 2000a, b;
Rissler et al., 2004; Kreidenweis et al., 2005; Koehler et
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al., 2006; Petters and Kreidenweis, 2007; Wex et al., 2008a;
Ziese et al., 2008, Ervens at al., 2007). Similar strategies
have been used for hygroscopicity/CCN closure studies on
ambient aerosols (e.g., Covert et al., 1998; Dusek et al., 2003;
Gasparini et al., 2006; Vestin et al., 2007; Mochida et al.,
2006; Svenningsson et al., 1997), on jet engine exhaust (Gy-
sel et al., 2003; Hitzenberger et al., 2003), on secondary or-
ganic aerosol (Wex et al., 2009; Petters et al., 2009b), and
on laboratory-generated coated soot particles (Henning et al.,
2010, Snider et al., 2010, Stratmann et al., 2010). In addition,
there has been one study comparing hygroscopic growth and
CCN activation of biomass burning aerosol (Petters et al.,
2009a). These closure studies have had various degrees of
success, but in principle it can be concluded that predict-
ing CCN properties based on hygroscopic growth factors is
similarly successful as predicting CCN properties based on
chemical information.

One important reason for a potential failure of the extrapo-
lation from hygroscopic growth measurements to CCN prop-
erties is the presence of slightly soluble (SS) or surfactant
(SA) organic compounds in the aerosol. These organic com-
pounds influence in different manner the water uptake at sub-
and at supersaturated conditions. SS substances contribute
little to the water uptake at subsaturated conditions, because
they do not fully dissolve even at high relative humidities
(RH) in the concentrated solution droplets and remain as a
solid core surrounded by a solution in which the SS substance
is saturated. At RH close to 100 % the particles contain much
more water, and more of the SS substances go into solution
until all SS material is dissolved. Therefore their contribu-
tion to the water uptake becomes significant at supersaturated
conditions because more of the SS material dissolves in the
diluted droplets (e.g., Dusek et al., 2003). Changes in surface
tension due to SA substances barely affect the water uptake
at subsaturated conditions. However, a decrease in droplet
surface tension near the critical supersaturation greatly fa-
cilitates CCN activation (Facchini et al., 1999; Wex et al.,
2008a). In both cases the particles are more easily activated
to cloud droplets than would be expected based on the water
uptake at RH below 100 %.

Little is known about the importance of SS and SA sub-
stances for CCN activation in the atmosphere. In some envi-
ronments, the comparison of measured CCN concentrations
with CCN concentrations predicted from hygroscopic growth
factors has suggested that the influence of SA and SS sub-
stances is limited (e.g., Dusek et al., 2003; Gasparini et al.,
2006; Ervens et al., 2005; Andreae and Rosenfeld, 2008).
However, where the aerosol composition is dominated by or-
ganic material, there is an indication that compounds of lim-
ited solubility can cause discrepancies in the water uptake
at sub- and supersaturated conditions (Mircea et al., 2005;
Mochida et al., 2006; Chang et al., 2007).

In the present study we aim to investigate the possible
presence of SA and SS substances in fresh biomass burn-
ing emissions and their importance for CCN activation. We

identify such substances indirectly, by investigating possible
discrepancies in the water uptake at sub- and supersaturated
conditions. Such a comparison of water uptake requires pre-
cise information on hygroscopic growth and critical supersat-
urations of the aerosol particles. This study therefore greatly
benefits from size-resolved CCN spectra (Frank et al., 2006)
measured at the same dry particle diameters (dp) as the cor-
responding hygroscopic growth factors (GF).

2 Experimental methods

The properties of pyrogenic aerosols were studied as part of
the project EFEU (Wurzler et al., 2001) in the combustion
laboratory in Mainz, which is described in detail by Iinuma et
al. (2007). The laboratory fires were sustained on a fuel bed
housed in a container open to the ambient air. Through an
exhaust stack, the smoke was drawn into a continuous-flow
mixing chamber (residence time approximately 7 min), from
which the aerosol was sampled. The duration of each experi-
ment was approximately one hour and included both flaming
and smoldering conditions, with typical excess CO/CO2 ra-
tios between 3 and 15 %.

Size-resolved CCN spectra were measured by using a dif-
ferential mobility analyzer (DMA) upstream of a static ther-
mal gradient CCN counter (Frank et al., 2007). The DMA se-
lected particles within a narrow size range (aerosol to sheath
flow ratio of 1/10) at a relative humidity of less than 10 %.
These particles were then passed to the CCN counter and a
condensation particle counter (CPC; TSI 3762) measuring in
parallel. While the CCN counter measured the particles that
were activated as CCN at a certain supersaturation,S, the
CPC measured the total particle number concentration (CN).
The fraction of activated particles (defined as CCN/CN) was
calculated for each supersaturation(S) and dry particle di-
ameter (dp), after correction for multiply charged particles
(Frank et al., 2006; Rose et al., 2008). A full CCN scan (4
diameters at 5 values ofS each) took approximately 15 min.
Due to the mixing chamber the aerosol was stable for a scan
at a single diameter and usually reasonably stable during a
full scan. Particle size distributions used for multiple charge
corrections were measured using an SMPS system (Zerom-
skiene, 2005).

For chemical analysis, particles were sampled using a
Berner-type cascade impactor (Berner and Lürzer, 1987).
The deposited material on each stage was quantitatively an-
alyzed with respect to inorganic ions, apparent elemental
carbon (ECa; Andreae and Gelencsér, 2006), organic car-
bon (OC), water soluble organic carbon (WSOC), and wa-
ter insoluble organic carbon (WIOC, calculated as OC minus
WSOC). The methods used were ion chromatography for in-
organic ions, a thermographic method for OC and ECa (VDI,
1999), and a Shimadzu TOC analyzer for WSOC. A more de-
tailed description of the impactor measurements can be found
in Iinuma et al. (2007).

Atmos. Chem. Phys., 11, 9519–9532, 2011 www.atmos-chem-phys.net/11/9519/2011/
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Measurements of particle hygroscopic growth were done
using a Hygroscopicity-Tandem Differential Mobility Ana-
lyzer (H-TDMA). The H-TDMA consists of two Differen-
tial Mobility Analyzers (DMA1 and DMA2) separated by a
conditioning unit where the particles are exposed to an ele-
vated relative humidity, RH = 85 %. DMA1 selects a nearly
monodisperse fraction of the aerosol, while DMA2 scans
the humidified size distribution after the conditioning unit.
The raw humidified size distribution is inverted using an al-
gorithm by Voutilainen et al. (1999) and the hygroscopic
growth factor (GF) is defined as the ratio of the median wet
particle diameter determined by DMA2 and the dry particle
diameter (dp) determined by DMA1. Usually 2–3 growth
factor measurements were averaged for one biomass burning
experiment.

3 Data analysis methods

Discrepancies in the water uptake at subsaturated and super-
saturated conditions can give an indication for the presence
of SA and/or SS material. An efficient tool for detecting such
inconsistencies is theκ parameterization of Petters and Krei-
denweis (2007). The water uptake of a particle is represented
by a single parameter,κ that can be used as a representa-
tion of solute hygroscopicity in the K̈ohler equation. Other
parameterizations include so-called equivalent soluble vol-
ume fractions (e.g., Swietlicki et al., 1999; Lehmann et al.,
2005; and references therein) or ion fractions (e.g., Rissler
et al., 2004). All these parameterizations are equivalent and
the different parameters can easily be converted. Because of
the widespread use of theκ parameterization we will express
our results in terms ofκ. Typical κ values for well-known
aerosol constituents areκ ∼ 0.6 for ammonium sulfate,∼1.2
for sodium chloride and∼0.2 for levoglucosan.

In this work, we calculateκ both from measured growth
factors (κG) and CCN spectra (κCCN). If these volume frac-
tions show only small differences typical of non-idealities of
aerosol constituents, this indicates that there is no large in-
fluence of SS and SA substances. IfκCCN is substantially
larger thanκG, SS or SA substances are potentially affecting
the activation behavior of the particles.

3.1 CalculatingκG and κCCN

κCCN is calculated using Eq. (6) in Petters and Kreidenweis
(2007)

S(d) =

d3
−d3

dry

d3−d3
dry(1−κ)

exp

(
A

d

)
, (1)

whereS is the saturation ratio,d is the ambient particle di-
ameter,ddry is the dry particle diameter and

A =
4σ ·Mw

R ·T ·ρw
, (2)

whereσ is the surface tension of the solution,R is the uni-
versal gas constant,T is the absolute ambient temperature,
Mw denotes molecular mass, andρw the density of water, re-
spectively. For all calculations in this manuscript the surface
tension of water is used forσs andT = 293 K.

The critical supersaturationSc is calculated from the max-
imum of the K̈ohler curve with respect tod

Sc = maxd(s)−1 (3)

and is therefore only a function ofκ. Assuming thatSm
c is

the experimentally determined critical supersaturation of an
actual particle with unknown composition,κCCN for this par-
ticle can be calculated by numerically solving the following
equation forκ:

Sc(κ) = Sm
c . (4)

κG is estimated according to Eq. (11) in Petters and Kreiden-
weis (2007)

RH

exp
(

A
ddry·GF

) =
GF3

−1

GF3
−(1−κ)

, (5)

where GF is the hygroscopic growth factor and RH is the
relative humidity at which it was measured, in our case 0.85.

3.2 Estimating κG and κCCN from measured growth
distributions and CCN spectra

Equations (1–5) can be used for calculatingκ of monodis-
perse particles with well defined GF andSc. However, for
laboratory-generated biomass burning aerosol as considered
here, particles of the same size do not necessarily have the
same chemical composition and shape. As a consequence,
biomass burning particles of a certain size class show hygro-
scopic growth factors with a certain spread around a mean,
and gradual CCN activation spectra that are not simply repre-
sented by step functions. For the wood burning particles, the
growth factor distributions had a single mode. However, the
spread of the growth factor distribution and the gradual CCN
activation spectra cause some uncertainties in the derivation
of the appropriateκ.

Figure 1 shows a typical example of humidified size dis-
tributions of particles with dry diameters ofdp = 50, 100,
and 150 nm as measured by the H-TDMA at RH = 85 %.
These distributions are generated from the measured data
by an inversion routine that fits the inverted spectra with
a continuous function (Voutilainen et al., 1999). Usually,
monomodal growth distributions are summarized by a single
diameter growth factor GF, defined as the modal diameter of
the wet size distribution divided by the centroid dry diame-
ter. The hygroscopic growth factor and the soluble volume
fraction (ε) are nearly linearly related over a small GF range
from 1.04 to 1.1, which is typical for this study. Therefore,
the shape of the growth factor distribution (after correction
for the DMA1 transfer function) roughly corresponds to the
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Figure 1. Typical humidified size distributions as measured by the H-TDMA for 6 

particles with nominal dry diameters of dp = 50 nm, 100 nm, and 150 nm (vertical 7 

lines).  8 
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Fig. 1. Typical humidified size distributions as measured by the
H-TDMA for particles with nominal dry diameters ofdp = 50 nm,
100 nm, and 150 nm (vertical lines).

shape of the soluble volume distribution. The distributions of
the wood burning particles are fairly (though not completely)
symmetrical and can be quite well approximated by a normal
distribution. As a consequence the mode, mean, and median
diameter are close to each other. Sinceκ is directly propor-
tional to ε, the experimentally determined GF of the single
mode can therefore be used to calculate aκG that is repre-
sentative for the mean soluble volume of the selected size
fraction.

The derivation ofκCCN from actual CCN spectra is not
straightforward, as demonstrated on a representative exam-
ple shown in Fig. 2a. In this study, the CCN spectra have
to be linearly interpolated to findSm

c , because a more com-
plicated fitting function, such as an error function, is often
poorly constrained, due to the small number of data points
per CCN spectrum. For a certain particle size fraction, a typ-
ical median supersaturation,Sm

c , is usually derived by finding
the supersaturation where 50 % of the particles are activated
(CCN/CN ratio = 0.5). This supersaturation can subsequently
be converted toκ(Sm

c ) by use of Eqs. (1–4). However, unlike
GF,Sc is not linearly related to the soluble volume (and there-
fore κ) of the particle, and a linear interpolation of the CCN
spectrum is therefore a poor approximation forSm

c . A differ-
ent way of deriving a representativeκ from the CCN spectra
is to convert eachS in the spectrum to the correspondingκ

value at the selecteddp, and to plot CCN/CN values as a
function ofκ (see Fig. 2b). ThenκCCN can be calculated as
the value at CCN/CN = 0.5, as indicated by the dotted verti-
cal line in Fig. 2b. As long as the soluble volume is roughly
normally distributed (as can be verified from the GF distri-
bution) a linear interpolation is a good approximation of the
medianκ. Therefore, the method illustrated in Fig. 2b is used
to deriveκCCN. This example illustrates to which extent er-
rors related to the interpolation methods of the CCN spectra
can affect the comparison ofκCCN andκG. If the growth fac-
tor distribution is more strongly asymmetric, then the mode
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Fig. 2. The derivation ofκCCN using 100 nm oak wood smoke par-
ticles as an example.(a) Average CCN spectrum from experiment
14a (oak wood) including error bars indicating a measurement un-
certainty of±1σ are shown as a black line and black symbols, upper
and lower bounds of the activation curve (see Sect. 2.4) are shown
as gray lines, and the supersaturation where 50 % of the particles
are activated is indicated by a vertical dashed line.(b) The same
CCN/CN ratios plotted as a function ofκ corresponding to each
S measurement point (black symbols and line) with error bounds
(gray symbols and lines).κCCN, defined as the value ofκ where
50 % of the particles are activated is indicated by a dotted line, and
is substantially larger thanκ corresponding toSm

c (κSm; dashed
line).

of the growth factor distribution should not be compared to
the median of the CCN spectrum, because considerable er-
rors will arise regardless of the interpolation method used.

3.3 Error analysis

Uncertainties in the H-TDMA measurements are dominated
by uncertainties in RH. The system uncertainty in RH
was determined by generating sodium chloride particles at

Atmos. Chem. Phys., 11, 9519–9532, 2011 www.atmos-chem-phys.net/11/9519/2011/
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regular intervals during the lab study and comparing their
hygroscopic growth with theory, without using a shape fac-
tor correction. Rose et al. (2008) shows that, depending on
the particle generation mechanism, NaCl particles generated
by nebulization are in many cases compact spheres. Since
the actual shape of the NaCl particles used in the calibration
was not determined during the experiment, a shape factor
of 1 was used. The calibration revealed that the system RH
was stable within±2 % RH. The relative uncertainty in hy-
groscopic growth factor (GF) for a sodium chloride particle
at 85 %±2 % RH is roughly±3.5 %. The biomass burn-
ing particles studied here are much less hygroscopic than
pure sodium chloride particles. Assuming that the activa-
tion curves are similar in shape, the relative uncertainty of
the presented growth factor data is less than 2 %. For ex-
ample, the estimated diameter growth factor of an idealized
particle consisting of 30 % levoglucosan and 70 % insoluble
material with a GF of 1.08 varies roughly by±1 % over the
RH range of 85± 2 %. The diameter growth factors mea-
sured in this study typically varied between GF = 1.04 and
1.1 (at RH = 85 %), so a typical variation of±1 %, with an
upper limit of±2 % seems reasonable for this study. A rela-
tive uncertainty of 2 % in diameter growth factor translates to
40 % inκG for GF = 1.04 and 20 % inκG for GF = 1.1. How-
ever, since the variation with RH around a GF of 1.04 is less
than 1 %, an overall relative uncertainty of roughly 20 % is
assumed forκG in this study. This error estimate an illustra-
tion of a typically expected uncertainty rather than an accu-
rate quantitative error estimate. In reality, the uncertainty of
GF depends only on the shape of the growth factor curve as
a function of RH. This was not measured during the experi-
ments and we therefore cannot say with certainty that the ide-
alized particle is a good approximation of the biomass burn-
ing particles. While in principle a similar estimate could be
done for each individual growth factor data point, this would
not remove the underlying uncertainty regarding our chosen
model particle, and give the impression of more quantitative
knowledge than is actually available.

The method of estimating uncertainties inκCCN is illus-
trated in Fig. 2. The error bars (1 standard deviation) in
Fig. 2a show the propagated uncertainty in CCN/CN ratios
andS of a typical mean CCN spectrum (average over four
individual CCN spectra taken at different times during the
1-h oak burning experiment). For some experiments, only
three spectra were averaged, and in these cases the uncer-
tainties are slightly larger. An upper bound to the spectrum
is estimated using CCN/CN +δCCN/CN) andS−δS, a lower
bound by using CCN/CN− δCCN/CN) andS + δS (gray cir-
cles). S − δS andS + δS are converted to the respective up-
per and lower bounds ofκ, which combined with the re-
spective uncertainties in CCN/CN result in the gray curves
shown in Fig. 2b. The uncertainty ofκCCN is estimated by
finding CCN/CN = 0.5 for each of these curves. For the
oak experiment, this leads to uncertainty bounds forκCCN
of (0.09, 0.16), or roughly 30 %, which represents a typi-

cal uncertainty for the other biomass burning experiments as
well. These error bounds only include the propagated error
in S and CCN/CN and not the additional uncertainty caused
by the low resolution of the spectra, which is impossible to
assess accurately.

4 Sensitivity studies

Before analyzing the experimental data we need to evaluate
the method of detecting SS and SA substances via compari-
son ofκCCN andκG:

i. Can potential non-ideal behavior of the particle liquid
phase lead to large differences inκG andκCCN, without
any presence of SA or SS substances?

ii. How sensitive is this method to the effects of SS and SA
substances? i.e., how much surface tension suppression
and what amount of slightly soluble material will lead
to a significant difference inκG andκCCN?

4.1 Differences inκG and κCCN due to solution
non-idealities

In order to be detected, the differences inκCCN andκG caused
by SA and SS compounds have to be substantially larger than
the differences caused by potential solution non-idealities.
Petters and Kreidenweis (2007) summarizeκ values derived
from CCN and hygroscopic growth factor measurements for
various inorganic substances. The differences are usually
less than 15 % and also include experimental uncertainties
and in some cases effects of limited solubility and/or parti-
cle shape. Moreover, they are dependent on the RH at which
the growth factors are measured. This makes it difficult to
quantify the effect of solution non-ideality on the difference
in κ as one single number. However, since the data in Pet-
ters and Kreidenweis (2007) also include effects that could
cause additional differences inκ, a 15 % difference can be
regarded as an upper limit for solution non-ideality effects.
In the next sections we examine the effect of particle shape
on κ and then estimate the sensitivity of our method to SA
and SS substances.

4.2 The effect of particle shape onκCCN and κG

In this study, both the hygroscopic growth and the CCN ac-
tivation are measured on particles pre-selected by a DMA
according to their electrical mobility. These particles are as-
signed to a mobility equivalent diameter (dm). The mobility
diameter of non-spherical particles is larger than their vol-
ume equivalent diameter (dve). This has consequences for
both CCN and diameter growth measurements and the calcu-
lation ofκ.

The critical supersaturations derived from CCN measure-
ments are an intrinsic property of the particles studied.
However, the dry particle diameter is subsequently used in

www.atmos-chem-phys.net/11/9519/2011/ Atmos. Chem. Phys., 11, 9519–9532, 2011
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calculatingκCCN. A larger particle requires a smaller soluble
volume fraction and therefore a lowerκ to be activated at the
sameSc than a smaller particle. For non-spherical particles,
κCCN calculated based ondm is therefore smaller thanκCCN
based ondve, which actually is the equivalent diameter more
directly related to CCN activity.

The hygroscopic growth factor GF itself is defined as the
ratio of the wet and dry diameter. If sufficient amounts of
water condense on the particles, the wet particles are spheri-
cal and as a consequence theirdm anddve are equal. For the
dry particles, however,dm can be larger thandve depending
on the particle shape. Since GF is operationally defined as
the ratio of wet and dry mobility diameter, it may underpre-
dict the actual volume of water condensed on the particle,
and therefore underpredictκ.

The fact thatκ depends on the equivalent diameter used
to describe the non-spherical particles does not necessarily
limit its usefulness. Theκ values are mainly a simple way
to parameterize the water uptake of aerosol particles and if
they are used together with the diameter for which they are
derived, they will give correct results forSc and GF. How-
ever, for irregular particles of the same chemical composi-
tion, κG andκCCN can be different, even without surface ten-
sion effects or the influence of slightly soluble material. This
could therefore lead to incorrect interpretations of our mea-
surements. The biomass burning particles produced in the
EFEU chamber appear as compact clusters of small spherules
in the SEM (Dusek et al., 2005). They are not chain-like or
highly fractal in nature and their shape factors have been de-
termined to be<1.2 (Schneider et al., 2006), but could still
exceed 1.

For the purpose of the following sensitivity studies we
consider an idealized biomass burning particle consisting of
30 % levoglucosan and 70 % insoluble material that behaves
as an ideal solution with a van’t Hoff factor of 1. This means
we ignore the weak solution non-idealities (Mochida and
Kawamura, 2004; Svenningsson et al., 2006) and the weak
effect of levoglucosan on surface tension at high solute con-
centrations (e.g., Svenningsson et al., 2006). In this way we
can study the desired effect without interference from non-
ideal solution effects.

First, we calculate the critical supersaturation and hygro-
scopic growth of the idealized biomass burning particle using
the Köhler equation:

RH= aw ·exp

(
4·σ ·Mw

ρw ·R ·T ·d

)
(6)

with

aw =
1

1+ iMwη
(7)

by numerically solving Eq. (6) for the interstitial diameterd

(and hence GF) at RH = 0.85, and by solving for the maxi-
mum to getSc.

Table 1. Volume equivalent diameters (dve), calculated hygro-
scopic growth factors (GF) at 85 % RH, calculated critical super-
saturation (Sc) and hygroscopicity parametersκG andκCCN of par-
ticles with a mobility diameter ofdm = 100 nm and various shape
factorsX = {1.00,1.05,1.10}. The particles are assumed to consist
of 30 % levoglucosan and 70 % insoluble material by volume. The
0.01 difference inκG andκCCN is most likely caused by slightly
different Koehler approximations in modeling the idealized particle
and theκ-Koehler theory.

X dve (nm) GF κG Sc (%) κCCN

1 100 1.08 0.053 0.515 0.052
1.05 95.8 1.04 0.023 0.548 0.046
1.1 92.0 1.00 0 0.582 0.040

Table 1 summarizes the influence of the shape factor (X =

dm/dve·Cc(dve)/Cc(dm)), whereCc is the Cunningham slip
correction factor) onκG andκCCN, for a particle composed
of 30 % levoglucosan and 70 % insoluble material, assuming
a mobility diameter ofdm = 100 nm is selected by the DMA.
The second column in Table 1 shows the decrease indve with
increasing shape factor. The equilibrium wet diameter (dwet)

is calculated using Eqs. (6–7) and the respectivedve. To ap-
proximate the measured growth factor we then use the calcu-
lateddwet and adm of 100 nm, in the same way as the data
would be evaluated if the shape factor were not known. The
measured hygroscopic growth factor GF, defined asdwet/dm,
decreases strongly with increasingX, i.e., the derivedκG will
be too small and increasingly so with increasing shape fac-
tor. Also, the critical supersaturations were determined using
Eqs. (6) and (7). Since the critical supersaturation depends
inversely on the amount of soluble material in the particle, it
increases with decreasingdve. However, the resulting reduc-
tion in κCCN is much more moderate than the reduction in
κG. We can deduce from this example that slight variations
in shape factor cause a larger variation inκG thanκCCN.

4.3 Sensitivity ofκ to surface tension depression

The sensitivity ofκCCN to SA compounds is assessed by the-
oretically estimating Sc values that would be measured by
a CCN counter, if the surface tension at activation were re-
duced compared to that of water. From thisSc, κCCN val-
ues are derived, assuming the surface tension of water, as
would be done in a standardκ calculation. For these calcula-
tions, we artificially reduce the surface tension of the ideal-
ized biomass burning particle to 90 % and 80 % of the value
of pure water. This reduces the critical supersaturation of the
particle as shown in Table 2, and as a consequence increases
κCCN. The initialκCCN value of the model aerosol at the sur-
face tension of water is 0.052 and increases to approximately
0.1 by reducing the surface tension to 80 % of its original
value. This shows that reducing the surface tension by 20 %,
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Table 2. Calculated critical supersaturationsSc and effective hygro-
scopicity parametersκCCN for an idealized biomass burning parti-
cle consisting of 30 % levoglucosan and 70 % insoluble material
at temperatureT = 293 K, assuming that the surface tension at the
point of activation is 0.9 and 0.8 time that of water.κCCN for the
original particle (surface tension of water) is 0.052, see also Table 1.
κG remains at 0.053.

dp Sc (%) Sc (%) κCCN κCCN κG
0.9σ 0.8σ 0.9σ 0.8σ

50 1.21 1.02 0.074 0.11 0.053
100 0.44 0.37 0.073 0.10 0.053
150 0.24 0.20 0.072 0.10 0.053

results in a doubling ofκCCN. From the last column of Ta-
ble 2 it can be seen that the increase in the value ofκCCN is
almost independent of particle diameter.

κG is influenced only slightly by a change in surface ten-
sion at 85 % RH and remains around 0.053 since the Kelvin
effect is small for particles larger than 50 nm as considered
here (see Eq. (6), exponential term), which was also found by
Wex et al. (2008b). We can therefore conclude that a surface
tension reduction of more than 10 % results in a larger dif-
ference betweenκCCN andκG than would be expected from
non-ideal solution effects. Therefore we are able to resolve
moderate changes in surface tension (larger than 10 %) by
comparingκCCN andκG.

4.4 Sensitivity ofκ to slightly soluble substances

Slightly soluble substances alter the expected critical super-
saturation most drastically if they are virtually undissolved at
subsaturated conditions, but fully dissolved at supersaturated
conditions nearSc. We choose succinic acid as an example
of a SS substance, due to its moderate solubility of 88 g l−1

at 25◦C (Saxena and Hildemann, 1996). The moderate re-
duction in surface tension due to succinic acid at high solu-
tion concentrations was ignored for the following sensitivity
study to focus solely on the solubility effect.

We calculated critical supersaturations and hygroscopic
growth factors for a particle consisting of levoglucosan and
succinic acid in varying proportions, again treating them as
ideal solutions. We use the form of the Köhler equation as
written in Eq. (6), but with

aw =
1

1+
6Mwml

πMlρw(d3−d3
dry)

+
Mwsol
Mssρw

(8)

when succinic acid is not completely dissolved and

aw =
1

1+
6Mw

πρwd3−d3
dry)

(
ml
Ml

+
mss
Mss

) (9)

Table 3. Critical supersaturations (Sc) and hygroscopic diameter
growth factors (GF) (at 85 % RH) for a particle consisting of lev-
oglucosan and succinic acid in varying proportions. Calculations
were made at temperatureT = 293 K.

0 % succinic 50 % succinic 90 % succinic
dp (nm) Sc (%) GF Sc (%) GF Sc (%) GF

50 0.82 1.22 0.75 1.12 0.71 1.03
100 0.29 1.24 0.27 1.13 0.25 1.03
150 0.16 1.24 0.15 1.14 0.14 1.03

Table 4. Hygroscopicity parameters derived from CCN properties
(κCCN) and hygroscopic growth factors (κG) for a particle consist-
ing of levoglucosan and succinic acid in varying proportions. The
respective values ofSc and GF used in the calculations can be found
in Table 3.

0 % succinic 50 % succinic 90 % succinic
dp (nm) κCCN κG κCCN κG κCCN κG

50 0.17 0.18 0.20 0.091 0.23 0.018
100 0.17 0.17 0.20 0.094 0.23 0.017
150 0.17 0.17 0.20 0.090 0.23 0.019

when succinic acid is completely dissolved. The term sol is
the solubility of succinic acid. The subscript “w” denotes
water, “l” denotes levoglucosan and “ss” the slightly soluble
substance (in this case succinic acid). Van’t Hoff factors of 1
are assumed for both levoglucosan and succinic acid.

Sc and GF of the model particles are summarized in Ta-
ble 3. The critical supersaturations are not strongly affected
by the increasing mass fractions of succinic acid as a conse-
quence of the similar density and molecular weight of suc-
cinic acid and levoglucosan and the fact that succinic acid is
nearly fully dissolved at the point of activation. The hygro-
scopic growth factors, however, decrease drastically (from
about 1.24 to 1.03) when levoglucosan is replaced by the
nearly undissolved succinic acid at RH = 85 %.

Table 4 showsκ calculated fromSc and GF in Table 3.
For pure levoglucosan particles,κG and κCCN are similar,
but with increasing succinic acid fractions,κG is reduced
to roughly 1/2 and 1/5 ofκCCN. These results can also be
interpreted in the light of theκ mixing rule, which states
that κ of a mixed particle can be estimated as averageκ of
its individual components weighted by their volume fraction
(ε). At a RH of 85 %, where succinic acid is not dissolved
κsucc= 0. ThereforeκG can be calculated asκG = κlev ·εlev,
andκCCN= κlev ·εlev+κsucc·εsucc. It is clear that the magni-
tude of the difference betweenκG andκCCN depends both on
the amount andκ of the slightly soluble material. Through
the strong effect onκG, however, we conclude that signifi-
cant fractions of slightly soluble material can cause a large
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difference inκG andκCCN. This difference can easily exceed
the difference caused by non-ideal solution effects and can
be detected with our model, if there is no interference from
surface active compounds and/or shape effects.

In summary, the presence of surfactants, the presence of
slightly soluble substances, and non-spherical particle shape,
all can causeκCCN to be larger thanκG. Therefore with mea-
surements at one single particle diameter it is not possible
to distinguish these three factors. However, only the surface
tension effect onκCCN shows a dependence on particle size,
with increasing differences betweenκCCN andκG expected at
smaller diameters. The dependence ofκG andκCCN on parti-
cle size can therefore give a possible distinction between the
effects of surface tension depression or those of the other two
factors.

5 Results

We analyzed nine of the wood burning experiments, com-
prising all experiments for which both hygroscopic growth
factors and CCN spectra were available. These included two
experiments burning hardwood fuels (oak and musasa), three
experiments burning softwood fuels (pine and spruce) and
four experiments burning softwood fuels along with fresh or
dry branches and needles. Chemical analyses of impactor
samples (Iinuma et al., 2007) were available for six of those
experiments.

Figure 3 and Table 5 show grand averages ofκG andκCCN.
κ of freshly emitted wood burning aerosol is generally small.
Theκ values from our experiment compare well to the range
of κ values (0.05–0.2) obtained by Petters et al. (2009) for
similar fuel types (i.e., wood or branches with needles or
leaves). Petters et al. (2009) found that grasses and other
materials, such as sugar cane or rice straw, were generally
more hygroscopic.

Although individual values ofκ have large uncertainties,
the averages over many experiments agree well for 100 and
150 nm. However, for 50 nm particles,κCCN andκG differ
significantly at the 95 % confidence level (t-test, paired two
sample for means). Moreover,κCCN andκG show opposing
trends with particle size. The values ofκCCN increase lin-
early with decreasing particle diameter, whereasκG is sim-
ilar for 100 and 150 nm particles but decreases somewhat
for 50 nm particles. Petters et al. (2009) also observed good
agreement betweenκ derived from hygroscopic growth fac-
tors and CCN spectra around the 100 nm size range. How-
ever, they also note an increase in hygroscopic growth factors
towards smaller particle sizes, which we did not observe in
this study.

The increase inκCCN with decreasing size would be con-
sistent with the possibility that smaller particles contain a
50 % higher fraction of soluble material than larger particles.
This could be expected, if soluble material condenses on pre-
existing soot cores during the cooling of the vaporized ma-
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Fig. 3. Grand averages (of all nine experiments) of hygroscopicity
parameters derived from hygroscopic growth factors(κG) shown as
gray bars and from CCN spectra (κCCN) shown as white bars. The
error bars correspond to 1 standard deviation of the data.

Table 5. Average hygroscopicity parameters (κ) plus standard de-
viations for freshly emitted wood burning particles. The values rep-
resent averages over all nine biomass burning experiments.

dp (nm) κG κCCN

50 0.037± 0.014 0.082± 0.014
100 0.061± 0.021 0.065± 0.011
150 0.055± 0.024 0.050± 0.014

terial. However, in this caseκG should increase as well, and
therefore the decrease inκG at 50 nm renders this hypothesis
relatively unlikely. A 50 % increase in the soluble fraction
that does not increaseκG could only be explained if most of
this added material was only slightly soluble. However there
is no likely reason why slightly soluble material should be
enriched in 50 nm particles to such an extent.

It is also difficult to explain the difference betweenκG
and κCCN at small particle sizes by particle shape effects.
In principle the small particles could be more irregular in
shape, for example if they contained less soluble material
than larger particles. However, thenκCCN should also be
lower for 50 nm particles than for larger particles, although
the effect forκCCN should be less than forκG. In this case, ei-
ther surface tension effects or an increase in soluble volume
fractions larger than 50 % would have to be invoked to ex-
plain the observed increase ofκCCN with deceasing particles
size. However, more organic material would almost certainly
lead to more spherical particles.

Therefore, the most likely explanation for the observed in-
crease inκCCN without a concurrent increase inκG is the
presence of surfactant organics. At the point of critical super-
saturation, the droplets that form by condensation on small

Atmos. Chem. Phys., 11, 9519–9532, 2011 www.atmos-chem-phys.net/11/9519/2011/



U. Dusek et al.: Water uptake by biomass burning aerosol at sub- and supersaturated conditions 9527

particles are more concentrated than droplets that form on
larger particles. The surface tension of surfactant solutions
tends to decrease with solution concentration (e.g., Facchini
et al., 2000; Svenningsson et al., 2006). Therefore, it is pos-
sible that surface active material is relatively ineffective at
large particle sizes, but begins to significantly decrease the
critical supersaturation for small particles.

Figure 4 presents scatter plots ofκCCN versusκG for each
particle diameter. Each data point represents an individual
burning experiment of approximately one hour. Hardwood
fuels (musasa, oak) are indicated as black squares, softwood
fuels (spruce, pine) as white circles, and softwood fuels in-
cluding needles and branches as gray triangles. The error
bars show the respective experimental uncertainties inκ (see
Sect. 3.4). At 50 nm the difference betweenκG andκCCN is
clearly outside the range that could be explained by experi-
mental uncertainties.

Individual values ofκCCN andκG are not strongly corre-
lated. This is partially due to the limited range ofκ val-
ues and to the large experimental uncertainty, which re-
sults in significant scatter of the data points. However, the
experimental uncertainties cannot explain all the variabil-
ity and lack of correlation in the data set. Another part
of the variability is probably due to the fact that CCN and
growth factor measurements did not take place at exactly
the same times during each experiment. Furthermore, there
is a systematic difference in variability betweenκCCN and
κG. Despite comparable experimental uncertainties, theκG
data have roughly twice the relative standard deviation of the
κCCN data. Moreover, the correlation betweenκG of 50 nm
and κG of 100 nm particles is poor (R2

= 0.29), whereas
κCCN of 50 andκCCN of 100 nm particles are tightly cor-
related (R2

= 0.90). This means that in fuels where 50 nm
particles were easily activated, 100 nm particles were easily
activated as well, whereas at subsaturated conditions there
does not seem to exist a clear relationship between the hy-
groscopicity of the 50 and 100 nm particles.

The larger scatter in the growth factor data could be caused
by a potential non-spherical shape of the biomass burning
particles. However, this is in contradiction to the fact that
the meanκG andκCCN are comparable, since the shape ef-
fect would reduce the measured hygroscopic growth factor
and would lead to an underestimate ofκG. Therefore particle
shape is not a likely explanation. It is also possible that our
simple estimate of uncertainty in Sect. 3.3 underestimates the
uncertainty of growth factor measurements.

Figure 5 shows volume fractions of soluble material esti-
mated from the chemical composition of impactor samples
(Iinuma et al., 2007). For this comparison, we used the first
impactor stage, which had aerodynamic cut-off diameters of
50 and 150 nm. This corresponds to 36 and 125 nm volume
equivalent diameters, assuming a density of 1600 kg m−3 for
the biomass burning particles or to 44 and 140 nm using
a density of 1200 kg m−3. The black bars represent vol-
ume fractions of inorganic ions and the gray bars represent
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Fig. 4. Correlation betweenκCCN andκG at different particle di-
ameters. Each data point represents an individual biomass burn-
ing event of approximately 1 h. Hardwood fuels (musasa, oak) are
indicated as black squares, softwood fuels (spruce, pine) as white
circles, and softwood fuels including needles and branches as gray
triangles.
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Fig. 5. Volume fraction of inorganic ions (black bars) and water
soluble organic carbon (WSOC; gray bars) estimated from impactor
samples. Fuel types are for the individual experiments are: Hard-
wood (14, 19); Softwood (15, 17); Softwood and green needles (18,
22).

volume fractions of water soluble organic carbon,εWSOC.
These volume fractions are rough estimates using densities
of 1700 kg m−3 for the inorganic fraction, 2000 kg m−3 for
elemental carbon, 1400 kg m−3 for the organic fraction, and
1500 kg m−3 for the unresolved material. The water soluble
fraction of the first impactor stage is dominated by organic
material, and volume fractions of inorganic ions are low for
all wood burning experiments.

Based on this comparison, it is possible to give a rough
estimate of the effectiveness of the WSOC fraction with
respect to water uptake. The hygroscopicity parameter of
the biomass burning particle can be calculated as the vol-
ume weighted average ofκ of the individual components
(κ = κinorg · εinorg + κWSOC· εWSOC). For each experiment
where impactor data are available, we calculateκ of the
biomass burning particles as a volume weighted average for
bothκCCN andκG values at 50 and 100 nm, which lie within
the range of impactor stage 1. For each of the available exper-
iments we estimateκWSOC as follows: We assume thatκinorg
is roughly 0.6, which is an average of growth-factor-derived
and CCN-derivedκ of ammonium sulfate and CCN-derived
κ of ammonium nitrate from Petters and Kreidenweis (2006).
Usingεinorg andεWSOC from Fig. 5 we arrive atκWSOC val-
ues ranging from 0.07 to 0.43 with an average of 0.2± 0.1.
This means that the water-soluble organic material can be
represented by aκ value which is higher than theκ value
of ∼0.1 suggested for fresh secondary organic aerosol (e.g.,
Dusek et al., 2010; Petters and Kreidenweis, 2007), but close
to the value of levoglucosan (Petters and Kreidenweis, 2007).
The effective hygroscopicity of a typical wood burning parti-
cle can therefore be represented by a linear mixture of an in-
organic component withκ ∼= 0.6, a WSOC component with
κ ∼= 0.2, and an insoluble component withκ = 0.

Table 6. Critical supersaturation (Sc), surface tension at activation
(σ) and hygroscopicity parameter (κCCN) for a particle consisting
of 30 % levoglucosan, 5 % fulvic acid and 65 % insoluble material
at various particle diameters (dp).

dp (nm) Sc (%) σ (mN m−1) κCCN

50 1.09 63.3 0.093
100 0.45 66.8 0.069
150 0.26 69.1 0.062

6 Discussion

6.1 The role of surfactants

The presence of SA substances is a plausible explanation
for the increase ofκCCN with decreasing particle size and
for the difference betweenκCCN andκG at 50 nm. Iinuma
et al. (2007) show that the pyrogenic particles studied dur-
ing the EFEU experiment contained a significant amount of
macromolecules. While the nature of these macromolecules
is not entirely certain, it has been shown previously (e.g.,
Facchini et al., 2000; Dinar et al., 2006; Fors et al., 2010),
that macromolecular substances such as humic like sub-
stances (HULIS) can have a strong effect on droplet surface
tension.

It is known in principle that SA substances cause an appar-
ent increase inκCCN with decreasing particle size, since an
equal fraction of surfactant is more concentrated in solution
droplets forming on small particles. However, it still needs
to be explored whether a realistic SA substance can account
for the observed increase inSc solely due to the concentra-
tion effect. Therefore, we conducted an estimate, considering
an idealized biomass burning particle with a composition of
30 % levoglucosan, 5 % fulvic acid and 65 % insoluble mate-
rial. The dependence of droplet surface tension on fulvic acid
concentration is parameterized according to Svenningsson et
al. (2006). Table 6 shows that even though particles of 50,
100, and 150 nm contain the same fraction of surfactant, the
surface tension of the droplet atSc decreases with decreasing
dry particle diameter. The resulting increase ofκCCN of the
model particle is comparable to that observed with the actual
biomass burning particles (Fig. 3).

This sensitivity study shows that a small amount of surfac-
tant similar to fulvic acid could cause the observed increase
in κCCN with decreasing particle diameter and the resulting
difference inκCCN and κG. This strengthens the evidence
that surfactants modify the CCN activation of fresh biomass
burning particles at small particle sizes.
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6.2 Water interaction in relation to chemical speciation

Figure 5 strongly suggests that the water uptake of fresh
biomass burning particles from wood burning is mainly gov-
erned by organic material, with only a small contribution
from inorganic compounds. The organic fraction of fresh
biomass burning particles is strongly soluble and its hygro-
scopicity can be represented by aκ of roughly 0.2. These
results fit well with observations that levoglucosan is by far
the dominant individual organic component of fresh biomass
burning aerosol (Iinuma et al., 2007). Levoglucosan has
a similar molecular weight and density as ammonium sul-
fate, but a smaller van’t Hoff factor, around 1 (Mochida
and Kawamura, 2004), instead of roughly 2.3–3. Assum-
ing the WSOC fraction to consist of pure levoglucosan pre-
dicts water uptake that slightly overestimates the measured
water uptake. This could be the presence of macromolecules
as detected by Iinuma et al. (2007) that increase the mean
molecular mass of the water soluble fraction. However,
considering the high uncertainties associated with estimat-
ing WSOC fractions from impactor measurements, approx-
imating the WSOC fraction with levoglucosan leads to a
reasonable estimate ofSc.

6.3 Atmospheric relevance

In this study, we find indications for an enhancement of CCN
activation due to a possible decrease in droplet surface ten-
sion as proposed by Facchini et al. (1999). For fresh biomass
burning particles, this effect is important for particles of
around 50 nm or smaller, for which the solution droplets
are sufficiently concentrated at their critical supersaturation.
However, the 50 nm particles typically require supersatura-
tions of 1 % or above for activation, and are therefore not
very important CCN under atmospheric conditions and am-
bient particle size distributions, where usually a considerable
number of larger particles is also present. For lower supersat-
urations, more typical of ambient clouds, the surface tension
does not strongly affect the CCN properties. The critical su-
persaturations of fresh biomass burning particles can then be
predicted reasonably well from the known water uptake at
subsaturated conditions using theκ parameterization.

As particles age in the biomass burning plumes, they ac-
quire more water soluble material through photochemical
processes. Decesari et al. (2006) found that in ambient
aerosol during the Amazon biomass burning season, levoglu-
cosan was only one constituent among many, such as mono/-
dicarboxylic acids, sugars, sugar alcohols, polyhydroxylated
species and others. Humic-like substances can become fur-
ther enriched due to polymerization processes (Kalberer et
al., 2004). For these aged biomass burning particles, slightly
soluble material might be present and surface tension effects
might be stronger, so that the simpleκ model might not be
appropriate any more. This might be the reason why Rissler

et al. (2004) needed a more complex model to successfully
predict CCN concentrations from size distributions and hy-
groscopic diameter growth factors.

7 Conclusions

We derived hygroscopicity parameters of freshly emitted
biomass burning particles from size-resolved hygroscopic di-
ameter growth factors (κG) and CCN spectra (κCCN). Theκ

values of freshly emitted biomass burning particles are small,
ranging between 0.02 and 0.15. This means that the water
uptake of the biomass particles is equivalent to particles con-
sisting of 5–20 % ammonium sulfate and otherwise insoluble
material. The fraction of inorganic ions in impactor sam-
ples of the biomass burning particles is much smaller than
5–20 %, indicating that the water uptake is mainly governed
by organic material.

One main emphasis of this study was to compareκG and
κCCN to gain information about the possible influence of
surface active or slightly soluble substances on CCN acti-
vation. Previous studies show that unless surface active or
slightly soluble substances are present in the particles, the
soluble volume fractions,κG andκCCN, should be compara-
ble within 15 %. We found a significant difference inκG and
κCCN only for small particles (50 nm), but not for particles
100 and 150 nm in diameter. This behavior is consistent with
the presence of a surfactant that facilitates droplet activation
leading to a larger inferredκCCN thanκG. Even if the vol-
ume fraction of the surfactant is constant for all dry particles
sizes, it will be more concentrated in deliquescent droplets
that form on small particles and more dilute in droplets form-
ing on larger particles. This explains that the effect is only
visible at small particle sizes. The observed increase inκCCN
with decreasing particle diameter could be reproduced with
an idealized biomass burning particle consisting of 30 % lev-
oglucosan, 65 % insoluble material, and 5 % fulvic acid, in-
dicating that only a small amount of surfactant is necessary
for the observed effects.
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