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Abstract
Biomass burning is one of the largest aerosol sources worldwide. In this study,
the hygroscopic properties of fresh and aged wood burning particles were investigated under controlled laboratory conditions in several smog chamber
experiments. Beech log wood was burnt in a residential log wood burner and
the particles emitted during the different burning phases (starting, flaming,
and smoldering) were analyzed. The particles were photochemically aged
using the own volatile organic carbon emissions from the burnt wood. The
hygroscopic properties of the particles at relative humidities below and above
100% were determined and compared.
The freshly emitted soot particles have a fractal-like structure. The structure collapsed in half of the experiments where soot was present for particles
≥ 100 nm under the presence of a high relative humidity, leading to a more
compact structure. This restructuring induces an underestimation of the hygroscopicity measured with mobility diameter based methods.
The hygroscopicity parameter “apparent κ” of fresh wood combustion particles varies between 0 and 0.39. With aging, the hygroscopicity of the particles
generally increases. This is due to the uptake of organic matter and inorganic
salts, and because the particles become more oxidized.
One smoldering phase experiment was carried out, which, in contrast to the
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other experiments, showed very high apparent κ values between 0.2 and 0.4
at the beginning of the experiment, depending on the size of the particles.
These values were decreasing with time. This suggests a different composition of the particles, with a higher fraction of inorganic components initially.
The results indicate that it is not possible to use only one κ value for different burning phases and aging times of wood combustion particles in climate
models.
Keywords: hygroscopic growth, CCNC, H-TDMA, secondary organic
aerosol, biomass burning, aging
1. Introduction
Biomass burning is one of the largest sources of aerosols on a global scale
(e.g. Andreae and Rosenfeld, 2008). As aerosols influence the climate, directly by absorbing and scattering light and indirectly by changing cloud
properties, biomass burning particles have an impact on the climate. The
main sources of these particles are open vegetation fires and domestic wood
burning for heating or cooking. Biomass burning particles consist mainly
of organic material (OM), black carbon (BC), and depending on the efficiency of the burning process, a varying amount of inorganic components
(mainly potassium and chloride in freshly emitted particles) (Reid et al.,
2005). In addition to the emitted primary organic aerosols (POA), organic
aerosol mass is also formed by the photo-oxidative aging of co-emitted volatile
organic compounds (VOC) and subsequent condensation as secondary organic aerosols (SOA) (Hallquist et al., 2009). Other aging processes include
condensed-phase reactions, cloud-processing and oxidation of the organic
aerosol (George and Abbatt, 2010). Aging processes change the hygroscopicity of biomass burning particles. Freshly emitted soot is non-hygroscopic,
but it can become more hydrophilic through oxidation (see e.g. Zuberi et al.,
2005; Decesari et al., 2002). The hygroscopicity of organic matter increases
with oxidation in the subsaturated relative humidity regime (Jimenez et al.,
2009; Duplissy et al., 2011). In the supersaturated regime, the increase in
hygroscopicity differs with the oxidation level. The O:C (atomic oxygen-tocarbon) ratio of a particle is as an indicator for the aerosol oxidation level,
which increases with increasing oxidation level. The increase in the CCN
activity is more pronounced at higher O:C ratios compared to lower ratios.
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Uptake of organic matter or inorganic salts on preexisting particles increases
or decreases the hygroscopicity, depending on the initial hygroscopicity of
the particle.
Biomass burning particles also have a strong impact on regional air quality
(see e.g. Wotawa and Trainer, 2000). In Switzerland, about 12% of the households in 2010 were heated with wood (Bundesamt für Statistik, 2010), and in
the Alpine valleys wood burning is an important aerosol source (Sandradewi
et al., 2008; Szidat et al., 2007). The presence of an inversion layer accumulates these particles, once emitted, in the atmosphere for several days. Also
in the more populated regions of Switzerland wood burning was found to
be a significant particle source (Herich et al., 2011; Lanz et al., 2010), even
in the city of Zurich (Lanz et al., 2008) and also in the megacity of Paris
(Favez et al., 2009). In Bejing, biomass burning contributes up to 43% to
the organic carbon concentrations (Duan et al., 2004), and in a rural site in
Austria, it was found to account for up to 70% of organic carbon in winter
(Caseiro et al., 2009).
In order to investigate the influence of wood burning particles on climate,
their hygroscopic properties need to be known, as these determine the ability
of particles to take up water, grow and form cloud droplets. This determines
in turn their lifetime in the atmosphere and how much solar radiation they
reflect back to space. Several studies have focused on biomass burning particles from open vegetation fires (see e.g. Kaufman et al., 1998; Lee et al., 2006;
Vestin et al., 2007). Only a few studies so far investigated the hygroscopic
properties of biomass burning particles produced under controlled laboratory conditions, although some recent studies on freshly emitted particles
from biomass burning exist. Dusek et al. (2005) conducted laboratory measurements on particles produced by burning German and Indonesian peat.
They found freshly emitted particles with diameters > 200 nm that were
non-hygroscopic and concluded that particles of different size have a different
chemical composition. Petters et al. (2009a) investigated particles produced
by the burning of over 20 different biomass fuels. The particles showed a
large variation in the hygroscopicity parameter κ. Similar to Dusek et al.
(2005), they also found that larger particles (250 nm in diameter) were less
hygroscopic than particles smaller than 100 nm, concluding that the larger
ones consisted mainly of soot, i.e. a mixture of elemental and organic carbon, whereas the smaller ones consisted of a mixture of organic and inorganic
compounds.
Freshly emitted soot has a fractal structure which can collapse under the in3

fluence of water. Thus, the particles become more compact and their mobility
diameter decreases. This collapsing of the particles is called restructuring and
it might be caused by capillary condensation or the filling of cavities leading
to compaction (Weingartner et al., 1995). Restructuring has been observed
for different soot types (Weingartner et al., 1995, 1997; Zhang et al., 2008;
Tritscher et al., 2011b).
Dusek et al. (2011) compared hygroscopicities of fresh wood burning particles
from different wood types, peat and grass measured in the sub- and in the
supersaturated regime. They agreed well except for the smallest investigated
size (50 nm particles). The hygroscopicity parameters for this size were about
a factor of two larger in the supersaturated regime than in the subsaturated
regime. They assumed that this could be due to gas phase surface active
organic compounds that condense on preexisting particles and get more concentrated on smaller particles. These substances would facilitate activation
in the supersaturated regime by lowering the critical supersaturation.
In this study we investigate wood burning particles both directly after emission and after several hours of aging in a smog chamber. Beech, which
is often used in Switzerland for heating, was burnt in a modern log wood
burner and sampling was performed during different phases of the burning
cycle: starting, flaming and smoldering. The hygroscopic properties in the
sub- as well as in the supersaturated regime were investigated and the deduced hygroscopicity parameters κ were compared with each other. κ data
are nowadays also used for global climate modeling, e.g. Zhang et al. (2012).
For an internally-mixed aerosol particle, the overall κ value is calculated by
taking the volume-weighted sum of the κ value of each soluble compound.
Because of the large uncertainty associated with κ values of primary and secondary organic aerosols, studies such as ours are invaluable in order to better
constrain κ values for them and be able to distinguish κ values according to
different sources and aging times of organic particles in the atmosphere. The
experiments were carried out as part of the Swiss Imbalance (IMpact of
Biomass burning AerosoL on Air quality aNd ClimatE) project. Within this
project, emissions of biomass burning are investigated with respect to their
chemical and physical properties in field measurements, modeling studies,
and laboratory studies as described herein.
In this paper we address the following questions: How well does the κ value
of freshly emitted particles agree with those from other studies, i.e. with κ
values for different wood types and burning phases? What is the influence
of restructuring on the mobility diameter based hygroscopicity parameter?
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Can the hygroscopicity of the organic components be estimated? How well
do the κ values agree in the sub- and in the supersaturated regime, and what
conclusions can be drawn from that?

2. Measurement setup and instrumentation
2.1. Experimental setup
The experiments were carried out in the smog chamber of the Paul Scherrer Institute (PSI). The chamber consists of a 27 m3 Teflon bag in a temperature controlled housing. The temperature was held constant at 20±1◦ C and
the relative humidity (RH) was between 57-64%. A more detailed description
of the PSI smog chamber can be found in Paulsen et al. (2005).
Beech wood was burnt in a modern log wood burner (Attika Avant, 2009).
Emissions from the chimney were injected into the chamber using a heated
inlet system including an ejector dilution system to reduce particle coagulation (first dilution step, dilution ratio ≈ 1 : 7). A detailed description of
the burner, the inlet and the smog chamber setup can be found in Heringa
et al. (2011). After the characterization of the primary aerosol particles,
four xenon arc light sources of 4kW each were turned on to simulate solar
radiation and induce photochemical reactions, resulting in SOA formation
(Heringa et al., 2011). From here on, time is set to zero when the lights were
turned on. Thus, throughout the manuscript, time refers to ’Time After
Lights On’. The duration of the experiments was between 5 to 7 h, with one
long experiment lasting for 14 h, for details see Table 1. The experimental
setup, including the smog chamber and the instruments described in this
work, is displayed in Figure 1.

2.2. The cloud condensation nuclei counter (CCNC)
The instrument used to measure the cloud condensation nuclei (CCN)
number concentration is a continuous-flow streamwise thermal gradient CCNcounter (CCNC). It is built and distributed by Droplet Measurement Technologies (DMT, Boulder, CO, USA). A constant supersaturation (SS) in the
range between 0.1%-2% is established by applying a constant temperature
gradient across the chamber. Aerosol particles passing the chamber experience this supersaturation, and those growing to diameters larger than 1
µm are counted as CCN at the outlet of the supersaturated column with an
5

Figure 1: A sketch of the setup of the wood burning measurements, including the burner,
smog chamber and instruments that were measuring. Adopted from Heringa et al. (2011).

optical particle counter. Its working principle is described in full detail by
Roberts and Nenes (2005).
A differential mobility analyzer (DMA) was applied upstream of the CCNC
to select one single particle size as monodisperse particles were investigated.
The CCNC was deployed in parallel with a condensation particle counter
(CPC, TSI 3022), which measured the total particle number concentration
(Ntot ).
The CCNC was calibrated with monodisperse ammonium sulphate particles
several times during the experiments, where the dry critical diameter (Dcrit ),
defined as the diameter at which 50% of the singly charged particles activate, was determined by fitting the activation ratio versus the dry particle
size with the sum of two sigmoidal curves. This was applied in order to
consider the effect of the doubly charged particles. The supersaturation in
the chamber for a certain temperature gradient was then calculated from the
corresponding Dcrit using the ADDEM model (Topping et al., 2005). A more
detailed description of calibration procedures for the DMT CCNC can be
found in Rose et al. (2008).
For the wood burning particles, measurements at different monodisperse, dry
mobility diameters (D0 ) were performed. For each particle size, different SS
were scanned. With increasing SS, the activation ratio (fraction of activated
) increases from 0 (non-activation) to 1 (full activaparticles, AR = NNCCN
tot
tion). Thus, an activation curve was obtained by plotting the activation
ratio against the SS for one constant size. The SS at which 50% of the
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particles activate is taken as SScrit . SScrit is a measure for the hygroscopicity
of the investigated particles, as a larger SScrit means that for a given size
the particles are less CCN active and need a higher SS to activate to cloud
droplets. The selected quasi-monodisperse particle diameters were varied
between 50 to 200 nm, and each scan through the SS lasted for about 30
minutes.
The deviation between the several calibrations was < 6%, which can be regarded as the main uncertainty for the CCN measurements. This leads to
an uncertainty in κ values between 12-15%.
2.3. The hygroscopicity tandem differential mobility analyzer (H-TDMA)
The hygroscopicity tandem differential mobility analyzer (H-TDMA) measured the hygroscopic growth of particles in the subsaturated regime at a
certain high RH, which was set to 95% in this study. The particles were first
dried in a diffusion dryer to a RH< 15% and passed through a Kr-85 bipolar
charger. A first DMA selects particles of one particular D0 , which can be
changed from scan to scan. The RH was always < 15% RH before the first
DMA at a temperature of 20◦ C with a fluctuation of ±0.1◦ C. The quasimonodisperse particles pass through a humidifier that is set to the above
mentioned 95% RH. Downstream of the humidifier, a second DMA coupled
with a CPC scanned through the humidified particle size distribution of the
initially selected monodisperse particles. The housing that hosts the DMAs
is temperature controlled and kept at 20◦ C. The diameter of the investigated particles was varied between 35 to 300 nm. The time resolution of the
instrument for one size scan was about 7 min with a residence time of 26 sec
in the humidified region.
Additionally, a pre-humidifier consisting of a closed-bottle with a GoreTex
tube submerged in MilliQ water was optionally deployed upstream of the described setup. With this, particles that have a fractal shape might collapse
before they are dried, thus becoming more compact.
The accuracy of the H-TDMA was verified several times using pure ammonium sulfate particles, and the dry growth factor calibration was done after
each experiment. RH values ranging from 93% to 97% were recalculated to
95.0% RH as described in Gysel et al. (2009).
With this setup, the growth factor (GF) of a particle can be measured. GF
is defined as:
GF =

D(RH)
D0
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(1)

where D(RH) is the humidified particle mobility diameter measured by the
second DMA. The uncertainty of the GF measurements was determined from
the calibrations and was < 1%. This leads to an uncertainty in κ values
between 5-10%. Details of the H-TDMA data evaluation, the TDMAinv
data inversion procedure and the determination of the growth factors can be
found in Gysel et al. (2009). The H-TDMA instrument deployed during the
measurements is described in full detail in Tritscher et al. (2011a).
2.4. Further instrumentation
The non-refractory chemical composition of submicron particles and the
O:C ratio of the organic aerosols were determined using an Aerodyne high
resolution time-of-flight aerosol mass spectrometer (HR-ToF-AMS). A detailed description on the AMS measurements of this study can be found in
Heringa et al. (2011). The aerosol light absorption coefficients were determined with a multi angle absorption photometer (MAAP, Thermo model
5012, Thermo-Scientific, MA, USA), with which the BC mass concentration
were derived using a mass specific absorption cross section of 6.6 m2 g−1 .
2.5. The experiments
In total nine experiments were carried out, where three different burning
phases were sampled: 1) starting phase, where particles were injected into
the chamber directly after the fire was lit, 2) flaming phase, when the fire
was completely burning before the particles were injected into the chamber,
3) smoldering conditions, which is the least efficient form of combustion occurring at rather low temperatures (Reid and Hobbs, 1998). The different
phases of the burning cycle were determined visually. Sampling during flaming phase experiments was started a few minutes after the moment that all
wood logs were completely covered with flames. For the smoldering phase
experiments, sampling was started after all flames disappeared and only glowing material was left.
After injection of the emissions in the chamber, a mixing time of 15 minutes was allowed before the lights in the smog chamber were switched on.
BC and organic matter decreased during this time because of wall losses.
When the lights were turned on, due to SOA formation more organic matter is produced than lost to the walls, which leads to an overall increase in
organic matter. After the first hour, the rate of production of organic matter decreases, and after typically two hours the wall loss rates exceeds SOA
production rates. This is reflected in a slow decrease in the organic matter
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concentration (Heringa et al., 2011).
The particle number is relatively high with high fluctuations during the first
minutes after filling. It decreases with time due to wall losses and coagulation of particles in the chamber. Small particles decrease faster (because
of higher Brownian motion they are more likely to coagulate), which leads
to a particle diameter growth in the overall particle size distribution. The
particles grow additionally due to SOA uptake.
The dilution of the exhaust during chamber filling was chosen to obtain particle mass concentrations similar to ambient conditions in order to have a
representative gas-to-particle partitioning of semi-volatile components and
thus representative particle composition and hygroscopicity. No further dilution was applied after filling, such that the trends of particle hygroscopicity
with aging are not driven by dilution effects.
In some experiments only the gas phase was investigated, using a mixture
of the starting and the flaming phase emissions. The separation of the gas
phase was achieved by placing a heated particle filter in front of the chamber. The intention of these gas phase experiments was to investigate only
the secondary aerosols that form inside the chamber from the emitted VOCs.
A more detailed description of the experiments and the conditions at which
they were carried out as well as a chemical characterization can be found in
Heringa et al. (2011).
Three starting phase experiments, two flaming phase experiments, three pure
gas phase experiments (where the primary particles were eliminated with a
filter, see above), and one smoldering phase experiment were investigated,
with an aging time of five to seven hours. During one pure gas phase experiment the particles were investigated for approximately 14 h.
The investigated particle sizes for both, CCNC and H-TDMA measurements,
were D0 = 35, 50, 75, 100, 150, 200 and 300 nm. The measured sizes were
chosen individually in each experiment to match best the maximum of the
particle size distribution in the smog chamber, which was different for different experiments and also changed with aging time when the particles became
larger. The duration of the experiments and the experiment numbers as used
by Heringa et al. (2011) are listed in Table 1. The experiments named pure
SOA in Heringa et al. (2011) are named pure gas phase here, as also inorganic
material was present.
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Table 1: List of the different experiments, burning conditions, investigated phase (“both
phases” refers to particle and gas phase), and their duration. Experiment numbers are
given as used by Heringa et al. (2011).

Burning Condition

Investigated Phase

flaming
flaming
starting/flaming
starting
starting
starting
smoldering
starting/flaming
starting/flaming

both phases
both phases
pure gas phase
both phases
both phases
both phases
both phases
pure gas phase
pure gas phase

Duration of Experiment
[h]
5.5
6
6
7
7
6
6
6
14

Experiment Number
11
12
14
15
16
17
18
19

3. Hygroscopicity parameter κ
The so-called κ value as introduced by Petters and Kreidenweis (2007) is
a measure for the hygroscopicity of the particles and can be calculated using
data from the CCNC or the H-TDMA, respectively. It ranges from 0 for
non-hygroscopic particles to values larger than 1 for some salts (e.g. κSOA =
0.09 (Jurányi et al., 2009), κ(NH4 )2 SO4 = 0.61, κNaCl = 1.28 (Petters and
Kreidenweis, 2007) for CCNC derived κ values). It is the single parameter
in the semi-empirical water activity parameterization. It gives the water
activity as a function of the dry diameter and the droplet diameter. The
advantage of this value is that it allows comparison between measurements
made in the sub- and in the supersaturated regime. κ is connected to the
equilibrium saturation ratio S over a solution droplet as follows:


4σs/a Mw
D3 − Dd3
exp
,
(2)
S= 3
D − Dd3 (1 − κ)
RT ρw D
where Dd is the volume equivalent diameter of the dry particle, D the equilibrium diameter of the droplet at the saturation ratio S, σs/a the surface
tension of the solution at the point of activation, ρw the density of water,
Mw the molecular weight of water, R the universal gas constant, and T the
absolute temperature. Note that the value Dd can be different from the value
D0 , which is the dry mobility diameter set in the DMA in the experiments.
Often, spherical particles are assumed for obtaining Dd . This assumption is
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not valid for the soot particles investigated here. Thus, the κ values obtained
from the measurements will be called ’apparent κ’ further on.
κ of a mixed particle is defined as the sum of κ values of all single solute
components i in the particle weighted by their corresponding volume fraci
, where Vi is the volume of the single component i and Vtot the
tions i = VVtot
total volume of the particle:
X
κtot =
i κi .
(3)
i

With the measurements made by the H-TDMA, the κ value can also be calculated from the κ-Köhler equation (Petters and Kreidenweis, 2007).
In the following, it will be differentiated between κCCNC as the κ value obtained from the CCNC data and κH−TDMA as the κ value obtained from the
H-TDMA data.
The κ value represents the intrinsic hygroscopicity of a compound or mixture.
This makes it possible to directly compare measurements made at different
particle sizes as well as measurements made in the sub- and supersaturated
regime. However, it has for example been shown that κCCN C is less sensitive
to changes in the O:C ratio of organic mixtures than κH−T DM A in the range
of low O:C ratios (Massoli et al., 2010). This can most likely be attributed to
a smaller effect of solute-solute interactions in more dilute solutions (Petters
et al., 2009b). Furthermore, higher apparent κ values in the supersaturated
regime can also be caused by the presence of slightly soluble or surface active
compounds.
4. Results and discussion
4.1. Hygroscopicity range of freshly emitted and aged particles
First, the hygroscopicity values for both instruments and for all experiments were investigated for an aging time of five to seven hours. The apparent
κ values determined from the CCNC and the H-TMDA are plotted as a function of time in Fig. 2 (for comprehensiveness, the critical supersaturations
and growth factors obtained from the CCNC and H-TDMA measurements,
respectively, are presented in Appendix A.). The different colors show the
different particle sizes selected with the DMA. The symbols indicate the experiment types, starting phase, flaming phase, pure gas phase and smoldering
phase. The purple lines show lines of constant κ values for pure BC and SOA
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particles. The apparent κ values from all experiments range between 0.03
and 0.39 for freshly emitted particles measured with the CCNC and between
0 and 0.39 for particles measured with the H-TDMA.
The largest displayed particles (200 nm) are at least a factor of 2 less hygroscopic in apparent κCCNC than the smaller particles, while the difference
is less pronounced in the H-TDMA data. Except for the smoldering phase
experiment, the smallest particles (50 nm) have the highest hygroscopicities,
which is more clearly seen in the H-TDMA data. The difference between the
two measurement devices will be discussed in section 4.5. There is no clear
difference in the hygroscopicities between the flaming, pure gas phase and
starting phase, suggesting that particles of similar hygroscopicities are produced during the different burning phases. There is a variation in apparent
κ between individual experiments with the same settings that were carried
out on different days. The variability in different experiments is sometimes
larger (> 30%) than that of the different burning phases, and also larger
than the estimated uncertainty in κ given in subsection 2.2 and subsection
2.3, respectively. This is the result of the large variability in burning conditions that occur when burning wood logs. A clear difference is seen for the
smoldering phase experiment, where the hygroscopicities are highest at the
beginning, starting with an apparent κ of approximately 0.39. This is the
highest value for all experiments, and the apparent κ values decrease with
time. This will be discussed in detail later on.
The apparent κ values of the freshly emitted particles lie in the same range
as reported from other laboratory studies for freshly emitted biomass burning particles. To our knowledge, no hygroscopicity studies on aging processes
of wood burning particles exist which include their own VOC emissions, nor
a detailed investigation of particles produced from burning beech wood. Andreae and Rosenfeld (2008) report that biomass burning particles have a wide
κ range from 0.01 for fresh, soot-rich particles up to 0.55 for grass burning.
Petters et al. (2009a) investigated a large variety of freshly emitted particles
from burning different wood species. Our results are at the lower end of
their κ value range, which varies between 0.02 and 0.8. DeMott et al. (2009)
derived κ from H-TDMA data from particles of biomass combustion and obtained a range from 0.02 to 0.56. However, in both studies different parts of
the plants were burnt, like leaves or needles, whereas in our measurement log
wood was used. Thus, the experiments are not directly comparable as they
have different initial conditions. Furthermore, no SOA production from own
VOC emissions was investigated there.
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Figure 2: Apparent κ hygroscopicity parameter for the CCNC (a) and the H-TDMA (b)
data for 50, 100 and 200 nm particles for all conducted experiments. The error bars of
the κ values are inferred from the measurement uncertainties as described in the text. For
clarity of the graph, only some error bars were plotted exemplarily.

The different hygroscopicities for different mobility diameters suggest that
the particles have a different chemical composition and/or different morphology, with the larger particles (200 nm in diameter) containing a larger fraction of non-hygroscopic compounds, like BC. They may also contain a smaller
fraction of the more hygroscopic organic and/or inorganic compounds. Dusek
et al. (2011) report an average κ of 0.1 for 50 nm particles, 0.08 for 100 nm
particles, and 0.06 for 150 nm particles for freshly emitted particles of different hard- and softwood fuels. Similar to our findings, hygroscopicities
decreased with increasing particle size. Pósfai et al. (2003) analyzed single
wood burning particles and found a majority of organic particles with different amounts of inorganic inclusions in fresh smoke. Furthermore, chain-like
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soot aggregates were detected, which were relatively small (20 − 50 nm) in
the fire, but formed larger aggregates shortly afterwards. Also so-called ’tarballs’, which are spherical particles containing mainly black carbon, were
found. The reason for the different hygroscopicities for different sizes could
be that larger particles consist mainly of soot agglomerates, whereas the
smaller particles contain relatively more organic compounds and might also
contain more inorganic salts, which agrees well with results described by Petters et al. (2009a, and references therein). It can also be caused by the fact
that the larger particles restructure more.
The large variance of apparent κ values found during this study indicates
that it is not possible to reduce the hygroscopicity parameter κ to one value
for the different burning phases. The measured values are most of the time
larger than κ of BC, and often higher than κ of pure SOA particles. κs of
pure inorganic compounds are typically found around 0.6, a value which is
above the upper limit of the results reported in this study. Furthermore,
a similarly large variance for different wood types reported in the studies
mentioned above also indicates that κ cannot be reduced to one value for
different wood types.
The hygroscopicities of the investigated particles increase with aging as expected, except for the smoldering phase experiment. This increase is most of
the time more pronounced in the H-TDMA data and it differs with size and
experiment for both regimes. It is least pronounced in the 200 nm particles,
which should have the largest BC mass fraction, as argued above.
4.2. Restructuring of soot particles
Fractal particles can restructure when exposed to high RH, which in turn
can lead to a decrease in their mobility diameter. When the pre-humidifier
is applied upstream of the H-TDMA instrument, particles can already restructure before they are size-selected by the first DMA. We assume that
this restructuring is not reversible after drying. For the same experiment,
measurements with and without the pre-humidifier were conducted. The apparent κ of experiment 11 and 17 is exemplarily shown in Fig. 3. Fig. 3(a)
displays an example, where restructuring is seen for 200 and 300 nm particles (indicated by the higher apparent κ values for the open symbols), Fig.
3(b) one where it is not seen. The different colors indicate the different sizes
of the investigated particles and the open and filled symbols the data points
with and without pre-humidifier upstream of the H-TDMA, respectively. Restructuring was only found during some of the experiments, and never for
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particles < 100 nm. Negative κ values in Fig. 3(a) are caused by restructuring under the influence of high relative humidity in the H-TDMA, which
leads to a shrinkage of the particle and thus to GF < 1. Although restructuring was observed only in 3 out of 6 experiments where primary particles were
present, it cannot be ruled out that the particles do not restructure during
the other experiments in the humidifier. With the same instrumental setup,
restructuring was also observed for soot particles emitted from Diesel cars
(Tritscher et al., 2011b). Thus the measured apparent κ or rather GF values
provide a lower limit for the true hygroscopicity of fractal-like particles due
to water uptake.
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Figure 3: Experiment no. 11 (a) is shown as an example where restructuring was observed
for particles with large D0 . For the larger particles the apparent κ values are higher when
the pre-humidifier is applied upstream of the H-TDMA setup (open symbols). Experiment
no. 17 (b) is shown as an example where no restructuring was observed. Error bars are
depicted exemplarily.

4.3. Long aging for a pure gas phase experiment
For investigation of the temporal evolution of the secondary organic and
inorganic aerosol components formed from the gaseous precursors without
interference from primary particles over a longer time scale, an experiment
(Exp. no. 19) was conducted where the particles were investigated in the
chamber over a time period of 14 h. These secondary particles can be assumed to be spherical, as only gas phase was injected into the chamber during
this experiment and no primary soot particles were present. Thus, κ-Köhler
theory is better applicable in this case where no shape factors have to be
considered. In Fig. 4, the κ values versus the time line obtained from the
CCNC and the H-TDMA measurements are displayed.
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Figure 4: κ values of the long pure gas phase experiment as a function of time. The κ
values from the H-TDMA and the CCNC are displayed. The different colors indicate the
different sizes, and the different symbols the data from the two instruments. Error bars
are depicted exemplarily.

The different colors indicate the different particle sizes, and the different
symbols the data from the two instruments. The CCNC measured 50 nm
particles at the beginning. Later, after the particles grew to larger sizes,
100 nm particles were investigated. κCCNC of the 50 nm particles started at
0.1, and increased gradually. The 100 nm particles had at the beginning a
slightly lower hygroscopicity than the 50 nm particles, starting at 0.1 after
≈ 4 h after lights on. κ also increased gradually over the first 12 h. The
H-TDMA measured 35, 50, 100 and 150 nm particles. They all started at
low κ values which increased with time, with the smallest particles having
the highest κ values. The lines are logarithmical fits of the data (in the form
of m · ln(T ime Af ter Lights On) + t, with m and t being the fit parameters).
The fits represent the H-TDMA data series well (R2 ≥ 0.9), except for the
150 nm data, which start later. The 50 nm CCNC data cannot be fitted well
(R2 < 0.5). The 50 nm data ends after ≈ 4 h, when the O:C ratio is still
< 0.4. At those low O:C ratios, the κ of the particles in the supersaturated
regime are not very sensitive to an increase in the O:C ratio (Massoli et al.,
2010). The fit is better (R2 = 0.77) for the 100 nm particles, but still not
as good as for the H-TDMA data. The reason for this might also be the
low O:C ratios at the beginning of the data series. This graph also shows
a clear discrepancy between the CCNC and the H-TDMA data, with the
CCNC measuring significantly higher κ values than the H-TDMA. This will
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be discussed in detail in section 4.5. The increase in κ with time is due to
the condensation of oxidized organic or inorganic matter from the gas phase
on the particles, and due to the oxidation of the organic particulate matter itself. The κ values do not reach a plateau during the investigated time
period. It can thus be assumed that the particles would still become more
hygroscopic by further aging, which is also suggested by the fits. The high
κ values indicate also that inorganic trace gases such as SO2 and NOx were
emitted in the gas phase and contributed to particle mass after oxidation.
Using the bulk AMS measurements, κH−TDMA and κCCNC of the organic fraction (κorg ) for 100 nm particles could be estimated for this experiment. The
results can be compared with κorg values found for other studies of SOA particles. It can also be used to estimate total κ values from other wood burning
experiments if composition data is available, as to our knowledge κ of the organic compounds of wood burning particles has not been determined before.
For the estimation it was assumed that all the measured NH4 was present
as (NH4 )2 SO4 . Approximately 65% of the measured sulfate fragments could
then be neutralized as (NH4 )2 SO4 , and the remaining fragments as well as
the nitrate fragments were assumed to have been present in organic compounds.
The inorganic mass concentration measured with the AMS was < 0.9 µg m−3 ,
and the organic mass concentration was ≤ 7 µg m−3 . The latter decreased
with time towards 5.7 µg m−3 at the end of the experiment due to wall losses.
See Heringa et al. (2011) for a thorough description of the used chemical data.
The density for (NH4 )2 SO4 was taken from Topping et al. (2005). Its κ value
for 100 nm particles, which was derived from predicted growth factors at
90% RH with the ADDEM model (Topping et al., 2005), was taken from
Good et al. (2010). The density of the organic compounds was assumed to
be 1270 kg m−3 (Cross et al., 2007). The Zdanovskii, Stokes and Robinson
(ZSR) assumption (Stokes and Robinson, 1966) was applied to calculate κorg
based on Equation 3, assuming that an organic fraction and (NH4 )2 SO4 was
present.
The κorg(H−TDMA) and the κorg(CCNC) for 100 nm particles plotted against the
O:C ratio is displayed in Fig. 5. The O:C ratio was obtained from the AMS
and is a proxy for the oxidation level of organic aerosols (Massoli et al., 2010).
The colors indicate the aging time, i.e. the time after lights on. The κorg
values increase with aging time in the smog chamber, reaching up to 0.07
after 14 h of aging for the H-TDMA, and values around 0.10 for the CCNC.
The uncertainty of κ was calculated based on the uncertainty of SS of 6%
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(see section 2.2) and that of the growth factor of 1% (see section 2.3), i.e.
κorg ±∆κorg , was inferred from SS±∆SS or from GF ±∆GF , respectively. It
can be assumed from the graph that the κorg(H−TDMA) would increase further
with further aging. The κorg(CCNC) values are higher than the κorg(H−TDMA)
values. A lower κorg(H−TDMA) than κorg(CCNC) of 20% to 50% of SOA particles
is also reported by Massoli et al. (2010). A similar discrepancy is reported by
Dusek et al. (2011) for 50 nm wood burning particles, but they report a better
agreement for 100 nm particles. Furthermore, the κorg(CCNC) values are not
sensitive to an increase in the O:C ratio until approximately 10 h after the
lights were turned on, or an O:C ratio of the organic fraction of 0.41. This is
comparable to results from Massoli et al. (2010), who report that κorg(CCNC)
is rather insensitive to O:C ratios below ≈ 0.5. κ values around 0.1 are often
found as representative of SOA (Gunthe et al., 2009; Jurányi et al., 2009;
Dusek et al., 2010). When comparing the κorg to O:C ratio relationship with
those from other laboratory and field studies as summarized in Jimenez et al.
(2009), κorg obtained in our study lies well within the range of those measurements. In an O:C range from 0.38 to 0.44, the κorg(H−TDMA) data presented
here fits very well with the α-pinene-κorg(H−TDMA) data between 0.035-0.07
presented there.
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Figure 5: The estimated κorg(H−TDMA) and κorg(CCNC) values for 100 nm particles versus the O:C ratio of the organic fraction derived from AMS data. The colors indicate
the aging time in hours. The error bars represent the uncertainty in the hygroscopicity
measurements.
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4.4. Wood burning smoldering phase experiment
Smoldering is the burning phase which occurs at lower temperatures
than the flaming phase and is mainly a surface process, where oxygen reacts exothermically with carbon (Reid and Hobbs, 1998). It is also the least
efficient combustion mode, where the components of the wood are not as
effectively burnt as during the other phases (Hays et al., 2002). Gao et al.
(2003) found more organic species in the particulate phase for smoldering
fires compared to flaming fires, whereas the inorganic species did not show
a clear difference between the flaming and the smoldering phase. Reid and
Hobbs (1998) report that the soot fraction is smaller than during the flaming
phase, and that the particles are predominantly formed by the condensation
of VOCs.
Different from other smoldering phase experiments described in the literature, the one investigated here was a smoldering phase that occurred after
the flaming phase. This might lead to a different chemical composition of the
emitted particles as most of the organics were already burnt and inorganic
species became more important. The AMS showed a higher N O3 fraction for
this experiment than for the others. It was highest after 2 h of aging time and
slowly decreased afterwards. The organic fraction was below 3 µg/m3 during the experiment, N O3 below 1 µg/m3 and the SO4 fraction stayed close
to 0 µg/m3 . The average BC concentration as measured with the MAAP
was 0.31 µgm−3 , with a standard deviation of the instrument noise of 0.32
µgm−3 . Thus, no significant concentration of BC was measured, which is to
be expected for smoldering phase experiments. Qualitatively more potassium
was measured as well with the AMS, and the organic fraction was lower than
for the other experiments. To distinguish it from other smoldering phase
experiments, it will be called wood burning smoldering further on.
The temporal development of apparent κ during this experiment is shown in
Fig. 6. The 100 nm particles are the most hygroscopic ones, and also the
apparent κ values for 50 nm particles are higher than those for the other experiment types. The hygroscopicity of the 200 nm particles is similar to that
obtained for 200 nm particles from the other burning phases. The smoldering
phase experiment was also the only experiment during which the apparent κ
values were highest at the beginning of the experiment and then decreased
with time. For 100 nm particles, apparent κCCNC was around 0.26 when the
lights were turned on, and around 0.22 after 2.1 h.
The decrease in hygroscopicity and the high starting values for the apparent κ is likely due to a higher inorganic mass fraction during this experiment
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Figure 6: Timeline of the wood burning smoldering phase experiment. The apparent
κ values for the H-TDMA and for the CCNC are displayed. Error bars are depicted
exemplarily.

as measured with the AMS. With time, more gaseous organic material condenses on the preexisting particles and the hygroscopicity decreases. No
indication of an external mixture of the particles was seen by the H-TDMA.
Thus, the higher values for the 100 nm particles are most likely caused by a
higher inorganic fraction. The 200 nm particles exhibited very small apparent κH−TDMA in contrast to the high apparent κ values observed for particles
with diameters ≤ 100 nm. It could be that only a minor fraction of the particles contained a substantial BC core and that only those particles reached
200 nm in diameter. This would then result in small apparent κ values due to
the high fraction of insoluble BC and due to additional shape effects. However, size dependent composition data needed to corroborate this speculation
are not available.
This experiment was only carried out once, therefore a repetition of this
setup would be desirable. Furthermore, the particle concentration in the
smog chamber was very low during this experiment, which increases the uncertainty in the AMS mass measurements.

4.5. Comparison of the apparent κ values obtained from CCNC and H-TDMA
measurements
In the following, the apparent κ values obtained in the sub- and supersaturated regime are compared. Plots of apparent κCCNC versus apparent
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κH−TDMA for 50, 100 and 200 nm particles are shown in Fig. 7. The symbols
indicate the different experiment types. The different colors of the symbol
frames represent the different experiment days, and the filling color indicates
the time after lights on. The solid line is the 1:1 line, the dashed lines are
lines with a certain percentage deviation from this line. The percentage is
written next to the line.
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Figure 7: The hygroscopicity parameter apparent κCCNC versus apparent κH−TDMA for
(a) 50 nm, (b) 100 nm, and (c) 200 nm particles until 12 h of aging. The symbols indicate
the burning phase. Different frame colors refer to different experiments. The filling color
indicates the aging time. The solid line is the 1:1 line, the dashed lines are lines with a
certain percentage deviation from this line. The percentage is written next to the line.

The comparison for 50 nm particles is displayed in Fig. 7(a). In general, apparent κCCNC are higher than apparent κH−TDMA . The wood burning smoldering values agree within 20%, whereas the flaming and pure gas phase values show up to 100% larger apparent κCCNC values than apparent κH−TDMA .
In Fig. 7(b), the same plot for the 100 nm particles is displayed. Here, the
agreement is also within 20% for the wood burning smoldering phase experiment. The pure gas phase measurements agree within 70%. The largest
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difference occurs for the starting and the flaming phase with discrepancies of
up to 400%. It can be seen that within one experiment the agreement improves with aging time as with time the condensation of organic matter makes
the particles more compact reducing artifacts from morphology effects as described beforehand. Moreover, κorg(CCNC) and κorg(H−TDMA) generally agree
better for higher O:C ratios (see e.g. Massoli et al. (2010); Jurányi et al.
(2009)). The comparison for 200 nm particles is displayed in Fig. 7(c). The
agreement is better than for the 100 nm particles, and the starting phase
experiments agree better (within 20%) than the flaming phase experiments
(with a deviation of up to 80%).
The wood burning smoldering phase experiment has the best agreement for
the two compared particle sizes, as the higher inorganic fraction of the compounds of the particles dominates their apparent κ values. For the gas phase
experiment, where only secondary aerosols were present, the agreement is
worse, but still better than for the flaming phase and the starting phase experiments. The particles can be assumed to be spherical in the pure gas phase
experiments, as they did not contain soot. Thus, these differences cannot be
explained by morphology. As described in section 3, the difference might
partly be attributed to higher κCCNC values than κHTDMA values if slightly
soluble or surface active organic substances are involved. The difference in
the apparent κ values for the flaming phase and starting phase experiments
can also be caused by restructuring, which leads to a discrepancy between
the apparent κ values derived from different instruments. The discrepancy of
the pure gas phase measurements (100% for 50 nm particles and 70% for 100
nm particles) between sub- and supersaturated regime can be attributed to
the discrepancy caused by the different impact of the organic matter on the
hygroscopicity of the particles in the two regimes. The remaining larger difference between measurements in the sub- and in the supersaturated regime
for 100 nm particles for flaming phase and starting phase experiments can
then be caused by restructuring effects, which do not occur in the pure gas
phase experiments.

5. Conclusions and outlook
Different wood burning experiments have been investigated in a smog
chamber. Beech wood was burnt in a modern log wood burner and the
emitted and formed particles were analyzed. In particular, the hygroscopic
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parameter apparent κ was measured in the subsaturated regime using a hygroscopic tandem differential mobility analyzer (H-TDMA), as well as in the
supersaturated regime, using a cloud condensation nuclei counter (CCNC).
The range found for freshly emitted particles between 0 and 0.39 compares
well to κ values found in similar studies for freshly emitted wood burning
aerosols. The large range of the apparent κ values indicates that the variability in the emissions makes it impossible to use one representative κ value
for all burning phases and investigated particle sizes. However, the κ value
of measured wood burning emissions can be estimated if composition data
(consisting of black carbon, inorganic salts and organic matter data) are
available when assuming that black carbon is insoluble and using the κorg
value of wood burning particles estimated in this manuscript.
Using a pre-humidifier in front of the H-TDMA leads to restructuring effects
for the larger (≥ 100 nm) particles in some of the experiments. This is due
to the fractal-like structure of soot particles that become more compact in
the presence of high relative humidity. It was not seen in all experiments,
but cannot be excluded to have happened in all measurements. This leads to
an underestimation of the hygroscopicity measured with mobility diameter
based methods.
In a pure gas phase experiment, where the aging of the particles was investigated for about 14 h, the hygroscopicity of the particles reached a maximum
κ value of about 0.15, but was still increasing. The particles can be assumed
to be spherical in this experiment and the κ of the organic fraction could
be determined. It increased with time and was found to be 0.07 after 14 h
of aging for measurements below 100% relative humidity and around 0.10
for measurements above. It agrees well with other κ values found for fresh
secondary organic aerosols.
During a wood burning smoldering phase experiment, the hygroscopicity decreased with time, while during all other experiments it increased as expected
due to the aging of the particles. The different behavior of apparent κ with
time in the smoldering phase experiment is probably due to a different chemical composition of the particles during wood burning smoldering, i.e. them
having a larger inorganic fraction.
When comparing the apparent κ values in the subsaturated regime with those
in the supersaturated regime, the apparent κ values in the supersaturated
regime are generally higher than in the subsaturated range. The apparent
κ values observed in the supersaturated regime are generally higher than
those observed in the subsaturated range. This may be partially due to the
23

non-sphericity of the particles. However, some difference is also observed for
the spherical particles from the gas phase only experiment, indicating that
the κ value is not completely independent of water activity. The agreement
between the sub- and supersaturated regimes is better for the wood burning
smoldering phase experiment, where the inorganic fraction has a dominant
influence on particle hygroscopicity, and where the particles are likely less
non-spherical, due to a low BC mass fraction.
Further experiments should include a repetition of the wood burning smoldering phase experiment to see if our results are representative for this type
of burning phase. Experiments applying longer aging times would give information on the apparent κ that that would eventually be reached and which
should be closer to atmospheric values and could be used, e.g., in cloud parcel models to simulate CCN activation (e.g., Reutter et al. (2009)). Also,
the extension of the measurements to wood types from various regions of
the world would improve the representativeness of the inferred κ values with
respect to hygroscopicity parameterizations in global models.
The experiments shown here were carried out using a new wood burner, and
the results would most likely differ when investigating the emissions of older,
less efficient log wood burners, that are still more frequently used on a global
scale. Old log wood burners have a 3 to 4 times higher BC emission factor
as shown in Heringa et al. (2011). They also have significantly higher SOA
emissions during the flaming phase. The emissions of all wood burners are
also very different, depending e.g. on the burnt wood, firing, set-up. In the
future, however, the fraction of modern log wood burners will increase and
the results presented herein are valuable in this respect.
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Appendix A.
For comprehensiveness of the manuscript, the critical supersaturation Scrit
and the growth factors GF as deduced from the CCNC and and H-TDMA
measurements, respectively, are summarized in the Appendix. Figure A.8
displays the temporal evolution of Scrit and GF for the individual particle
sizes and experiments. The apparent κ values, as discussed in the main text
and plotted in Fig. 2, were deduced from these parameters.
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Figure A.8: Critical supersaturations of the CCNC (a) and growth factors of the H-TDMA
(b) data for 50, 100 and 200 nm particles for all conducted experiments.
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Pósfai, M., Simonics, R., Li, J., Hobbs, P. V., Buseck, P. R., 2003. Individual aerosol particles from biomass burning in southern Africa: 1. Compositions and size distributions of carbonaceous particles. J. Geophys. Res.
108(D13), 8483.
Reid, J., Hobbs, P., 1998. Physical and optical properties of young smoke
from individual biomass fires in Brazil. J. Geophys. Res. 103 (D24), 32013–
32030.
Reid, J. S., Koppmann, R., Eck, T. F., Eleuterio, D. P., 2005. A review of
biomass burning emissions part ii: intensive physical properties of biomass
burning particles. Atmos. Chem. Phys. 5, 799–825.
Reutter, P., Su, H., Trentmann, J., Simmel, M., Rose, D., Gunthe, S. S.,
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