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Abstract. A better characterisation of the optical properties from the thermographic analysis of impactor samples can
of biomass burning aerosol as a function of the burning con-be explained by a positive bias in the elemental carbon data
ditions is required in order to quantify their effects on cli- due to the presence of high molecular weight organic sub-
mate and atmospheric chemistry. Controlled laboratory comstances. Potential artefacts in optical properties due to in-
bustion experiments with different fuel types were carried strument bias, non-natural burning conditions and unrealistic
out at the combustion facility of the Max Planck Institute dilution history of the laboratory smoke cannot be ruled out

for Chemistry (Mainz, Germany) as part of the “Impact of and are also discussed in this study.

Vegetation Fires on the Composition and Circulation of the
Atmosphere” (EFEU) project. The combustion conditions
were monitored with concomitant GGand CO measure- )
ments. The mass scattering efficiencies o@@n?g-t 1 Introduction

and 9.3:0.3n7 g obtained for aerosol particles from the o _ -
combustion of savanna grass and an African hardwood’egetation fires in the tropics, the mid-latitudes and boreal

(musasa), respectively, are larger than typically reportedegions are a si.gnificant. source of atmospheric. trace gases
mainly due to differences in particle size distribution. The &nd aerosol particles which affect the atmospheric chemistry
photoacoustically measured mass absorption efficiencies dind the radiation budget on a global scaleutzen and An-
0.51£0.02n? g~ and 0.5@:0.02 7 g~ ! were at the lower dréae 1990 Andreae 1991 Penner et a].1993. One of

end of the literature values. Using the measured size distributh@ difficulties in assessing the regional and global impact of
tions as well as the mass scattering and absorption efficien?10Mass burning aerosol is the fact that the physico-chemical
cies, Mie calculations provided effective refractive indices Properties of biomass burning aerosol strongly depend on the
of 1.60-0.010 (savanna grass) and 1.56.010 (musasa) fuel characteristics, combustion conditions and the age of the
(A=0.55um). The apparent discrepancy between the lowSTOke Andreae and Merle200). o
imaginary part of the refractive index and the high appar- [N the last decades, a number of biomass burning field ex-

ent elemental carbon (ELCfractions (8 to 15%) obtained Periments have taken place in various ecosystems through-
out the world, such as the South African Fire-Atmosphere

Research Initiatives (SAFARIL{ndesay et a].1996 Swap
Correspondence tdK. Hungershoefer et al, 2002, the Smoke, Clouds, and Radiation — Brazil
BY (hungershoefer@lisa.univ-paris12.fr)  (SCAR-B) (Kaufman et al.1999, and the Smoke Aerosols,
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forming combustion experiments in the lab. Recer@ligen

et al. (2006 and Chakrabarty et al(2006§ conducted such
experiments with fuels commonly burned in mid-latitude
forests. Laboratory combustion experiments were also car-

To the atmosphere
3\ —>

Valves . ; ;
o | é ried out as part of the “Impact of Vegetation Fires on the
e a : _ s
To the container Fan Cor_nposmon and Circulation of th(_a.Atmosphere (EFEU)
continuous flow project @urzler et al, 2001). In addition to fuels from the
mixing chamber 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 pos-
sible reasons for the observed differences are discussed based
on model calculations using Mie theory.

To the instruments

Combustion facility

Fig. 1. Experimental setup at the Max Planck Institute for Chem- 2 Methodology
istry in Mainz during the EFEU campaigns. On the left hand side
of the photograph the combustion facility that contains the oven isin 2003 a series of controlled combustion experiments with
seen. The blue buffer container is shown on the right on top of avarious types of biomass were carried out at the combustion
white field laboratory container, that comprises part of the instru-faci"ty of the Max Planck Institute for Chemistry in Mainz,
ments. Germany, as part of the EFEU project. The experimental
setup is shown in Figl. In brief, it consists of a laboratory
oven with a 60 cnx60 cm burning table placed on a high-
Clouds, Rainfall and Climate (SMOCC) campaigns in Southyeso|ution balance to determine the combusted fuel mass and
America. Whereas the results from such field experimentjerive the mass emission factors. The combustion emis-
always reflect a mixture of fuels and burning conditions, lab- 5ions were drawn at a flow rate of about 3.5min~—! into
oratory experiments provide the possibility of a fuel specific 3 32 6 n# metal container, which was operated as continu-
characterisation of biomass emissions under controlled comg;5 fiow mixing chamber with active mixing (internal fan)
bustion conditions. Previous laboratory experiments deal{y order to reduce the temporal variability of the samples.
with the absorption properties of forest fire aeroddtfer- Sampling was performed from the mixing chamber and most
son and McMahoyil984 Patterson et 811986, the charac-  aerosol instruments were located in a container directly be-
terisation of organic compounds (e.§imoneit 2002, and oy the mixing chamber and operated with a 1:20 dilution to
emission characteristicEfristian et al.2003. The current  5y0id instrument saturation.
state of knowledge of biomass burning emissions from both  1he main goal of the experiments was the characterisa-
field and lab experiments as well as satellite measurementson, of the physical and chemical properties of the generated
is presented in the review paperskgppmann et al(2003  gmoke particles. In total, 26 combustion experiments were
andReid et al(2005ab). performed during two measurement periods in summer and
The optical properties of combustion aerosol strongly de-autumn 2003. The reproducibility of the results was con-
pend on particle size, shape and black carbon (BC) conterfirmed by repeating several experiments with the same fuel.
and thus on fuel type and combustion conditions. Hence, then all cases the fuel moisture was very low (approximately
relatively wide range of optical properties for biomass burn-10%) and the size of the wood logs was relative small (thin
ing particles reported in the literature reflects the dynamic nabranches, 20-40 cm long).
ture of vegetation fires, variations in smoke ageing processes A typical burn for a given fuel lasted about one hour and
and — to some degree — differences in measurement techturing this time new fuel material was added to the fire to
nigues Reid et al, 20059. Consequently fundamental pa- maintain stable burning conditions and to guarantee a con-
rameters such as the complex refractive index of the particlesinuous flow of fresh smoke into the continuous flow mixing
as well as their major constituents, namely black (or elemenchamber. The average residence time of the particles in the
tal) and organic carbon (OC), are highly uncertain and havezontainer was about 8 min.
to be further investiga.tEd in order to deduce the Uncertainty The smoke partic|es were characterised with respect to
in global estimates of direct forcingRéid et al, 20053. a wide range of aerosol parameters including size distribu-
One possibility for an improved, more thorough character-tion, morphology, chemical composition, mass and optical
isation of particles from biomass combustion arises from per{properties. The combustion conditions were monitored with
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concomitant CQ and CO measurements. Using Mie calcu- not correspond to a rigorously definable chemical species
lations and some simplifying assumptions, these data weréAndreae and Gelenég 2006. A detailed discussion of the
used to derive the refractive index of both the light absorb-OC/EG, method used here and artefacts due to higher molec-
ing fraction and organic matter. Here we concentrate on twaular weight organic compounds on OC-f&&paration is pre-
EFEU experiments, namely the combustion of savanna grassented inlinuma et al.(2007. A comprehensive compari-
(Poaceae: Heteropogon spec.) from Etosha, Namibia, andon of this method with other OC/E@ethods can be found
the combustion of musasa (Brachystegia spiciformis, someelsewhere $chmid et al.2001). An integrating nephelome-
times also called msasa), hardwood from Zimbabwe. Dur-ter (TSI 3563, TSI Inc., MN) was employed for measure-
ing the combustion of the savanna grass, a few acacia twigments of the scattering coefficient at three wavelengths in the
(Acacia spec.) were added to maintain a reasonably steadyisible spectral range.€0.45, 0.55 and 0.4m) and the data
combustion process. The two African fuels were chosen, bewere corrected for the effect of angular non-idealities using
cause (1) not all of the experiments provided data on all ofMie theory and the measured size distribution. The general
the parameters needed for the analysis presented here, (Bhcertainties of an integrating nephelometer are discussed in
tropical Africa contains about two thirds of the savanna re- Anderson and Ogre1998. During the EFEU experiments,
gions worldwide, and (3) savanna fires are the largest sourcthe reliability of the instrument was confirmed with g@s

of biomass burning regarding the amount of burned biomasgalibration gas. The absorption coefficient was determined

(Hao and Liy 1994 Andreae et a).1996. with a photoacoustic spectrometer (PAS).a0.532um and
a particle soot absorption photometer (PSAP, Radiance Re-
2.1 Measurements search, WA) at=0.565um. Measurements with both instru-

ments agreed within the range of experimental uncertainty,
Gas phase measurements of carbon monoxide (CO) and cdout we will use the PAS data here, since it is less prone to
bon dioxide (CQ) were performed directly from the mixing measurement artefacts than filter-based instruments such as
chamber with a non-dispersive infrared analyser (NDIR) tothe PSAP $chmid et al.2006. Mass scattering and absorp-
monitor the combustion conditions. Aerosol measurementgion efficiencies were derived by dividing the scattering co-
were also performed from the mixing chamber, but with a efficients obtained from the nephelometer and the absorption
1:20 dilution stage except for the real-time mass measureeoefficient from the PAS measurements by the mass concen-
ment, which was performed with a Tapered Element Oscil-trations obtained from the TEOM. Values of the single scat-
lating Microbalance (TEOM 1400a, Thermo Scientific, NY) tering albedo ak=0.55um were calculated from the mea-
from a separate inlet with a 1:10 dilution stage. The TEOM sured scattering coefficient a£0.55um and the PAS data,
was operated at a temperature ofG0n order to minimize  neglecting the small wavelength difference of the absorption
mass loss due to volatilization of semi-volatile aerosol com-coefficient. A humidified tandem differential mobility anal-
pounds. The number size distribution was measured withyser (H-TDMA) was employed to determine the hygroscopic
a Scanning Mobility Particle Sizer (SMPS) and an Aerody- properties of the particles at initial dry diameters of 0.05, 0.1,
namic Particle Sizer (APS, TSI 3321, TSI Inc., MN) for par- 0.15, 0.25, 0.325 and 0.4%0n and a relative humidity of
ticle diameters between 0.012-0/8h and 0.5-1@um, re-  85% (Massling et al.2003.
spectively. To merge the SMPS and APS measurements, the To match the two minute measurement intervals of the
SMPS data was used up to 0,8th and extended to larger di- SMPS, all measurements were averaged over the same time
ameters by the APS measurements without any adjustmenperiod except for the size-resolved Efactions from the
This is justified by the fact that no significant shift was ob- chemical analysis, which were only available as averages
served between both size distributions indicating effectiveover the whole duration of each continuous flow mixing ex-
particle densities near unitys¢hmid et al.2007). The to-  periment.
tal particle concentration was monitored with a condensation
particle counter (CPC, TSI 3022A, TSI Inc., MN). A Berner 2.2 Modelling of the optical properties and derivation of
type impactor with five size bins (0.05-0.14, 0.14-0.42, refractive indices
0.42-1.2, 1.2-3.5, 3.5-10m diameter) was employed to
determine size-resolved particle mass using a microbalanc€he measured particle size distribution and the measured
(Mettler Toledo, OH). Additionally, a thermographic method scattering and absorption coefficients were used to derive an
was applied to these impactors to determine the organic careffective refractive index from Mie theory. This was accom-
bon (OC) and apparent elemental carbon{Hfass fraction  plished by iteratively adjusting the effective complex refrac-
using a C-mat 5500 instrument (Stroehlein, Germany), wherdive index until the calculated scattering and absorption co-
OC and EG are defined as follows: OC is the G®&action efficients best matched the measured ones. In a second step,
evolving under nitrogen at 65C with CuO as a catalytic we assume that the model particles are composed of non-
reagent and EZs the evolving CQ fraction under oxygen at  absorbing organic carbon (with an imaginary part of the re-
650°C. The term “apparent elemental carbon” is used in thisfractive index equal to zero) and strongly absorbing black
study, because this species is operationally defined and doesrbon only (having 1.75 as real part of the refractive index)
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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 deviatiphafre 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 benfouackiral.

(20079.

Quantity SAVA20a MUSA23a
ACO/ACO; (%) 6.4+0.1 9.0+0.3
EC, mass fraction (%) 155 8.6
CPC total number concentration €.em=3) 3.5+0.1 4.3:0.1
number size distribtuion (lognormal)
number fraction, Mode 1/2/3 0.002/0.99791/0.00009  0.006/ 0.99395/0.00005
CMD1/CMD»/CMD3 (um) 0.01/0.134/2.0 0.03/0.15/2.0
. 0g,1/04 210 3 1.50/1.87/1.55 1.65/1.77/1.55
Angstrom exponent (0.45-0.58n) 1.2+0.1 1.1H0.1
Angstrom exponent (0.55-0.70n) 1.8+0.1 2401
TEOM mass concentration (mg‘rﬁ) 23.8t1.4 27.4:1.0
Scattering coefficient (mt), A=0.55.m 0.21+0.01 0.26:0.01
Mass scattering efficiency #g—1) , A=0.55um  8.9+0.2 9.3:0.3
Absorption coefficient (m1), 1=0.532um 0.012+0.001 0.014-0.001
Mass absorption efficiency @fig—1), A=0.532um  0.51-0.02 0.5@:0.02
Single scattering albeda=0.55um 0.945+0.004 0.956-0.02
Mass emission factor (g kg') 4.0 5.6
Hygroscopic diameter growth factor (RH=85%) <1.3 <11

(Lenoble 1991, Penner et al.1998 Reid and Hobbs1998 particle sphericity (here: compact particle shape) and inter-

Haywood et al.2003. This allows us to derive the real part nally mixed particles were justified by scanning electron mi-

of the OC refractive index as well as the imaginary part of croscopy (not shown). In additioigchneider et al(2006

the BC fraction using the Ednass fraction (thermographic found dynamic shape factors of less than 1.2 for similar

method) as proxy for the BC volume fraction. Thereby, the burns, which also indicates compact particle shape. An esti-

effective refractive index of the internal OC-BC mixture was mate of a potential bias due to non-spherical particle shape

determined with the mixing rule of Maxwell-Garnett (MG) will be given below. To convert the calculated optical prop-

(Maxwell Garnett 1904, which is preferable to simple vol- erties into mass specific optical properties of the model parti-

ume mixing for particles composed of non or slightly absorb- cles, the experimentally determined (effective) particle den-

ing matter containing a small amount of spherical, strongly-sity (obtained from the ratio of the TEOM mass concentra-

absorbing inclusionsGhylek et al, 1988. Alternatively,  tion and the SMPS-APS volume concentration) was used.

stratified spheres with particles composed of a BC core and'his ensures that the modelled aerosol mass concentration

a shell of organic carbon assuming a constant ratio of coreagrees with the TEOM mass data.

diameter to particle diameter were used. The chemical com-

position was presumed to be the same for all sizes and con-

stant over the whole duration of the experiment, becauses Results

no time-resolved chemical composition measurements were

performed and differences in size-resolved chemical com3.1 Experimental results

position are irrelevant for our analysis as discussed below.

Hence, for a given experiment temporal changes in the modpuring the SAVA20a experiment, 580g of savanna grass

elled optical properties are solely due to changes in the parand 716 g of acacia were burnt, where the latter was only

ticle size distribution, not due to variations in the chemical ysed to ignite and maintain a sufficiently stable burning pro-

composition. This allows an exploration of whether the ob- cess. The largest amount of the acacia was combusted in the

served changes in scattering/absorption are due to changesititial stage of the experiment (ignition at 11:15; emission

particle size or chemistry. into the container starting at 11:17) and the video record-
The hygroscopic growth of the particles did not have to ing showed that it was nearly completely burnt before 11:29

be considered in the model calculations, because the partivhen the measurements started. Hence, we consider ex-

cles were dried to approximately 10% relative humidity by periment SAVA20a to be representative for savanna grass.

passing through the dilution system. The assumptions ofThe temporal development of the fire can be summarised

Atmos. Chem. Phys., 8, 3423439 2008 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 gi{enAverage 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 Namibidd@ywood 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 putthe coarse mode particles to be unburned parts of biomass
into the fire, large flames appeared, but decreased within 2Qchar), since the carbon content of the coarse mode particles
to 40 s and then some new grass was added. Occasionallyas similar to the fine mode particleénima et al, 2007).
some small acacia pieces were also put into the fire to susFor comparison, the size distribution of fresh biomass burn-
tain the combustion. Hence, for most of the time this exper-ing aerosol (less than one minute old) sampled during the
iment was characterised by a rapid change between flamin§outhern African Regional Science Initiative (SAFARI2000)
and smouldering burning conditions — resulting in a mixedin a plume over a biomass burning fire near Otavi (Northern
phase combustion for each of the two-minutes averaging inNamibia) is also shown in Figzb (Haywood et al.2003.
tervals. During the MUSA23a experiment 948 g of musasaThe distributions were normalised to their peak values to fa-
(pieces of a medium sized branches) was burnt. The videeilitate visual comparison. The Otavi fire consisted of both
recording showed small flames for most of the experimentflaming and smouldering combustion and the area is close
except after occasional rearrangement of the fuel, which proto Etosha, the origin of the savanna grass that was used for
duced moderate flames. After a period of a few minutes thehe EFEU experiment. The tri-modal Otavi size distribution
flames decreased and more smoke was visible so that agaia similar to the EFEU data, showing an accumulation and
the experiment was dominated by mixed phase combustioncoarse mode at diameters of 0.2 and, respectively, with

For each experiment, the averaged aerosol number sizeelative contributions to the total particle concentration that
distributions were fitted with a tri-modal lognormal distribu- are comparable to the EFEU data. However, in contrast to
tion as given in Tablé. Both EFEU combustion experiments our results, the coarse mode is likely to contain a significant
show a dominating=99% of particle number) and broad ac- amount of dustiflaywood et al.2003. In case of SAVA20a
cumulation mode with a count medium diameter of 0.484  and MUSA23a there is an elevated abundance of large accu-
(SAVA20a) and 0.1%:m (MUSA23a) and a geometric stan- mulation mode particles¥>0.2,:m) compared to the Otavi
dard deviation of 1.87 (SAVA20A) and 1.77 (MUSA23a), measurements which is possibly due to reduced coagulation
respectively (Tabld). A clear coarse mode atidm is also  in the Otavi data as result of plume dilution. The smaller
seen (Fig2). The coarse particles seem to be emitted directlyscattering/f\ngstrom exponents for the EFEU experiments
from the fire, because they already appear at the very begini.2 (SAVA20a) and 1.1 (MUSA23a)) in the spectral range
ning of the experiment and coagulation among accumulatiorbetweeni=0.45ym and A=0.55xm) compared to typical
mode particles is slow and does not transfer patrticles to thevalues for fresh smoke (2.0-2Beid et al(20058) confirm
coarse mode. Although no attempts were made to removghe higher fraction of large particles.
dust or dirt from the fuel prior to combustion, we consider

www.atmos-chem-phys.net/8/3427/2008/ Atmos. Chem. Phys., 8, 34332008
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Fig. 3. Temporal development of various parameters during the combustion of savanna grass (SAVARZDBDM mass concentration

(left y-axis) and CO emission rati?dCO/ACOy) (right y-axis),(b) mass scattering efficiendy) mass absorption efficiency, afd) single

scattering albedo. For the mass concentration measured with the TEOM a 10% inaccuracy is expected. For the single scattering albedc
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 flaming phase was dominating. The particle mass emis-
combustion experiments are described by the CO emissiosion factors were 4.0 and 5.6 gkffor the SAVA20a and
ratio, ACO/ACO,, where ACO andACO, are the carbon MUSA23a experiment, respectively (Tablgand thus in a
monoxide (CO) and the carbon dioxide (&QGconcentra-  range similar to previously reported literature valu@suma
tions above the background level. Whereas low CO emis-et al, 2007). From the chemical analysis, averaged,Btass
sion ratios (below approximately 11%) indicate a more com-fractions of 15.5% (SAVA20a) and 8.6% (MUSA23a) were
plete (i.e. flaming) combustion, higher values (above approx+etrieved, i.e. higher CO emission ratios correspond to lower
imately 11%) are typical for a less complete (smouldering) EC, fractions. This is in agreement with results from the
combustion Reid et al, 20058. In case of SAVA20a and other EFEU experimentsifuma et al, 2007 and with field
MUSAZ23a the meam\CO/ACO; values were (640.1)%  experiments Ferek et al. 1998. Particle diameter hygro-
and (9.6:0.3)%, respectively (Tabl&), indicating that the  scopic growth factors at a relative humidity (RH) of 85%

Atmos. Chem. Phys., 8, 3423439 2008 www.atmos-chem-phys.net/8/3427/2008/
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Fig. 4. Same as for Fig3, but for the combustion of musasa (MUSA23a).

were below 1.1 (MUSA23a) and smaller than 1.3 (SAVA20a) (MUSA23a). For the single scattering albedo, mean values
(Tablel). Because of these low growth factors we do not an-of 0.945+£0.004 (SAVA20a) and 0.9500.020 (MUSAZ23a)
ticipate water to contribute significantly to the optical prop- were obtained from the measurements (Tdble

erties for the relative humidity encountered here (RI9%).
3.2 Comparison with model calculations

The mean measured mass scattering efficiencies at
2=0.55um were 8.90.2n?g ! and 9.3:0.3n?g!, for  Figures3 and 4 show the temporal development of the
the SAVA20a and MUSA23a experiments, respectively ACO/ACO; ratios (indicating the burning conditions), as
(Tablel). These averages (and standard deviations) weravell as the aerosol mass concentration and the optical prop-
calculated from the 30 (SAVA20a) and 29 (MUSA23a) data erties during the combustion experiments SAVA20a and
points displayed in Figs3b and4b, respectively. Due to MUSAZ23a, respectively.
the single wavelength absorption measurements, the dis- During the combustion of savanna grass, A@O/ACO,
cussion here is restricted to a wavelengthaef.55.m. values varied between 5 and 8% (FRp) with a tempo-
The mean mass absorption efficiencies 2at0.532um ral average of 6.4%, showing that the flaming phase was
were 0.5%0.02nf g~ (SAVA20a) and 0.580.02nfg~!  dominating. The lowest CO emission ratio, and hence the
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Table 2. Effective refractive indicesief) and refractive indices for Similar results are fOF‘”d .for the combustion of musasa
BC (mgc) and OC fuoc) which were retrieved for SAVA20a and (MUSAZ23a) presented in Figd. The temporal develop-

MUSA23a using a mixture afteMaxwell Garnetassuming differ- ~ ment of the mass scattering efficiency is reproduced quite

ent BC volume fractions (Viie). The wavelength is 0.5m. well by the model (Fig4b), whereas the calculated mass
absorption efficiency significantly underestimates the mea-
Experiment  rag VFgc Mgc Mmoc surements 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 cal-
culated and measured optical properties-8.1 (1-0.7)%,

1.60-0.010 0.016 1.75-0.630 1.60-0i
SAVA20a 1.66-0.010 0.10 1.75-0.105 1.58-0i
1.60-0.010 0.155 1.75-0.065 1.57-0i

156-0010 0015 1750630 1.56-0i —0.03 @3.8)% and 0.440.3)% for the mass scattering effi-
MUSA23a  156-0.010 006 1750177 1.55-0i ciency, the mass absorption efficiency and the single scatter-
156-0.010 0.086 1.75-0.140 1.54-0i ing albedo, respectively. Here, the first scattering measure-

ment was neglected, because it seems to be unrealistically
low. The effective refractive index derived for the MUSA23a

most flaming combustion, was found at the beginning Ofexperlment was 1.560.010 (Table2).

the measurements at 11:29. At this time the highest mass
specific absorption (Fig3c) and the lowest mass concen-
tration (Fig.3a), mass scattering (Fi@b) and single scat-

tering albedo (Fig:3d) were observed. Subsequently, th_e In this section the measured optical properties from the

combustion conditions at around 11:43. Likewise, the masﬂtzFEU experiments _SAVA20a and_ MUSA23_a are compa_red
do results from previous lab and field experiments. Possible

concentration as well as the mass scattering efficiency an . . .
) . ; 2 reasons for differences are discussed and the measured opti-
the single scattering albedo increased until 11:43 as the com- . : . .
al properties are interpreted based on Mie calculations.

bustion became less complete. At the same time the mass ab
sor_pt|on efficiency decreased. Aﬁef 11:43, the C.:O emissior, 4 Comparison of the optical properties with results from
ratio decreased more or less continuously until the end of previous measurements
the combustion at 12:29 with a small local maximum around
12:23 which can be observed as a signature in the optic
properties as well.

Also shown in Fig.3 are the modelled optical properties
(diamonds) for SAVA20a using a complex refractive index
of 1.60-0.010 (A=0.55m) (Table2) that was obtained by

4 Discussion

8lIJnIess stated otherwise, the following brief summary of op-
tical properties of biomass burning particles is taken from
the review paper byReid et al.(20053 who evaluated nu-
merous field and laboratory measurement campaigns. Ac-
- e . cording to their analysis, typical (in-situ) mass scattering effi-
adjustlng the complex refractive index Of_ the model part!- ciencies in the mid-visible spectral range are between 2.8 and
cles until the averaged calculated scattering and absoeroQ 2n? gt (mean: 3.6Ag~1) for fresh smoke in temperate
coefflt_:lent_s agreed with the. mean of the measurements_ (aﬁo eal and tropical forests as well as grassland fires. For par-
described in SecR.2). There is generally good agreement in

the t | devel tofth delled and d ticles from smouldering fires as well as aged smoke, the mass
€ lemporal development of the modelied and measure Ops'cattering efficiency is about 20% higher and ranges between

tic_al properties, especially for the mass scattering efficiency3_5 and 4.6rhig1. Literature mass absorption efficiencies
(I_:|g_. 30), where the mean percent difference (standard de"I‘or green or white light from flaming conditions are typically
viation) between model and measurements1s3 (1.1)% inthe 1.0 to 1.4 g~ range (mean: 1.2 %y~1), regardless

and the calculated values are within the errors of the mea- , ' e ’

. . . of fuel type. For mixed phase and smouldering dominated
surements during the whole period of the SAVA20a eXpe”'combustion, black carbon emission is reduced, resulting in a

ment: S|m|I.a.r gon agr'eement Is observed fpr the mass alTower mass absorption efficiency with values between 0.6—
sorption efficiencies (Fig3c; mean percent difference: 1.4 1.0n? gt and 0.2-0.7 gL, respectively. Consequently.

(i4'0)0{°()j.§nd the.sggleos;:%}tering altbfedotrSF?; {nseaq mid-visible single scattering albedos increase from 0.65—
percent difference: 0.540.4)%) except for the first 8 min 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 combus-

strongest. During these two time periods the model under—tion, respectively.

X ) 0
estimates the mass absorption by up to 50%. On the other Hence, the mass scattering efficiencies of 2@t and

hand, for the time period when smouldering became mos 1 . s
influential (around 11:45) the calculated mass absorption efga'3 ¥ g~ obtained for the SAVA20a and MUSA23a exper

- . . . . iments are up to a factor 3 and 2.5 higher than mean lit-
ficiency is approximately 45% higher than the corresponding : . . .
measurements erature values for flaming and smouldering burning condi-

tions, respectively. The mass specific absorption efficien-
cies of 0.51 g~ (SAVA20a) and 0.50 rhg—! (MUSA23a)
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were by about a factor of 2.4 lower than typical mass absorp-
tion efficiencies obtained during flaming dominated fires, but

agreed with literature data for mixed phase and smoulder-
ing 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 smoul-
dering dominated fires. These findings seem to contradict the
measured mean CO emission ratios, which indicated more T
flaming burning conditions. This issue will be discussed be- AT $

low. SAVA20a MUSA23a

The actual particle shape might have an influence on the
nephelometer measurements. Non-spherical particles scattgfy 5 Teflon filter samples from the savanna grass (left, SAVA20a)
more strongly compared to ideal spheres, especially in theind the musasa (right, MUSA23a) combustion experiments.
sideways directions, but this effect will increase the observed
integrated scattering signal by no more than a few percent,
if a particle ensemble is examinelliignai and Wiscomhe ious types of aerosol, including biomass burning particles
1986. Hence, particle shape alone cannot explain the ob{Schnaiter et a]2005.
served difference in mass scattering efficiency. There is also the possibility that the CO emission ratio is

Mie calculations show that the high mass scattering effi-only a rough guide for the determination of the combustion
ciencies are mainly due to differences in particle size dis-phase, especially if aerosol properties are considered. Ac-
tribution. Compared to the Otavi fire much higher particle cording to the measuredCO/ACO; values, the EFEU ex-
concentrations were obtained for the two EFEU experimentgeriments were performed under more flaming conditions.
in the diameter range between @8 and 1.Qum (Fig. 2), However, the video recording of the two combustion exper-
which according to Mie theory is the most efficient size rangeiments clearly shows that mixed phase combustion (simul-
for light scattering. The higher concentration of large accu-taneous occurrence of flaming and smouldering phase) oc-
mulation mode particles can be explained by enhanced coag:urred during extended periods of the combustion experi-
ulation inside the continuous flow mixing chamber due to thement. Since the aerosol emission factor is larger for smoul-
absence of natural plume dilution. Recalculating the opticaldering combustionRerek et al.1998, one would expect that
properties for SAVA20a with the particle size distribution re- for mixed phase combustion, the smouldering phase has a
ported for the Otavi firelaywood et al.2003 reduces the  more pronounced impact on the average aerosol properties.
scattering coefficient by a factor of 1.7. This is consistent with our high scattering and low absorption

In addition, we cannot rule out that the high mass scatterefficiencies, which are characteristic for more smouldering
ing efficiencies are at least partially due to negative biasesptical aerosol properties in spite of théCO/ACO, values
in the TEOM mass due to evaporation of semi-volatile par-pointing to flaming conditions.
ticle compounds. From the ratio of the TEOM-mass and the  Finally, compared to natural fires, the EFEU experiments
SMPS-APS-volume we obtain an effective particle densitywere performed with dried fuel and the ventilation of the fire
of 0.72 and 0.80gcm? for SAVA20a and MUSA23a, re-  was enhanced, since air could access the small laboratory fire
spectively. This is considerably lower than typically reported from all sides. This may have affected the burning conditions
effective densities for biomass burning aerosol (1.35 g%;m and Subsequenﬂy the 0ptica| aerosol properties_
e.g.Rissler et al(2008). On the other hand, the mass emis-
sion factors of the two EFEU experiments were within the 4.2  Modelling of the optical properties and retrieved refrac-
range of previously reported values and an underestimation tive indices
of the mass concentration would also result in an overestima-
tion of the mass absorption efficiency, which is in the range4.2.1  Optical properties
of typical literature values for mixed phase combustion fires.

The low EFEU mass absorption efficiencies are consistenAs described in Sec.2, an effective refractive index of the
with small BC fractions as suggested by the rather brownparticles was derived by iteratively adjusting the refractive
instead of black coloured impactor samples (Fg. In ad- index until average calculated mass scattering and absorp-
dition, the larger absorption efficiencies given in the litera- tion efficiencies best matched the measured ones. Hence,
ture could be in part due to artefacts in absorption measurethe good agreement between the averaged measured and cal-
ment, because commonly used filter based methods consisulated optical properties shown in Se8f2 is not surpris-
tently overestimate absorptioBg¢nd et al, 1999, whereas  ing. However, on the time-scale of each individual data point
the photoacoustic spectrometer used during the EFEU ex2 min), differences may arise mainly due to variations in
periments has shown to be accurate to within about 5%, aparticles size and chemistry. Since the refractive index (and
supported by laboratory calibration experiments with var-hence particle chemistry) was kept constant for each of the
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experiments, the excellent agreement between modelled antioc=1.54-0i were determined (Tabl@). In both cases,
measured mass scattering efficiency indicates that the tenthe imaginary parts of 0.065 and 0.140 for black carbon
poral variability in scattering can be explained by changes inare very low, compared to the values between 0.1 and 1.0
the particle size distribution. On the other hand, changes irgiven in the literatureHorvath 1993. Assuming a strati-
particle size do not fully explain the observed variation in ab- fied sphere model composed of a BC core and a concentric
sorption. At times when theACO/ACO; value showed the shell of organic material results in even lower20%) BC
highest and lowest values, i.e. when the chemical composiimaginary parts. This is because a stratified sphere absorbs
tion is expected to be most different from its mean value, themore radiation than an internal mixture using the Maxwell-
model is not able to reproduce the measured mass absoriarnett effective medium approacBdhren and Huffman

tion efficiency. This suggests that, while changes in chemi-1983, i.e. a lower imaginary part is sufficient for a strati-
cal composition due to varying burning conditions affect the fied sphere. If on the other hand, black carbon is assumed to
mass absorption efficiency of biomass burning particles, thehave a commonly used refractive index ofgr1.75-0.630
mass scattering efficiency is much less affected by change@Bond and Bergstron2006, the average BC volume frac-

in particle chemistry. tion has to be as low as 1.5% in order to achieve agreement
between the measured and modelled optical properties (Ta-
4.2.2 Refractive indices ble 2). Hence, there is an inconsistency between the rela-

tively high fraction of apparent elemental carbon obtained
For the EFEU experiments SAVA20a and MUSA23a ef- with the thermographic method (8.6 to 15.5%) and the low
fective refractive indices of 1.660.010 and 1.56-0.010 imaginary part of the refractive index of the aerosol parti-
were obtained at=0.55um (Table2). These refractive in- cles. Thus, the question arises, if it could be possible that
dices have real parts which are in the upper range of valparticles with a low fraction €5%) of strongly absorbing
ues reported in the literature, where values between 1.4%ubstances were emitted during the combustion of savanna
and 1.59 are given. However, since most of the literaturegrass and musasa, and if the thermal method inadvertently
values correspond to relative humidities that are larger tharresponds to high molecular weight organic substances, which
ours (RH<10%; e.g.Guyon et al.(2003 refers to ambi-  would results in a positively biased E@action.
ent conditions), at least some of them should be considered For urban aerosol samples, the applied thermographic
negatively biased compared to dry particle properties as remethod yields Egfractions within the range of variation of
ported here. While an effective refractive index of 1.41 atvarious methods, but it tends to overestimate the (actual) EC
A2=0.565um was determined for fresh smoke in the Ama- fraction due to e.g. charring of organic matter (see results
zon region Guyon et al.2003, the highest real refractive for lab #6/method VDI 2 irSchmid et al(2001). The rea-
indices between 1.56 and 1.59 were deduced for two biomasson for the observed inconsistency obtained for the biomass
burning haze episodes during the Yosemite Aerosol Charachburning aerosol considered here is the fact that high molec-
terisation Study McMeeking et al. 2009. Real parts be- ular weight substances can be classified by this method as
tween 1.53 and 1.58 were derived for smoke particles fromeC, instead of OC Ifnuma et al, 2007). Chemical analysis
laboratory combustion experiments with forest fu€laifico  using capillary electrophoresis/electrospray ionization mass
et al, 2009. Literature values for the imaginary part of the spectrometry (CE/ESI-MS) showed that the high molecular
effective refractive index show a much larger variability with weight organic compounds that caused the high, E&c-
values between 0.0093 and ORupovik et al, 2002 Car-  tions were probably lignin decomposition products emitted
rico et al, 2004 Colarco et al.2004), and typically a smaller  directly from the combustion sourcéinuma et al, 2007).
imaginary part was found for more smouldering combustionHence, it is possible that the determined apparent elemen-
conditions. The values derived for the two EFEU experi- tal carbon consists of the strongly absorbing black carbon as
ments (0.010) are within the reported range, but tend to be alvell as weakly absorbing organic matter (i.e. brown carbon).
the lower end. This is especially worth mentioning, becauseApplication of the EG fraction determined with the thermo-
the meamrACO/ACO, values of 6.4% (SAVA20a) and 9.0% graphic analysis would therefore result in an overestimation
(MUSA23a) suggest a flaming dominated combustion whereof the black carbon fraction and an underestimation of the
large BC fractions and imaginary parts are expected. OC fraction of the model particles.

As mentioned above, the refractive indices of the two The analysis of biomass burning aerosol sampled in Ama-
model components, OC a) and BC (ngc), were derived  zonia had already shown that a significant fraction of the
assuming an internal mixture of both components. Using theaerosol mass was composed of high molecular weight or-
EC, mass fraction (SAVA20a: 15.5%; MUSA23a: 8.6%) de- ganic material lflayol-Bracero et a).2002. It was con-
termined with the thermographic method described in Sect. cluded that humic-like substances (HULIS), which are used
as a proxy for the BC volume fraction. In this case, refrac-as a surrogate for brown carbon with respect to the optical
tive indices of mc=1.75-0.065 and npc=1.57-0i were  properties Andreae and Gelenés 2006, are generated in
obtained using the Maxwell-Garnett mixing rule. In the casesignificant amounts during biomass burninbloffer et al.
of MUSAZ23a, refractive indices of ga=1.75-0.140 and (20069 isolated humic-like substances from the fine biomass
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burning aerosol fraction collected during the SMOCC cam-(A=0.55um) indicating significantly lower imaginary parts
paign in Brazil and derived a complex index of refraction than typically found in the literature for similar burning con-
at a wavelength of 0.532m with real parts ranging be- ditions. While the real parts of the refractive indices are in
tween 1.65 and 1.68 and imaginary parts from 0.00163 ughe upper range of typically reported values, the low imagi-
to 0.00187. The emission of a significant fraction of light- nary parts are inconsistent with the high apparent elemental
absorbing brown carbon was also observed during the initiacarbon fractions obtained from the thermographic analysis
period of coal combustiorBond, 2001). likely due to a positive bias of the thermal method, which
Hence, we conclude that the aerosol particles from the twds due to the fact that the thermal method responds to high
EFEU experiments most likely contain only a small amount molecular weight substances.
of strongly absorbing black carbon and instead a significant We suggest to conduct additional laboratory combustion
fraction of weakly absorbing brown carbon. Indeed, the fil- experiments before the results reported here should be used
ter samples for the experiments discussed here, were rathé model investigations. For such experiments wavelength
brown not black (Fig5). Since HULIS has a real refractive dependent absorption measurements and a better characteri-
index of between 1.65 and 1.68i¢ffer et al, 2006, this sation of the remaining undefined organic fraction would be
could explain the quite high real and the low imaginary partsinstructive. Also, the combination of the thermal, optical,
of the refractive indices that were retrieved for SAVA20a and and solvent extraction methods is recommended in order to
MUSA23a. better characterise the fraction of the strong absorbing black
To confirm the hypothesis that the partially graphitized carbon based on apparent elemental carbon measurements.
(brown) carbon has a large influence on the optical proper-
ties, wavelength dependent absorption measurements woulcknowledgementsThis work was funded by the Federal Ministry
have been instructive, because the absorption of brown caef Education and Research (BMBF), Germany within the AFO
bon increases more sharply towards shorter wavelengthd000 Program under Grant 07 ATF 46 (EFEU) and by the Max
(Hoffer et al, 200§ Andreae and Gelenég 2006 than PIaqc_k Society. We thank M. Welllng and all the other EFEU
the absorption of black carborBérgstrom and Russell participants for their support during the' EFEU campaigns. The
2002. Additionally, a better characterisation of the remain- authors are also grateful to P. Formenti (LISA) for their helpful
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ing unidentified organic fraction of the combustion aerosol
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