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Abstract. A better characterisation of the optical properties
of biomass burning aerosol as a function of the burning conditions is required in order to quantify their effects on climate and atmospheric chemistry. Controlled laboratory combustion experiments with different fuel types were carried
out at the combustion facility of the Max Planck Institute
for Chemistry (Mainz, Germany) as part of the “Impact of
Vegetation Fires on the Composition and Circulation of the
Atmosphere” (EFEU) project. The combustion conditions
were monitored with concomitant CO2 and CO measurements. The mass scattering efficiencies of 8.9±0.2 m2 g−1
and 9.3±0.3 m2 g−1 obtained for aerosol particles from the
combustion of savanna grass and an African hardwood
(musasa), respectively, are larger than typically reported
mainly due to differences in particle size distribution. The
photoacoustically measured mass absorption efficiencies of
0.51±0.02 m2 g−1 and 0.50±0.02 m2 g−1 were at the lower
end of the literature values. Using the measured size distributions as well as the mass scattering and absorption efficiencies, Mie calculations provided effective refractive indices
of 1.60−0.010i (savanna grass) and 1.56−0.010i (musasa)
(λ=0.55 µm). The apparent discrepancy between the low
imaginary part of the refractive index and the high apparent elemental carbon (ECa ) fractions (8 to 15%) obtained
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from the thermographic analysis of impactor samples can
be explained by a positive bias in the elemental carbon data
due to the presence of high molecular weight organic substances. Potential artefacts in optical properties due to instrument bias, non-natural burning conditions and unrealistic
dilution history of the laboratory smoke cannot be ruled out
and are also discussed in this study.

1

Introduction

Vegetation fires in the tropics, the mid-latitudes and boreal
regions are a significant source of atmospheric trace gases
and aerosol particles which affect the atmospheric chemistry
and the radiation budget on a global scale (Crutzen and Andreae, 1990; Andreae, 1991; Penner et al., 1992). One of
the difficulties in assessing the regional and global impact of
biomass burning aerosol is the fact that the physico-chemical
properties of biomass burning aerosol strongly depend on the
fuel characteristics, combustion conditions and the age of the
smoke (Andreae and Merlet, 2001).
In the last decades, a number of biomass burning field experiments have taken place in various ecosystems throughout the world, such as the South African Fire-Atmosphere
Research Initiatives (SAFARI) (Lindesay et al., 1996; Swap
et al., 2002), the Smoke, Clouds, and Radiation – Brazil
(SCAR-B) (Kaufman et al., 1998), and the Smoke Aerosols,
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continuous flow
mixing chamber

Fig. 1. Experimental setup at the Max Planck Institute for Chemistry in Mainz during the EFEU campaigns. On the left hand side
of the photograph the combustion facility that contains the oven is
seen. The blue buffer container is shown on the right on top of a
white field laboratory container, that comprises part of the instruments.

Clouds, Rainfall and Climate (SMOCC) campaigns in South
America. Whereas the results from such field experiments
always reflect a mixture of fuels and burning conditions, laboratory experiments provide the possibility of a fuel specific
characterisation of biomass emissions under controlled combustion conditions. Previous laboratory experiments dealt
with the absorption properties of forest fire aerosol (Patterson and McMahon, 1984; Patterson et al., 1986), the characterisation of organic compounds (e.g., Simoneit, 2002), and
emission characteristics (Christian et al., 2003). The current
state of knowledge of biomass burning emissions from both
field and lab experiments as well as satellite measurements,
is presented in the review papers by Koppmann et al. (2005)
and Reid et al. (2005a,b).
The optical properties of combustion aerosol strongly depend on particle size, shape and black carbon (BC) content
and thus on fuel type and combustion conditions. Hence, the
relatively wide range of optical properties for biomass burning particles reported in the literature reflects the dynamic nature of vegetation fires, variations in smoke ageing processes
and – to some degree – differences in measurement techniques (Reid et al., 2005a). Consequently fundamental parameters such as the complex refractive index of the particles
as well as their major constituents, namely black (or elemental) and organic carbon (OC), are highly uncertain and have
to be further investigated in order to deduce the uncertainty
in global estimates of direct forcing (Reid et al., 2005a).
One possibility for an improved, more thorough characterisation of particles from biomass combustion arises from perAtmos. Chem. Phys., 8, 3427–3439, 2008

forming combustion experiments in the lab. Recently, Chen
et al. (2006) and Chakrabarty et al. (2006) conducted such
experiments with fuels commonly burned in mid-latitude
forests. Laboratory combustion experiments were also carried out as part of the “Impact of Vegetation Fires on the
Composition and Circulation of the Atmosphere” (EFEU)
project (Wurzler et al., 2001). In addition to fuels from the
boreal forest region, African savanna and peat samples were
investigated in the EFEU project.
The present study deals with the aerosol optical properties
(scattering and absorption) obtained from the combustion of
African savanna grass and musasa (an African hardwood)
during EFEU. The measured optical properties are compared
with results from previous field and lab experiments and possible reasons for the observed differences are discussed based
on model calculations using Mie theory.

2

Methodology

In 2003 a series of controlled combustion experiments with
various types of biomass were carried out at the combustion
facility of the Max Planck Institute for Chemistry in Mainz,
Germany, as part of the EFEU project. The experimental
setup is shown in Fig. 1. In brief, it consists of a laboratory
oven with a 60 cm×60 cm burning table placed on a highresolution balance to determine the combusted fuel mass and
derive the mass emission factors. The combustion emissions were drawn at a flow rate of about 3.6 m3 min−1 into
a 32.6 m3 metal container, which was operated as continuous flow mixing chamber with active mixing (internal fan)
in order to reduce the temporal variability of the samples.
Sampling was performed from the mixing chamber and most
aerosol instruments were located in a container directly below the mixing chamber and operated with a 1:20 dilution to
avoid instrument saturation.
The main goal of the experiments was the characterisation of the physical and chemical properties of the generated
smoke particles. In total, 26 combustion experiments were
performed during two measurement periods in summer and
autumn 2003. The reproducibility of the results was confirmed by repeating several experiments with the same fuel.
In all cases the fuel moisture was very low (approximately
10%) and the size of the wood logs was relative small (thin
branches, 20–40 cm long).
A typical burn for a given fuel lasted about one hour and
during this time new fuel material was added to the fire to
maintain stable burning conditions and to guarantee a continuous flow of fresh smoke into the continuous flow mixing
chamber. The average residence time of the particles in the
container was about 8 min.
The smoke particles were characterised with respect to
a wide range of aerosol parameters including size distribution, morphology, chemical composition, mass and optical
properties. The combustion conditions were monitored with
www.atmos-chem-phys.net/8/3427/2008/
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concomitant CO2 and CO measurements. Using Mie calculations and some simplifying assumptions, these data were
used to derive the refractive index of both the light absorbing fraction and organic matter. Here we concentrate on two
EFEU experiments, namely the combustion of savanna grass
(Poaceae: Heteropogon spec.) from Etosha, Namibia, and
the combustion of musasa (Brachystegia spiciformis, sometimes also called msasa), hardwood from Zimbabwe. During the combustion of the savanna grass, a few acacia twigs
(Acacia spec.) were added to maintain a reasonably steady
combustion process. The two African fuels were chosen, because (1) not all of the experiments provided data on all of
the parameters needed for the analysis presented here, (2)
tropical Africa contains about two thirds of the savanna regions worldwide, and (3) savanna fires are the largest source
of biomass burning regarding the amount of burned biomass
(Hao and Liu, 1994; Andreae et al., 1996).
2.1

Measurements

Gas phase measurements of carbon monoxide (CO) and carbon dioxide (CO2 ) were performed directly from the mixing
chamber with a non-dispersive infrared analyser (NDIR) to
monitor the combustion conditions. Aerosol measurements
were also performed from the mixing chamber, but with a
1:20 dilution stage except for the real-time mass measurement, which was performed with a Tapered Element Oscillating Microbalance (TEOM 1400a, Thermo Scientific, NY)
from a separate inlet with a 1:10 dilution stage. The TEOM
was operated at a temperature of 30◦ C in order to minimize
mass loss due to volatilization of semi-volatile aerosol compounds. The number size distribution was measured with
a Scanning Mobility Particle Sizer (SMPS) and an Aerodynamic Particle Sizer (APS, TSI 3321, TSI Inc., MN) for particle diameters between 0.012–0.81 µm and 0.5–10 µm, respectively. To merge the SMPS and APS measurements, the
SMPS data was used up to 0.81 µm and extended to larger diameters by the APS measurements without any adjustment.
This is justified by the fact that no significant shift was observed between both size distributions indicating effective
particle densities near unity (Schmid et al., 2007). The total particle concentration was monitored with a condensation
particle counter (CPC, TSI 3022A, TSI Inc., MN). A Berner
type impactor with five size bins (0.05–0.14, 0.14–0.42,
0.42–1.2, 1.2–3.5, 3.5–10 µm diameter) was employed to
determine size-resolved particle mass using a microbalance
(Mettler Toledo, OH). Additionally, a thermographic method
was applied to these impactors to determine the organic carbon (OC) and apparent elemental carbon (ECa ) mass fraction
using a C-mat 5500 instrument (Stroehlein, Germany), where
OC and ECa are defined as follows: OC is the CO2 fraction
evolving under nitrogen at 650◦ C with CuO as a catalytic
reagent and ECa is the evolving CO2 fraction under oxygen at
650◦ C. The term “apparent elemental carbon” is used in this
study, because this species is operationally defined and does
www.atmos-chem-phys.net/8/3427/2008/
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not correspond to a rigorously definable chemical species
(Andreae and Gelencsér, 2006). A detailed discussion of the
OC/ECa method used here and artefacts due to higher molecular weight organic compounds on OC-ECa separation is presented in Iinuma et al. (2007). A comprehensive comparison of this method with other OC/ECa methods can be found
elsewhere (Schmid et al., 2001). An integrating nephelometer (TSI 3563, TSI Inc., MN) was employed for measurements of the scattering coefficient at three wavelengths in the
visible spectral range (λ=0.45, 0.55 and 0.7 µm) and the data
were corrected for the effect of angular non-idealities using
Mie theory and the measured size distribution. The general
uncertainties of an integrating nephelometer are discussed in
Anderson and Ogren (1998). During the EFEU experiments,
the reliability of the instrument was confirmed with CO2 as
calibration gas. The absorption coefficient was determined
with a photoacoustic spectrometer (PAS) at λ=0.532 µm and
a particle soot absorption photometer (PSAP, Radiance Research, WA) at λ=0.565 µm. Measurements with both instruments agreed within the range of experimental uncertainty,
but we will use the PAS data here, since it is less prone to
measurement artefacts than filter-based instruments such as
the PSAP (Schmid et al., 2006). Mass scattering and absorption efficiencies were derived by dividing the scattering coefficients obtained from the nephelometer and the absorption
coefficient from the PAS measurements by the mass concentrations obtained from the TEOM. Values of the single scattering albedo at λ=0.55 µm were calculated from the measured scattering coefficient at λ=0.55 µm and the PAS data,
neglecting the small wavelength difference of the absorption
coefficient. A humidified tandem differential mobility analyser (H-TDMA) was employed to determine the hygroscopic
properties of the particles at initial dry diameters of 0.05, 0.1,
0.15, 0.25, 0.325 and 0.450 µm and a relative humidity of
85% (Massling et al., 2003).
To match the two minute measurement intervals of the
SMPS, all measurements were averaged over the same time
period except for the size-resolved ECa fractions from the
chemical analysis, which were only available as averages
over the whole duration of each continuous flow mixing experiment.
2.2

Modelling of the optical properties and derivation of
refractive indices

The measured particle size distribution and the measured
scattering and absorption coefficients were used to derive an
effective refractive index from Mie theory. This was accomplished by iteratively adjusting the effective complex refractive index until the calculated scattering and absorption coefficients best matched the measured ones. In a second step,
we assume that the model particles are composed of nonabsorbing organic carbon (with an imaginary part of the refractive index equal to zero) and strongly absorbing black
carbon only (having 1.75 as real part of the refractive index)
Atmos. Chem. Phys., 8, 3427–3439, 2008
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Table 1. Temporal averages of several parameters retrieved for the EFEU combustion experiments with savanna grass (SAVA20a) and
musasa (MUSA23a) based on 30 (SAVA20a) and 29 (MUSA23a) data points. For the number size distribution the number fraction, count
median diameter (CMD) and the geometric standard deviation (σg ) are given, assuming a three-modal lognormal distribution. In case of the
optical properties the standard deviation of the mean is also given. More details on the mass emission factors can be found in Iinuma et al.
(2007).
Quantity

SAVA20a

MUSA23a

1CO/1CO2 (%)
ECa mass fraction (%)
CPC total number concentration (106 cm−3 )
number size distribtuion (lognormal)
number fraction, Mode 1/2/3
CMD1 /CMD2 /CMD3 (µm)
σg,1 /σg,2 /σg,3
Ångstrom exponent (0.45–0.55 µm)
Ångstrom exponent (0.55–0.70 µm)
TEOM mass concentration (mg m−3 )
Scattering coefficient (m−1 ), λ=0.55 µm
Mass scattering efficiency (m2 g−1 ) , λ=0.55 µm
Absorption coefficient (m−1 ), λ=0.532 µm
Mass absorption efficiency (m2 g−1 ), λ=0.532 µm
Single scattering albedo, λ=0.55 µm
Mass emission factor (g kg−1 )
Hygroscopic diameter growth factor (RH=85%)

6.4±0.1
15.5
3.5±0.1

9.0±0.3
8.6
4.3±0.1

0.002/0.99791/0.00009
0.01/0.134/2.0
1.50/1.87/1.55
1.2±0.1
1.8±0.1
23.8±1.4
0.21±0.01
8.9±0.2
0.012±0.001
0.51±0.02
0.945 ±0.004
4.0
<1.3

0.006/ 0.99395/0.00005
0.03/0.15/2.0
1.65/1.77/1.55
1.1±0.1
2.1±0.1
27.4±1.0
0.26±0.01
9.3±0.3
0.014±0.001
0.50±0.02
0.950±0.02
5.6
<1.1

(Lenoble, 1991; Penner et al., 1998; Reid and Hobbs, 1998;
Haywood et al., 2003). This allows us to derive the real part
of the OC refractive index as well as the imaginary part of
the BC fraction using the ECa mass fraction (thermographic
method) as proxy for the BC volume fraction. Thereby, the
effective refractive index of the internal OC-BC mixture was
determined with the mixing rule of Maxwell-Garnett (MG)
(Maxwell Garnett, 1904), which is preferable to simple volume mixing for particles composed of non or slightly absorbing matter containing a small amount of spherical, stronglyabsorbing inclusions (Chýlek et al., 1988). Alternatively,
stratified spheres with particles composed of a BC core and
a shell of organic carbon assuming a constant ratio of core
diameter to particle diameter were used. The chemical composition was presumed to be the same for all sizes and constant over the whole duration of the experiment, because
no time-resolved chemical composition measurements were
performed and differences in size-resolved chemical composition are irrelevant for our analysis as discussed below.
Hence, for a given experiment temporal changes in the modelled optical properties are solely due to changes in the particle size distribution, not due to variations in the chemical
composition. This allows an exploration of whether the observed changes in scattering/absorption are due to changes in
particle size or chemistry.
The hygroscopic growth of the particles did not have to
be considered in the model calculations, because the particles were dried to approximately 10% relative humidity by
passing through the dilution system. The assumptions of
Atmos. Chem. Phys., 8, 3427–3439, 2008

particle sphericity (here: compact particle shape) and internally mixed particles were justified by scanning electron microscopy (not shown). In addition, Schneider et al. (2006)
found dynamic shape factors of less than 1.2 for similar
burns, which also indicates compact particle shape. An estimate of a potential bias due to non-spherical particle shape
will be given below. To convert the calculated optical properties into mass specific optical properties of the model particles, the experimentally determined (effective) particle density (obtained from the ratio of the TEOM mass concentration and the SMPS-APS volume concentration) was used.
This ensures that the modelled aerosol mass concentration
agrees with the TEOM mass data.

3
3.1

Results
Experimental results

During the SAVA20a experiment, 580 g of savanna grass
and 716 g of acacia were burnt, where the latter was only
used to ignite and maintain a sufficiently stable burning process. The largest amount of the acacia was combusted in the
initial stage of the experiment (ignition at 11:15; emission
into the container starting at 11:17) and the video recording showed that it was nearly completely burnt before 11:29
when the measurements started. Hence, we consider experiment SAVA20a to be representative for savanna grass.
The temporal development of the fire can be summarised
www.atmos-chem-phys.net/8/3427/2008/
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Fig. 2. (a) Range in the number size distribution during the SAVA20a experiment (gray area). Additionally, the temporal average (black
line) and the size distributions at 11:29 and 11:43 are given. (b) Average number size distribution measured during the EFEU combustion
experiments with savanna grass (SAVA20a) and musasa (MUSA23a). For comparison, the size distribution of fresh biomass burning aerosol
(less than one minute old) sampled during the Southern African Regional Science Initiative (SAFARI2000) in a plume over a biomass burning
fire near Otavi, Northern Namibia (Haywood et al., 2003) is also shown. All size distributions were normalized to their peak concentration
to facilitate visual data comparison.

as follows: Each time after a handful of dry grass was put
into the fire, large flames appeared, but decreased within 20
to 40 s and then some new grass was added. Occasionally
some small acacia pieces were also put into the fire to sustain the combustion. Hence, for most of the time this experiment was characterised by a rapid change between flaming
and smouldering burning conditions – resulting in a mixed
phase combustion for each of the two-minutes averaging intervals. During the MUSA23a experiment 948 g of musasa
(pieces of a medium sized branches) was burnt. The video
recording showed small flames for most of the experiment
except after occasional rearrangement of the fuel, which produced moderate flames. After a period of a few minutes the
flames decreased and more smoke was visible so that again
the experiment was dominated by mixed phase combustion.
For each experiment, the averaged aerosol number size
distributions were fitted with a tri-modal lognormal distribution as given in Table 1. Both EFEU combustion experiments
show a dominating (>99% of particle number) and broad accumulation mode with a count medium diameter of 0.134 µm
(SAVA20a) and 0.15 µm (MUSA23a) and a geometric standard deviation of 1.87 (SAVA20A) and 1.77 (MUSA23a),
respectively (Table 1). A clear coarse mode at 2 µm is also
seen (Fig. 2). The coarse particles seem to be emitted directly
from the fire, because they already appear at the very beginning of the experiment and coagulation among accumulation
mode particles is slow and does not transfer particles to the
coarse mode. Although no attempts were made to remove
dust or dirt from the fuel prior to combustion, we consider
www.atmos-chem-phys.net/8/3427/2008/

the coarse mode particles to be unburned parts of biomass
(char), since the carbon content of the coarse mode particles
was similar to the fine mode particles (Iinuma et al., 2007).
For comparison, the size distribution of fresh biomass burning aerosol (less than one minute old) sampled during the
Southern African Regional Science Initiative (SAFARI2000)
in a plume over a biomass burning fire near Otavi (Northern
Namibia) is also shown in Fig. 2b (Haywood et al., 2003).
The distributions were normalised to their peak values to facilitate visual comparison. The Otavi fire consisted of both
flaming and smouldering combustion and the area is close
to Etosha, the origin of the savanna grass that was used for
the EFEU experiment. The tri-modal Otavi size distribution
is similar to the EFEU data, showing an accumulation and
coarse mode at diameters of 0.2 and 2 µm, respectively, with
relative contributions to the total particle concentration that
are comparable to the EFEU data. However, in contrast to
our results, the coarse mode is likely to contain a significant
amount of dust (Haywood et al., 2003). In case of SAVA20a
and MUSA23a there is an elevated abundance of large accumulation mode particles (D>0.2 µm) compared to the Otavi
measurements which is possibly due to reduced coagulation
in the Otavi data as result of plume dilution. The smaller
scattering Ångstrom exponents for the EFEU experiments
(1.2 (SAVA20a) and 1.1 (MUSA23a)) in the spectral range
between λ=0.45 µm and λ=0.55 µm) compared to typical
values for fresh smoke (2.0–2.5, Reid et al. (2005b)) confirm
the higher fraction of large particles.

Atmos. Chem. Phys., 8, 3427–3439, 2008
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Fig. 3. Temporal development of various parameters during the combustion of savanna grass (SAVA20a): (a) TEOM mass concentration
(left y-axis) and CO emission ratio (1CO/1CO2 ) (right y-axis), (b) mass scattering efficiency, (c) mass absorption efficiency, and (d) single
scattering albedo. For the mass concentration measured with the TEOM a 10% inaccuracy is expected. For the single scattering albedo
and the mass scattering and absorption efficiency the uncertainty was calculated with the Gauss error law, assuming an uncertainty of the
nephelometer and the photoacoustic spectrometer of 7% and 5%, respectively.

The burning conditions during the course of the EFEU
combustion experiments are described by the CO emission
ratio, 1CO/1CO2 , where 1CO and 1CO2 are the carbon
monoxide (CO) and the carbon dioxide (CO2 ) concentrations above the background level. Whereas low CO emission ratios (below approximately 11%) indicate a more complete (i.e. flaming) combustion, higher values (above approximately 11%) are typical for a less complete (smouldering)
combustion (Reid et al., 2005b). In case of SAVA20a and
MUSA23a the mean 1CO/1CO2 values were (6.4±0.1)%
and (9.0±0.3)%, respectively (Table 1), indicating that the
Atmos. Chem. Phys., 8, 3427–3439, 2008

flaming phase was dominating. The particle mass emission factors were 4.0 and 5.6 g kg−1 for the SAVA20a and
MUSA23a experiment, respectively (Table 1) and thus in a
range similar to previously reported literature values (Iinuma
et al., 2007). From the chemical analysis, averaged ECa mass
fractions of 15.5% (SAVA20a) and 8.6% (MUSA23a) were
retrieved, i.e. higher CO emission ratios correspond to lower
ECa fractions. This is in agreement with results from the
other EFEU experiments (Iinuma et al., 2007) and with field
experiments (Ferek et al., 1998). Particle diameter hygroscopic growth factors at a relative humidity (RH) of 85%
www.atmos-chem-phys.net/8/3427/2008/
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Fig. 4. Same as for Fig. 3, but for the combustion of musasa (MUSA23a).

were below 1.1 (MUSA23a) and smaller than 1.3 (SAVA20a)
(Table 1). Because of these low growth factors we do not anticipate water to contribute significantly to the optical properties for the relative humidity encountered here (RH<10%).

(MUSA23a). For the single scattering albedo, mean values
of 0.945±0.004 (SAVA20a) and 0.950±0.020 (MUSA23a)
were obtained from the measurements (Table 1).
3.2

The mean measured mass scattering efficiencies at
λ=0.55 µm were 8.9±0.2 m2 g−1 and 9.3±0.3 m2 g−1 , for
the SAVA20a and MUSA23a experiments, respectively
(Table 1). These averages (and standard deviations) were
calculated from the 30 (SAVA20a) and 29 (MUSA23a) data
points displayed in Figs. 3b and 4b, respectively. Due to
the single wavelength absorption measurements, the discussion here is restricted to a wavelength of λ=0.55 µm.
The mean mass absorption efficiencies at λ=0.532 µm
were 0.51±0.02 m2 g−1 (SAVA20a) and 0.50±0.02 m2 g−1
www.atmos-chem-phys.net/8/3427/2008/

Comparison with model calculations

Figures 3 and 4 show the temporal development of the
1CO/1CO2 ratios (indicating the burning conditions), as
well as the aerosol mass concentration and the optical properties during the combustion experiments SAVA20a and
MUSA23a, respectively.
During the combustion of savanna grass, the 1CO/1CO2
values varied between 5 and 8% (Fig. 3a) with a temporal average of 6.4%, showing that the flaming phase was
dominating. The lowest CO emission ratio, and hence the
Atmos. Chem. Phys., 8, 3427–3439, 2008
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Table 2. Effective refractive indices (meff ) and refractive indices for
BC (mBC ) and OC (mOC ) which were retrieved for SAVA20a and
MUSA23a using a mixture after Maxwell Garnett assuming different BC volume fractions (VFBC ). The wavelength is 0.55 µm.
Experiment
SAVA20a

MUSA23a

meff

VFBC

mBC

mOC

1.60−0.010i
1.60−0.010i
1.60−0.010i
1.56−0.010i
1.56−0.010i
1.56−0.010i

0.016
0.10
0.155
0.015
0.06
0.086

1.75−0.630i
1.75−0.105i
1.75−0.065i
1.75−0.630i
1.75−0.171i
1.75−0.140i

1.60−0i
1.58−0i
1.57−0i
1.56−0i
1.55−0i
1.54−0i

most flaming combustion, was found at the beginning of
the measurements at 11:29. At this time the highest mass
specific absorption (Fig. 3c) and the lowest mass concentration (Fig. 3a), mass scattering (Fig. 3b) and single scattering albedo (Fig. 3d) were observed. Subsequently, the
1CO/1CO2 values increased and reached the least flaming
combustion conditions at around 11:43. Likewise, the mass
concentration as well as the mass scattering efficiency and
the single scattering albedo increased until 11:43 as the combustion became less complete. At the same time the mass absorption efficiency decreased. After 11:43, the CO emission
ratio decreased more or less continuously until the end of
the combustion at 12:29 with a small local maximum around
12:23 which can be observed as a signature in the optical
properties as well.
Also shown in Fig. 3 are the modelled optical properties
(diamonds) for SAVA20a using a complex refractive index
of 1.60−0.010i (λ=0.55 µm) (Table 2) that was obtained by
adjusting the complex refractive index of the model particles until the averaged calculated scattering and absorption
coefficients agreed with the mean of the measurements (as
described in Sect. 2.2). There is generally good agreement in
the temporal development of the modelled and measured optical properties, especially for the mass scattering efficiency
(Fig. 3b), where the mean percent difference (standard deviation) between model and measurements is −1.3 (±1.1)%
and the calculated values are within the errors of the measurements during the whole period of the SAVA20a experiment. Similar good agreement is observed for the mass absorption efficiencies (Fig. 3c; mean percent difference: 1.4
(±4.0)%) and the single scattering albedo (Fig. 3d; mean
percent difference: 0.5 (±0.4)%) except for the first 8 min
and the last 5 min of the experiment where the flaming was
strongest. During these two time periods the model underestimates the mass absorption by up to 50%. On the other
hand, for the time period when smouldering became most
influential (around 11:45) the calculated mass absorption efficiency is approximately 45% higher than the corresponding
measurements.

Atmos. Chem. Phys., 8, 3427–3439, 2008

Similar results are found for the combustion of musasa
(MUSA23a) presented in Fig. 4. The temporal development of the mass scattering efficiency is reproduced quite
well by the model (Fig. 4b), whereas the calculated mass
absorption efficiency significantly underestimates the measurements during the more flaming dominated phases at the
beginning and in the middle of the experiment as can be seen
in Fig. 4c. The mean percent difference between the calculated and measured optical properties is −0.1 (±0.7)%,
−0.03 (±3.8)% and 0.4 (±0.3)% for the mass scattering efficiency, the mass absorption efficiency and the single scattering albedo, respectively. Here, the first scattering measurement was neglected, because it seems to be unrealistically
low. The effective refractive index derived for the MUSA23a
experiment was 1.56−0.010i (Table 2).

4

Discussion

In this section the measured optical properties from the
EFEU experiments SAVA20a and MUSA23a are compared
to results from previous lab and field experiments. Possible
reasons for differences are discussed and the measured optical properties are interpreted based on Mie calculations.
4.1

Comparison of the optical properties with results from
previous measurements

Unless stated otherwise, the following brief summary of optical properties of biomass burning particles is taken from
the review paper by Reid et al. (2005a) who evaluated numerous field and laboratory measurement campaigns. According to their analysis, typical (in-situ) mass scattering efficiencies in the mid-visible spectral range are between 2.8 and
4.2 m2 g−1 (mean: 3.6 m2 g−1 ) for fresh smoke in temperate,
boreal and tropical forests as well as grassland fires. For particles from smouldering fires as well as aged smoke, the mass
scattering efficiency is about 20% higher and ranges between
3.5 and 4.6 m2 g−1 . Literature mass absorption efficiencies
for green or white light from flaming conditions are typically
in the 1.0 to 1.4 m2 g−1 range (mean: 1.2 m2 g−1 ), regardless
of fuel type. For mixed phase and smouldering dominated
combustion, black carbon emission is reduced, resulting in a
lower mass absorption efficiency with values between 0.6–
1.0 m2 g−1 and 0.2–0.7 m2 g−1 , respectively. Consequently,
mid-visible single scattering albedos increase from 0.65–
0.85 in the ignition/flaming phase to values of 0.8–0.9 and
0.88–0.99 for mixed phase and smouldering phase combustion, respectively.
Hence, the mass scattering efficiencies of 8.9 m2 g−1 and
9.3 m2 g−1 obtained for the SAVA20a and MUSA23a experiments are up to a factor 3 and 2.5 higher than mean literature values for flaming and smouldering burning conditions, respectively. The mass specific absorption efficiencies of 0.51 m2 g−1 (SAVA20a) and 0.50 m2 g−1 (MUSA23a)
www.atmos-chem-phys.net/8/3427/2008/
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were by about a factor of 2.4 lower than typical mass absorption efficiencies obtained during flaming dominated fires, but
agreed with literature data for mixed phase and smouldering combustions. The single scattering albedo obtained for
SAVA20a (0.954) and MUSA23a (0.950) is also in a better
agreement with literature data from mixed phase and smouldering dominated fires. These findings seem to contradict the
measured mean CO emission ratios, which indicated more
flaming burning conditions. This issue will be discussed below.
The actual particle shape might have an influence on the
nephelometer measurements. Non-spherical particles scatter
more strongly compared to ideal spheres, especially in the
sideways directions, but this effect will increase the observed
integrated scattering signal by no more than a few percent,
if a particle ensemble is examined (Mugnai and Wiscombe,
1986). Hence, particle shape alone cannot explain the observed difference in mass scattering efficiency.
Mie calculations show that the high mass scattering efficiencies are mainly due to differences in particle size distribution. Compared to the Otavi fire much higher particle
concentrations were obtained for the two EFEU experiments
in the diameter range between 0.3 µm and 1.0 µm (Fig. 2),
which according to Mie theory is the most efficient size range
for light scattering. The higher concentration of large accumulation mode particles can be explained by enhanced coagulation inside the continuous flow mixing chamber due to the
absence of natural plume dilution. Recalculating the optical
properties for SAVA20a with the particle size distribution reported for the Otavi fire (Haywood et al., 2003) reduces the
scattering coefficient by a factor of 1.7.
In addition, we cannot rule out that the high mass scattering efficiencies are at least partially due to negative biases
in the TEOM mass due to evaporation of semi-volatile particle compounds. From the ratio of the TEOM-mass and the
SMPS-APS-volume we obtain an effective particle density
of 0.72 and 0.80 g cm−3 for SAVA20a and MUSA23a, respectively. This is considerably lower than typically reported
effective densities for biomass burning aerosol (1.35 g cm−3 ,
e.g. Rissler et al. (2006)). On the other hand, the mass emission factors of the two EFEU experiments were within the
range of previously reported values and an underestimation
of the mass concentration would also result in an overestimation of the mass absorption efficiency, which is in the range
of typical literature values for mixed phase combustion fires.
The low EFEU mass absorption efficiencies are consistent
with small BC fractions as suggested by the rather brown
instead of black coloured impactor samples (Fig. 5). In addition, the larger absorption efficiencies given in the literature could be in part due to artefacts in absorption measurement, because commonly used filter based methods consistently overestimate absorption (Bond et al., 1999), whereas
the photoacoustic spectrometer used during the EFEU experiments has shown to be accurate to within about 5%, as
supported by laboratory calibration experiments with varwww.atmos-chem-phys.net/8/3427/2008/
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SAVA20a

MUSA23a

Fig. 5. Teflon filter samples from the savanna grass (left, SAVA20a)
and the musasa (right, MUSA23a) combustion experiments.

ious types of aerosol, including biomass burning particles
(Schnaiter et al., 2005).
There is also the possibility that the CO emission ratio is
only a rough guide for the determination of the combustion
phase, especially if aerosol properties are considered. According to the measured 1CO/1CO2 values, the EFEU experiments were performed under more flaming conditions.
However, the video recording of the two combustion experiments clearly shows that mixed phase combustion (simultaneous occurrence of flaming and smouldering phase) occurred during extended periods of the combustion experiment. Since the aerosol emission factor is larger for smouldering combustion (Ferek et al., 1998), one would expect that
for mixed phase combustion, the smouldering phase has a
more pronounced impact on the average aerosol properties.
This is consistent with our high scattering and low absorption
efficiencies, which are characteristic for more smouldering
optical aerosol properties in spite of the 1CO/1CO2 values
pointing to flaming conditions.
Finally, compared to natural fires, the EFEU experiments
were performed with dried fuel and the ventilation of the fire
was enhanced, since air could access the small laboratory fire
from all sides. This may have affected the burning conditions
and subsequently the optical aerosol properties.
4.2

4.2.1

Modelling of the optical properties and retrieved refractive indices
Optical properties

As described in Sect. 2.2, an effective refractive index of the
particles was derived by iteratively adjusting the refractive
index until average calculated mass scattering and absorption efficiencies best matched the measured ones. Hence,
the good agreement between the averaged measured and calculated optical properties shown in Sect. 3.2 is not surprising. However, on the time-scale of each individual data point
(2 min), differences may arise mainly due to variations in
particles size and chemistry. Since the refractive index (and
hence particle chemistry) was kept constant for each of the
Atmos. Chem. Phys., 8, 3427–3439, 2008
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experiments, the excellent agreement between modelled and
measured mass scattering efficiency indicates that the temporal variability in scattering can be explained by changes in
the particle size distribution. On the other hand, changes in
particle size do not fully explain the observed variation in absorption. At times when the 1CO/1CO2 value showed the
highest and lowest values, i.e. when the chemical composition is expected to be most different from its mean value, the
model is not able to reproduce the measured mass absorption efficiency. This suggests that, while changes in chemical composition due to varying burning conditions affect the
mass absorption efficiency of biomass burning particles, the
mass scattering efficiency is much less affected by changes
in particle chemistry.
4.2.2

Refractive indices

For the EFEU experiments SAVA20a and MUSA23a effective refractive indices of 1.60−0.010i and 1.56−0.010i
were obtained at λ=0.55 µm (Table 2). These refractive indices have real parts which are in the upper range of values reported in the literature, where values between 1.41
and 1.59 are given. However, since most of the literature
values correspond to relative humidities that are larger than
ours (RH<10%; e.g. Guyon et al. (2003) refers to ambient conditions), at least some of them should be considered
negatively biased compared to dry particle properties as reported here. While an effective refractive index of 1.41 at
λ=0.565 µm was determined for fresh smoke in the Amazon region (Guyon et al., 2003), the highest real refractive
indices between 1.56 and 1.59 were deduced for two biomass
burning haze episodes during the Yosemite Aerosol Characterisation Study (McMeeking et al., 2005). Real parts between 1.53 and 1.58 were derived for smoke particles from
laboratory combustion experiments with forest fuels (Carrico
et al., 2004). Literature values for the imaginary part of the
effective refractive index show a much larger variability with
values between 0.0093 and 0.1 (Dubovik et al., 2002; Carrico et al., 2004; Colarco et al., 2004), and typically a smaller
imaginary part was found for more smouldering combustion
conditions. The values derived for the two EFEU experiments (0.010) are within the reported range, but tend to be at
the lower end. This is especially worth mentioning, because
the mean 1CO/1CO2 values of 6.4% (SAVA20a) and 9.0%
(MUSA23a) suggest a flaming dominated combustion where
large BC fractions and imaginary parts are expected.
As mentioned above, the refractive indices of the two
model components, OC (mOC ) and BC (mBC ), were derived
assuming an internal mixture of both components. Using the
ECa mass fraction (SAVA20a: 15.5%; MUSA23a: 8.6%) determined with the thermographic method described in Sect. 2
as a proxy for the BC volume fraction. In this case, refractive indices of mBC =1.75−0.065i and mOC =1.57−0i were
obtained using the Maxwell-Garnett mixing rule. In the case
of MUSA23a, refractive indices of mBC =1.75−0.140i and
Atmos. Chem. Phys., 8, 3427–3439, 2008

mOC =1.54−0i were determined (Table 2). In both cases,
the imaginary parts of 0.065 and 0.140 for black carbon
are very low, compared to the values between 0.1 and 1.0
given in the literature (Horvath, 1993). Assuming a stratified sphere model composed of a BC core and a concentric
shell of organic material results in even lower (∼20%) BC
imaginary parts. This is because a stratified sphere absorbs
more radiation than an internal mixture using the MaxwellGarnett effective medium approach (Bohren and Huffman,
1983), i.e. a lower imaginary part is sufficient for a stratified sphere. If on the other hand, black carbon is assumed to
have a commonly used refractive index of mBC =1.75−0.630i
(Bond and Bergstrom, 2006), the average BC volume fraction has to be as low as 1.5% in order to achieve agreement
between the measured and modelled optical properties (Table 2). Hence, there is an inconsistency between the relatively high fraction of apparent elemental carbon obtained
with the thermographic method (8.6 to 15.5%) and the low
imaginary part of the refractive index of the aerosol particles. Thus, the question arises, if it could be possible that
particles with a low fraction (<5%) of strongly absorbing
substances were emitted during the combustion of savanna
grass and musasa, and if the thermal method inadvertently
responds to high molecular weight organic substances, which
would results in a positively biased ECa fraction.
For urban aerosol samples, the applied thermographic
method yields ECa fractions within the range of variation of
various methods, but it tends to overestimate the (actual) EC
fraction due to e.g. charring of organic matter (see results
for lab #6/method VDI 2 in Schmid et al. (2001)). The reason for the observed inconsistency obtained for the biomass
burning aerosol considered here is the fact that high molecular weight substances can be classified by this method as
ECa instead of OC (Iinuma et al., 2007). Chemical analysis
using capillary electrophoresis/electrospray ionization mass
spectrometry (CE/ESI-MS) showed that the high molecular
weight organic compounds that caused the high ECa fractions were probably lignin decomposition products emitted
directly from the combustion source (Iinuma et al., 2007).
Hence, it is possible that the determined apparent elemental carbon consists of the strongly absorbing black carbon as
well as weakly absorbing organic matter (i.e. brown carbon).
Application of the ECa fraction determined with the thermographic analysis would therefore result in an overestimation
of the black carbon fraction and an underestimation of the
OC fraction of the model particles.
The analysis of biomass burning aerosol sampled in Amazonia had already shown that a significant fraction of the
aerosol mass was composed of high molecular weight organic material (Mayol-Bracero et al., 2002). It was concluded that humic-like substances (HULIS), which are used
as a surrogate for brown carbon with respect to the optical
properties (Andreae and Gelencsér, 2006), are generated in
significant amounts during biomass burning. Hoffer et al.
(2006) isolated humic-like substances from the fine biomass
www.atmos-chem-phys.net/8/3427/2008/
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burning aerosol fraction collected during the SMOCC campaign in Brazil and derived a complex index of refraction
at a wavelength of 0.532 µm with real parts ranging between 1.65 and 1.68 and imaginary parts from 0.00163 up
to 0.00187. The emission of a significant fraction of lightabsorbing brown carbon was also observed during the initial
period of coal combustion (Bond, 2001).
Hence, we conclude that the aerosol particles from the two
EFEU experiments most likely contain only a small amount
of strongly absorbing black carbon and instead a significant
fraction of weakly absorbing brown carbon. Indeed, the filter samples for the experiments discussed here, were rather
brown not black (Fig. 5). Since HULIS has a real refractive
index of between 1.65 and 1.69 (Hoffer et al., 2006), this
could explain the quite high real and the low imaginary parts
of the refractive indices that were retrieved for SAVA20a and
MUSA23a.
To confirm the hypothesis that the partially graphitized
(brown) carbon has a large influence on the optical properties, wavelength dependent absorption measurements would
have been instructive, because the absorption of brown carbon increases more sharply towards shorter wavelengths
(Hoffer et al., 2006; Andreae and Gelencsér, 2006) than
the absorption of black carbon (Bergstrom and Russell,
2002). Additionally, a better characterisation of the remaining unidentified organic fraction of the combustion aerosol
could contribute to clarify this issue.

5

Summary and conclusions

As part of the ‘Impact of Vegetation Fires on the Composition and Circulation of the Atmosphere’ (EFEU) project,
controlled combustion experiments were carried out to determine the physical, chemical and optical properties of
fresh biomass burning aerosol as a function of the burning conditions. The measured mass scattering efficiencies for the combustion of savanna grass (SAVA20a) and
musasa (MUSA23a) at a wavelength of λ=0.55 µm were
8.9±0.2 m2 g−1 and 9.3±0.3 m2 g−1 , respectively. For the
mass absorption efficiency, values of 0.51±0.02 m2 g−1
(SAVA20a) and 0.50±0.02 m2 g−1 (MUSA23a) were obtained. While the mass scattering efficiencies are up to a factor of 3 higher compared to literature data for similar burning
conditions, the mass absorption efficiencies are lower than
typically observed for flaming combustion, but agree well
with literature data for mixed phase combustion. The higher
concentration of particles between 0.3 µm and 1.0 µm diameter, which is the most effective size range for scattering, is
the main reason for the high mass scattering efficiencies. The
mass absorption efficiencies are consistent with the lower
range of literature values for mixed phase and smouldering
combustion.
The Mie calculations provided refractive indices of
1.60−0.010i (SAVA20a) and 1.56−0.010i (MUSA23a)
www.atmos-chem-phys.net/8/3427/2008/
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(λ=0.55 µm) indicating significantly lower imaginary parts
than typically found in the literature for similar burning conditions. While the real parts of the refractive indices are in
the upper range of typically reported values, the low imaginary parts are inconsistent with the high apparent elemental
carbon fractions obtained from the thermographic analysis
likely due to a positive bias of the thermal method, which
is due to the fact that the thermal method responds to high
molecular weight substances.
We suggest to conduct additional laboratory combustion
experiments before the results reported here should be used
in model investigations. For such experiments wavelength
dependent absorption measurements and a better characterisation of the remaining undefined organic fraction would be
instructive. Also, the combination of the thermal, optical,
and solvent extraction methods is recommended in order to
better characterise the fraction of the strong absorbing black
carbon based on apparent elemental carbon measurements.
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King, M. D., Tanré, D., and Slutsker, I.: Variability of absorption
and optical properties of key aerosol types observed in worldwide locations, J. Atmos. Sci., 59, 590–608, 2002.
Ferek, R. J., Reid, J. S., Hobbs, P. V., Blake, D. R., and Liousse, C.:
Emission factors of hydrocarbons, halocarbons, trace gases and
particles from biomass burning in Brazil, J. Geophys. Res., 103,
32 107–32 118, 1998.
Guyon, P., Boucher, O., Graham, B., Becka, J., Mayol-Bracero,
O. L., Roberts, G. C., Maenhaut, W., Artaxo, P., and Andreae,
M. O.: Refractive index of aerosol particles over the Amazon
tropical forest during LBA-EUSTACH 1999, J. Aerosol Sci., 34,
883–907, 2003.
Hao, W. M. and Liu, M.-H.: Spatial and temporal distribution of
tropical biomass burning, Global Biogeochem. Cy., 8, 495–504,
1994.
Haywood, J., Osborne, S., Francis, P., Keil, A., Formenti, P., Andreae, M. O., and Kaye, P. H.: The mean physical and optical properties of regional haze dominated by biomass burning
aerosol measured from the C-130 aircraft during SAFARI 2000,

Atmos. Chem. Phys., 8, 3427–3439, 2008

J. Geophys. Res., 108, 8473, doi:10.1029/2002JD002226, 2003.
Hoffer, A., Gelencsér, A., Guyon, P., Kiss, G., Schmid, O., Frank,
G., Artaxo, P., and Andreae, M. O.: Optical properties of humiclike substances (HULIS) in biomass-burning aerosols, Atmos.
Chem. Phys., 6, 3563–3570, 2006,
http://www.atmos-chem-phys.net/6/3563/2006/.
Horvath, H.: Atmospheric light absorption – A review, Atmos. Environ., 27A, 293–317, 1993.
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Wurzler, S., Herrmann, H., Neusüß, C., Stratmann, F., Wiedensohler, A., Wilck, M., Trautmann, T., Andreae, M. O., Helas, G.,
Trentmann, J., Langmann, B., Graf, H., and Textor, C.: Impact
of vegetation fires on the composition and circulation of the atmosphere: Introduction of the research project EFEU, J. Aerosol
Sci., 32, Suppl. 1, S199–S200, 2001.

Atmos. Chem. Phys., 8, 3427–3439, 2008

