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Black carbon formation by savanna fires: Measurements and

implications for the global carbon cycle

T. A. J. Kuhlbusch,!»2 M. O. Andreae,3 H. Cachier,* J. G. Goldammer,3

J.-P. Lacaux,’ R. Shea,% and P. J. Crutzen!

Abstract. During a field study in southern Africa (Southern African Fire-Atmosphere Research
Initiative (SAFARI-92)), black carbon formation was quantified in the residues of savanna fires.
The volatilization ratios of C, H, N, and S were determined by measuring their contents in the
fuel and residue loads on six experimental sites. The volatilization of sulfur (86+8%) was
significantly higher than previously reported. Volatilization of H, N, and S was significantly
correlated with that of carbon, enabling us to estimate their volatilization during savanna fires by
extrapolation from those of carbon. By partitioning the residues in various fractions (unburned,
partially burned, and ash), a strong correlation between the H/C ratio in the residue and the
formation of black carbon was obtained. The ratio of carbon contained in ash to carbon
contained in the unburned and partially burned fraction is introduced as an indicator of the
degree of charring. As nitrogen was enriched in the residue, especially in the ash fraction of

> (.63 mm, this indicator may be useful for an assessment of nutrient cycling. We show that the
formation of black carbon is dependent on the volatilization of carbon as well as the degree of
charring. The ratio of black carbon produced to the carbon exposed to the fire in this field study
(0.6-1.5%) was somewhat lower than in experimental fires under laboratory conditions (1.0-
1.8%) which may be due to less complete combustion. The average ratio of black carbon in the
residue to carbon emitted as CO, ranged from 0.7 to 2.0%. Using these ratios together with
various estimates of carbon exposed or emitted by savanna fires, the worldwide black carbon
formation was estimated to be 10-26 Tg C yr! with more than 90% of the black carbon
remaining on the ground. The formation of this black carbon is a net sink of biospheric carbon

and thus of atmospheric CO, as well as a source of O,.

1. Introduction

The formation of black carbon (BC, defined here as a highly
polyaromatic to elemental or graphitic carbon fraction in the
particulate material) in the smoke and residues of vegetation
fires and its importance for the global carbon cycle were first
discussed by Seiler and Crutzen [1980] and subsequently in
various publications [Houghton, 1991; Crutzen and Andreae,
1990; Mack, 1994]. BC in combustion residues and primary
carbonaceous aerosols is formed by charring of the organic fuel
during combustion. The processes involved in the pyrolysis are
well described by Edwards [1974, pp. 61-68]. The main factors
influencing the pyrolysis and thus BC formation are the oxygen
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supply and fuel composition. Oxygen supply and hence the
amount of energy liberated are very much dependent on the
state of aggregation of the solid fuels which "may range from
finely divided particles to objects as large as a building"
[Edwards, 1974, p. 149]. Using wood burning as an example,
oxygen must first diffuse into the surface to further oxidize the
carbon enriched, charred, nonvolatile, and dehydrated material.
Further oxidation of nonvolatile matter in, e.g., savanna grass
may be easier compared to wood because the fuel is not so
condensed. Thus oxygen and heat may reach the nonvolatiles
from any direction. Thermal conduction, which in most solid
fuels is relatively slow, is less important for savanna grass
burning than for, e.g., wood burning.

The formation of primary aerosols is described by Edwards
[1974, p. 152] as follows: "High surface temperatures are
achieved during combustion. Cracks and fissures of the surface
material result. Particulate matter, in fact particles of rather
large dimensions may be dislodged in the process." This pro-
cess is taking place during the combustion, but some charred
material may become airborne by wind erosion long after the
fire extinguished and thus may be significantly contributing to
atmospheric background concentrations of black and organic
carbon rich aerosols. Visual observations of a burned savanna
site by one of the authors (T.K.) showed that a large proportion
of the black-colored residue was transported off site in the ab-
sence of rain within three to four weeks. Suman et al. [1996]
estimated a flux of 10 Tg BC yr-! to marine sediments, mainly
to those of the continental shelves, representing 4-20% of the
total black carbon produced by vegetation fires annually.
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Once formed by any combustion processes, black carbon, in
the residues on the ground and in atmospheric emissions, repre-
sents a sink of atmospheric CO, (and a source of O,) as it is no
longer available for uptake by plants or microbial breakdown.
The long residence time of black carbon can be deduced from
its presence in soils, ice, and sediments [Herring, 1977; Clark
and Robinson, 1993; Sternberg, 1968; Chyleck et al., 1987].
The oldest charcoal record in a carbonaceous matrix reported in
a review by Cope and Chaloner [1980] was found in Pennsyl-
vanian coal seams that formed approximately 350 million years
ago. Thus carbon is sequestered by the formation of black
carbon from the short-term biospheric cycle to the long
-term geological cycle. This effect on the global carbon cycle is
a significant factor in the understanding of past and prediction
of future atmospheric CO; levels.

Crutzen and Andreae [1990] estimated the annual formation
rate of black carbon to be in the range of 0.2-0.6 Pg (1015g) C,
but pointed to a high uncertainty due to a deficiency of mea-
surements. Emissions of BC as a constituent of carbonaceous
aerosols have been thoroughly investigated [Chang et al., 1982;
Ogren and Charlson, 1982; Penner et al., 1993] because of
their radiative and catalytic properties. On the other hand,
measurements of charcoal formation in postfire residues have
only been conducted for Amazonian deforestation fires by
Fearnside [1991] and Comery et al. [1981] for a prescribed fire
on a longleaf pine site in Florida. No field data on the formation
of black carbon in residues for agricultural waste, firewood, and
savanna fires have yet been published. Residues from the com-
bustion of different vegetation types in a burning apparatus
were analyzed for the first time for BC by Kuhlbusch and
Crutzen [1995). They were able to show a negative correlation
between black carbon as a fraction of the total residual carbon
(BC/TRC) and the molar CO/CO; ratio in the gases emitted,
indicating that flaming rather than smoldering combustion is
the main source of BC. For nonwoody fuel, about 1.5% (1.0-
1.8%) of the fire-exposed carbon (CE) was converted to BC
while 90% of the exposed carbon was volatilized.

During the Southern African Fire-Atmosphere Research In-
itiative (SAFARI-92), six experimental sites were burned for
joint multidisciplinary research activities in the Kruger National
Park, South Africa. At these study sites, several international
research groups conducted measurements on the impact of sa-
vanna fires on the savanna ecosystem and the role of fire in the
regional and global atmosphere and in the global carbon cycle.
We quantified the exposed, residual and black carbon on three
plots of each experimental site. Elemental contents and volatili-
zation ratios of hydrogen, sulfur, and nitrogen were also
determined. Studies of the formation of black carbon and its
relation to gaseous emissions and fuel and residue characteris-
tics were conducted. The present study focuses on black carbon
in savanna fires to obtain a better estimate of the sequestering
of carbon from the short-term to the long-term carbon cycle.

2. Experimental Techniques

2.1. Sampling

The experimental sites in Kruger National Park can be cha-
racterized as a deciduous, open-tree savanna parkland. More
detailed information about the vegetation composition is given
by Shea et al. [this issue] and Trollope et al. [this issuc]. To
quantify the carbon load before and after the fire, we chose
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three or four sampling plots on each of the six experimental
sites. Each sampling plot consisted of approximately 100 m2
with above average vegetation density (by vegetation height and
patchiness) to ensure that the area was burned during the fire,
since the vegetation was patchy owing to 2 years of drought
conditions. Thus the determined vegetation densities do not re-
present the average vegetation density of the experimental sites.
Each sampling plot consisted of three squares (each 0.25 m?)
with low, medium, and high vegetation density. Vegetation was
manually sampled and divided into grass, litter, and herbs.
Herbs included all standing vegetation which was neither grass
nor woody vegetation, litter included all vegetation laying on
the soil, mainly dead grass, and grass included standing dead
and living grass. Only about 5-10% of the standing grass could
be considered as living, “green” grass. The residues were
sampled from squares just beside the ones where we sampled
prior to the fire, normally within 10 min. to 2 hours after the
fire past the sampling plots. This ensured that the postfire resi-
dues we sampled were derived from vegetation types and fuel
load similar to those sampled prior to the fire. The residues
were partitioned into unburmed (UB), partially bumed (PB)
(both manually collected), and ash (collected with a handheld
vacuum cleaner) (Figure 1). The vacuum cleaner technique was
preferred to trays, as by Sharrow and Wright [1977), Shea et al.
[this issue], and Kauffman et al. [1995], for several reasons.
Trays would have had to be placed below the litter, a major fuel
component, to ensure full recovery of the ash, which would
have meant a disturbance of the fuel, arbitrarily influencing the
density and combustion process. Nevertheless, we tested metal
ash collection trays in several areas to compare the two tech-
niques and found a poor recovery. The turbulence during the
fire had blown almost all of the ash out of the metal trays. To
ensure that vacuum cleaning did not lead to a significant con-
tamination for the black carbon determination, we looked care-
fully at the soil prior to the fire for any black carbon particles
from previous fires, but could find only very few. Second, we
vacuum cleaned five plots, after sampling the biomass to de-
termine the vegetation density prior to the fire, and analyzed
those samples for black carbon. From these analyses we derived

Degree of
Charring
- ot exposed
Unbémed ot 1 dogradati
Partially Bumed - only partially
thermally degraded
Residue
Ash2 - totally *blackened"
but still some unaffected
=
Ash1 - totally thermaily
Fr:9) Sieve (0.63 * 0.63mm) degraded
sampled manually
=gy sampled with an handhold
Vacuum cleaner

Figure 1. The different residue fractions and the degree of
charring concerning their structure. The unburned and partly
burned fractions were manually sampled, whereas ash was
sampled with a handheld vacuum cleaner. Ash was then divided
into ash 2 and ash 1 by sieving (0.63 x 0.63 mm).
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a maximum contamination of black carbon from previous fires
of 9% of the black carbon determined in ash 1 (ranging from
0.3% on KP/3 to 8.9% on KPE/l), and hence a maximum
contamination of 6% of the total quantified black carbon. Trace
elemental analyses by W. Maenhaut (personal communication,
1994) showed that soil contamination was not significant in the
ash 1 and ash 2 fractions.

Prior to the determination of the elemental composition we
separated the ash fraction by sieving (0.63 x 0.63 mm) into ash 1
(Al) and ash 2 (A2) (Figure 1). The fraction left in the sieve
(A2) was found to have a different composition than Al. Al
consisted of particles smaller than 0.63 mm diameter and was
composed of burned and thermally totally degraded matter. The
A2 fraction was totally blackened from outside but still had the
original cell structure of the vegetation and did contain some
less pyrolyzed organic matter inside. In comparison, partially
burned material showed the original structure and color as well
as pyrolyzed parts. Then all samples were oven-dried at 80°C
for 24 hours to determine the dry weight. They were milled to
an average particle size of 40 pm and analyzed for carbon (TC),
hydrogen (TH), sulfur, and nitrogen. To avoid any influence by
moisture deposition on the dried samples on the H/C ratio,
samples were redried at 100°C for 3 min. directly prior to the
elemental analysis. Using the fuel loads and the corresponding
measured carbon contents, we calculated the carbon exposed to
the fire (CE), total carbon in the residue (TRC), and thus the
volatilized carbon (VC). The same calculations were conducted
for hydrogen, sulfur, and nitrogen. Other abbreviations used are
summarized in Table 1.

Table 1. Explanations of the Abbreviatione
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2.2. Black Carbon Measurements

Black carbon was measured in the different residue fractions
by a two-step method developed by Kuhlbusch [1995] here
briefly explained. During the first step the samples were treated
with a series of aqueous solvents (70% HNO;, 1% HCL, 1 M
NaOH, H,0) to remove all inorganic carbon (IC) and as much
organic carbon (OCl) as possible. For several residue samples
(12 are shown in Table 2) an elemental analysis after this first
step (TC1 and TH1, Table 2) was performed. Thus the IC and
OC1 removed by the solvent extraction were obtained by sub-
traction of TC1 from TC. Similar calculations were conducted
for hydrogen. In the second step all remaining organic carbon
(OC2) was removed by a thermal treatment at 340°C for 2
hours in pure oxygen. Afterwards, black carbon as well as the
corresponding "black hydrogen" (BH) was measured by an ele-
mental analysis. OC2 and OH2 were calculated by subtraction
of BC and BH from TC1 and THI, respectively. To quantify the
inorganic carbon content in the residues, a separate fraction
(approximately 1 g) of the sample was treated with 25% HCl
for 24 hours to evolve the carbonates as CO,. Subsequently the
samples were oven-dried at 80°C for 24 hours, reweighed after
12 hours acclimatization in a desiccator, and analyzed for
carbon (TC2). By subtracting this time TC2 from TC we calcu-
lated the IC content of the samples and thus the OC1 fraction as
well. Results for four different plots are listed in Table 2 and
will be discussed in section 3.1.2. A general carbon balance of a
fire visualizing the carbon partitioning by the fire and in the
residue by the analytical method is shown in Figure 2.

Abbrevistion Explanation

TC+TH Total carbon and hydrogen content of a sample

TC1 + TH1 Carbon and hydrogen content of a sample after solvent extraction

BC + BH Black carbon and hydmgeg: carbon and hydrogen content of a sample after solvent extraction and
thermal treatment at 340 C in pure oxygen for 2 hours

OC1 + OH1 Organic carbon and hydrogen 1: carbon and hydrogen removed by the solvent extraction; calculated
by subtraction of TC1 from TC (TH-TH1)

0OC2 +OH2 Organic carbon and hydrogen 2: carbon and hydrogen removed by the thermal treatment; calculated
by subtraction of BC from TC1 (TH-BH)

TC2 Carbon content of a sample after acid treatment

IC Inorganic carbon, carbonates: removed by acid treatment (TC-TC2)

VC, VH, VN, VS Volatilized carbon, hydrogen, nitrogen, and sulfur by the fire; expressed in percent of the element
being exposed to the fire

CE Carbon exposed to the fire: sum of the carbon being quantified in the different vegetation fractions

TRC Total carbon in the residue: sum of the carbon being quantified in the different residue fractions

removed mass
%-d.m.

UB
PB

A2

Al

Mass being removed by the solvent extraction

Mass of the element or specific elemental fraction expressed in percent of the dry mass of the original
sample; e.g., BC 3.5 [%-d.m.] means that 3.5 % of the total dry mass of the residue was black carbon

Unbumed: residue fraction which did not show any visual alteration due to the fire

Partially bumed: residue fraction which showed the original structure and color as well as some
pyrolysed parts

Ash; all residue material smaller than 2 cm collected with a handheld vacuum cleaner: totally
blackened from outside but some material still showed the structure of the grass

Ash 2: ash fraction with a particle size bigger than 0.63 mm diameter: blackened from outside but still
some unaffected matter inside

Ash 1: fine ash, ash fraction with a particle size smaller than 0.63 mm diameter: totally thermally
degraded
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Table 2. Results of the Elemental Analyses to Determine the Different Carbon Fractions and Their H/C Ratios

TC TH TC1 TH1 IC oCl1 oc2 BC BHs OCli oc2 BCb
Plot %dm. %dm %dm %dm %dm %dm %dm %dm %dm HCmol H/Cmol H/C mol

KPE/2 PB 27.1 2.70 7.62 0.61 0.38 19.14 6.74 0.88 0.03 1.30 1.02 0.11
1.4%¢ 70.5%¢  24.9%F° 3.2%*

KPE/2 A2 446 3.28 18.71 0.84 0.88 24.98 13.17 5.54 0.09 1.16 0.68 0.15
2.0%° 56.0%F  29.5%F  12.4%°

KPE/2 Al 18.2 1.13 1035  0.39 0.64 7.23 1.55 2.80 0.07 1.22 0.50 0.22
3.5%F 39.7%°  41.4%°  154%°

56/1 PB 275 261 5.81 0.48 0.14 21.50 5.07 0.74 0.02 1.18 1.07 0.02
0.5%¢ 78.3%¢  18.4%° 2.7%°
56/1 A2 429 3.09 17.13 0.69 1.11 24.68 11.51 5.62 0.09 1.16 0.62 0.15

2.6%° 57.5%¢ 26.8%° 13.1%°

56/1 Al 12.6 0.86 841 0.24 2.11 2.12 6.14 2.27 0.06 3.48 0.35 0.18
16.7%  168%F  48.6%°  18.0%F

KPE/1 PB 340 3.54 6.05 0.58 1.23 26.72 5.37 0.68 0.02 1.32 1.21 0.02
3.6%° 78.6%¢  15.8%° 1.8%*

KPE/1 A2 448 3.46 15.11 0.71 0.58 29.15 10.35 4.76 0.08 1.12 0.73 0.14
1.3%¢ 65.0% 23.1%°  10.6%°

KPE/1 Al 13.5 1.03 7.33 0.21 0.15 6.02 5.64 1.69 0.05 1.62 0.34 0.22
1.1%* 44.6%  41.8%°  12.5%°

KP3/2PB 354 3.90 8.89 0.94 2.44 24.08 8.13 0.76 0.03 1.46 1.34 0.06
6.9%° 68.0%¢  23.0%° 2.1%¢

KP3/2 A2 45.2 3.44 17.35 0.63 0.64 27.24 8.74 8.61 0.12 1.23 0.69 0.14
1.4%¢ 60.2%¢  193%°  19.0%¢

KP3/2 Al 14.4 0.96 9.42 0.33 0.48 4.54 6.27 3.15 0.07 1.65 0.49 0.19

3.3%¢ 31.4%  43.4%°  21.8%°

Abbreviations are as follows: %-d.m., % of the dry mass of the sampled fraction; sample abbreviations: exp./j X; exp., the experimental site;
j» the number of the plot; x, the sampled residue fraction; exp. = SP5, Shambeni 5; KPE, Kambeni extra; FP4, Faai 4; 56, block 56; 55, block 55;
other abbreviations see Table 1.

pot corrected.

bcorrected for the hydrogen not bonded to carbon, on average 0.022 %-d.m., see section 3.1.3.

“Percent of TC.

Carbon Balance of a Fire

Volatilized Carbon

Inorganic
carbon

(IC)
: Black
C;:bl'(im ;n the Carbon
culate (BC)
(" Total Carbon before the Fire ) (Total (_:arstIll‘ in :lh: If:rticulate ]
1 SINoKe an: esidaue

Figure 2. General carbon partitioning caused by savanna fire. (left) Partitioning of the carbon exposed to
fire into volatilized and residual carbon. (right) The different carbon fractions in the residue as determined
by the analytical method.
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Table 3. Elemental Content of the Different Fuel and Residue Fractions

Csb %-d.m. H2b %dm. Neb %dm, Swb %dm H/C molar
Fuel 43.9+1.4 5.7+0.1 0.57+0.14 0.2110.04 1.5540.02
Grass 44.0+1.3 5.9+0.2 0.53+0.21 0.20+0.05 1.61+0.03
Litter 43.6:3.4 5.41+0.3 0.6310.16 0.22+0.05 1.49+0.07
herbs 44.1+4.7 5.6:0.8 1.1210.34 0.21+0.05 1.51+0.08
Residue 26.446.0 2.3+0.7 0.75+0.09 0.15+0.05 1.01+0.10
Unburned 44.1+2.6 5.3+0.7 0.8310.18 0.1840.04 1.4240.12
Partially burned 35.9+8.3 3.6:0.9 0.67+0.13 0.1540.06 1.22+0.09
Ash 219453 1.5+0.5 0.80+0.16 0.17+0.08 0.83+0.08
Ash 2 (>0.63 mm) 44,312.7 3.2£0.6 1.1340.19 0.20+0.09 0.8610.14
Ash 1 (<0.63 mm) 14.8+3.2 1.010.2 0.6940.16 0.1740.08 0.81+0.06
Data for comparison
Affican savanna®
Fuel 42.1 0.30
Residue 35.0 0.25
Austral. savannad
Fuel 46 0.48 0.04
Residue 20 0.61 0.09
Rice straw®
Fuel 40.4+0.1 5.4+0.1 0.6+0.1 0.07+0.02 1.61+0.05
Residue 13.2+2.0 0.520.1 0.310.1 0.07+0.02 0.47+0.06
Charcoalf 74.5 25 0.53 0.40
Wood (Beech)s 48.330.1 6.740.2 0.2340.02 1.660.05

#Here %-d.m. denotes percent of dry matter of the sample.
bAverage and standard deviation of 20 sampling plots for the fuel and 18 plots for the residue.

SLacaux et. al. [1994b].

dHurst et al. [1994], Cook [1994].
¢Jenkins et al. [1991].

fLacaux et. al. [1994a).

8Lobert [1989].

3. Results and Discussion
3.1. Biomass Fuel and Residue Characteristics

3.1.1. Elemental content of C, H, S, and N and volatiliza-
tion ratios. Table 3 lists the average elemental composition (C,
H, N, S) for the different fractions of biomass and the residue
after the fire (Figure 1). The average mass ratio of
grass/litter/herbs for all experimental sites was 1/0.75/0.03, in-
dicating that herbs do not represent a significant fraction of the
average total dry vegetation mass of 613342235 kg/ha. The
average mass ratio after the fire for ash/PB/UB for all experi-
mental sites was 1/0.71/0.05 with unburned as a minor fraction.
This ratio was significantly different for site FP4 (1/1.14/0.32),
showing that for this site the PB and UB fractions represent the
major fractions and hence explaining the low BC/TRC ratios for
these sites in Table 6. The site FP4 had by far the lowest vege-
tation density (Table 6), the greatest patchiness of the vegeta-
tion and thus the lowest volatilization ratio for carbon. The
average total dry mass of the residue for the six sites was
10554247 kg/ha. In all cases, the ash was dominated by the fine
fraction. The average mass ratio of A1/A2 was 1/0.2, meaning
that only about 17% of the total mass of ash had a particle size
larger than 0.63 mm. The last ratio is in good agreement with

results for Australian savanna fires obtained by Cook [1994]
who found that 10-30% of the total mass of ash had a particle
size > 1 mm. The main residue fraction with a particle size <
0.63 mm is especially accessible for wind erosion and is readily
transported off site. Details about the vegetation types and fire
behavior for the different experimental sites are given by Shea
et al. [this issue] and Trollope et al. [this issue].

The average C and N contents in the biomass and residues
are comparable to those of prescribed fires in the tropical
Australian savanna [Hurst et al., 1994). Like these authors, we
observed an increase of the N content in ash compared to the
fuel. Especially interesting is the increase of nitrogen in the un-
burned and A2 fraction. In the case of the unburned matter the
increase is quite surprising and indicates that in spite of the
absence of any visual evidence some alteration due to the fire
had taken place. A2 as explained above was totally blackened
on the surface but still contained some less pyrolyzed matter
inside. Therefore the doubling of the nitrogen content in A2
(with respect to fuel N) is possibly due to drying and elimina-
tion processes with the organic compounds containing nitrogen
being far less volatile than other organic compounds. Cook
[1994] made a similar observation in residues of Australian
savanna fires. He measured nitrogen contents of 0.4 %-d.m. for
ash <1 mm and 1.1 %-d.m. for ash > 1 mm. Along with the
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Table 4: Carbon, Hydrogen, Nitrogen, and Sulfur Volatilization
in Percent of the Element Exposed to the Fire

Plot vc' vH' vN* vs®
SP5/1 96.8+0.9 97.9+0.6 94.5+1.8 95.9+1.3
SP5/2 919423 949+1.1 899+3.3 98.0+2.1
SP5/3 87.546.5 91.8+44 73.0+12.0 91.3+4.1
KPE/1 85.418.8 89.2+58 76.5+14.2 85.2+74
KPE2 84.242.2 89.7+2.5 548128 82.5+14
KPE/3 84.0+2.2 89.8+1.6 60.8+3.7 81.8+1.0
KP3/1 88.1+6.7 93.6+3.8 57.32255 93.5+4.0
KP3/2 91.0+14 94.3+1.4 70.2+3.1 89.0+0.9
KP3/3 95.5+1.8 97.2+1.3 80.1+6.0 94.3+2.8
FP4/1 78.2+3.8 83.7+3.7 749152 77.112.2
FP4/2 720+1.0 80.3x1.3 68.0+1.8 70.4+6.0
FP4/3 87.8+1.6 91.1x1.0 85.0+2.1 74.0+3.3
56/1 89.8+1.7 93.0+14 78.1+44 B87.2+29
56/2 88.330.7 92.5+0.8 65.7+7.8 82.634.0
56/4 92.6+2.2 96.1+0.8 61.2+17.5 92.842.5
55/1 946+1.6 96.7+1.1 85.6+1.1 B84.9+3.7
55/2 89.5+2.7 94.0+1.6 68.6+33 81.8+38
55/3 94.0+1.8 96.0+1.3 84.8+5.1 90.7+£1.6
Average 8816 9245 74+11 8618
Data for
comparison

Austr. Savanna® 9612 8915 85.0

Aftr. Savanna® 97-98 93-95 35-67

Afr. Savannad 80.4 79.6

Rice Straw* 94+1 9810 92+1 8018

3VC: volatilized carbon; VH: hydrogen; VN: nitrogen; VS: sulfur:

standard deviation of the three squares per plot.
bHurst et al. [1994], Cook [1994].

¢Delmas [1982].

dLacaux et. al. [1994b].

¢Jenkins et al. [1991].

doubling of the nitrogen content in A2 we note a carbon content
that is similar to that of the fuel and is on average higher than in
PB.

For sulfur, no significant change between the fuel and resi-
due content was observed, which is in agreement with results
with rice straw by Jenkins et al. [1991]. The absolute sulfur
content in the biomass (0.2%-d.m., dry matter) is at the low end
of the range given by De Kok [1990] for sulfur contents of
plants (0.1-1.5%-d.m.) and a factor 2 higher than the average
value given by Menaut et al. [1991] of 0.1%-d.m. for savanna
grass.

The molar H/C ratios for the different fuel and residue frac-
tions are given in the right-hand column of Table 3. The molar
H/C ratio was fairly constant (1.6+0.1) for the different fuels
(grass, litter, herbs, wood, rice straw). The decrease of the H/C
ratio of the unburned fraction (1.440.1 mol) is another indicator
of some chemical changes in this fraction. In Figure 1 we show
the different residue fractions together with the degree of
charring which increases from unburned to Al. Comparing the
H/C ratios, a decrease of the ratio with an increase of the degree
of charring was observed. Despite the fact that the carbon
contents of Al and A2 differ by a factor of 3, the H/C ratios are
quite similar. This indicates that A2 already underwent the
initial drying/distilling process of pyrolysis, during which most
of the elimination reactions take place as well. That this initial
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process of pyrolysis may even lead to an enrichment of carbon
can be seen by looking at charcoals or forest fires residues with
carbon contents of up to 80 %-d.m.; this explains the carbon
content of A2. Further pyrolytic reactions are mainly tempera-
ture-caused cracking of the fuel molecules and partial oxidiza-
tion. That the latter process did not influence the general com-
position is indicated by the similarity of the H/C ratios for Al
and A2 and stressed by similar BC to TC ratios determined in
Al and A2 of 17.0+5.2% and 14.6+8.0% respectively.

Table 4 gives the amount of carbon, hydrogen, nitrogen, and
sulfur released (in percent of element exposed to the fire) for
each plot. Comparing the volatilization ratios of the different
elements, we see an increase of the release ratios in the
following order: N, S, C, H. The overall volatilization ratios for
the elements are fairly similar to those in the literature (Table
4). Jenkins et al. [1991] found a higher volatilization rate for
nitrogen relative to sulfur. The volatilization ratio for sulfur
according to Delmas [1982] is in the range of 30 to 60%,
whereas we found a volatilization ratio of 70 to 98% with an
average around 80%. This may be due to the form in which
sulfur is stored in the biomass. Detailed investigations con-
ducted by Sanborn and Ballard [1991] show that increasing
concentrations and proportions of sulfate in Douglas fir foliage
significantly reduce the percentage of total S lost during com-
bustion according to the thermal stability of the main salts of
sulfate (e.g., K3S04, Na,SO4, CaSO,). A more detailed discus-
sion on the nitrogen and sulfur balance as well as their emis-
sions during SAFARI-92 is given by Lacaux et al. [this issue].

Correlation studies of the volatilization ratios of carbon to
the other determined elements (VH, VN, VS) for the different
plots gave good linear regressions for VH and VN and a fairly
good correlation to VS (Table 5). Two plots (FP4/1 and FP4/2)
were not used in this correlation study because of the high
amount of unburned matter in the residue (see low VC in Table
6). The linear regression parameters for the different elements
are given in Table 5§ which might be useful to estimate the re-
leased S, N, and H.

In Table 6, the carbon load before and after the fire, the type
of fire, the black carbon content, the ratio of grass carbon to
litter carbon, and the ratio of ash carbon to partially burned plus
unburned carbon (DoC) for the different plots are summarized.
The average relative standard deviations for the carbon load
before and after the fire were 40% and 50%, respectively, de-
scribing the range of the vegetation density in that area. In
general, our grass loads are a factor 1.840.4 higher than the
average data given by Shea et al. [this issue] for the whole ex-
perimental sites. This is due to the fact that we chose our plots

Table 5. Correlation of VH, VN, and VS to VC

Li R ion P
Confidence
Interval
2 Constant Slope (t Test)
VH 095 0.32+0.01 0.69+0.01 >99%
VN 042 -1.05+0.10 1.99+0.62 99%
Vs 0.33  0.04+0.05 0.9310.36 >98%
Data for comparison
Delmas et al. [1994]* 0.60 -0.90+0.09 1.91%1.12 <95%
Lobert[1989)* 0.89 -0.80+0.03 1.78+0.10 >99%

Without FP4/1 and FP4/2.
¢ VN, from experimental fires in the laboratory.
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Figure 3. The mass removed by the solvent extraction as a
function of the carbon content of that residue fraction. Solid
squares represent Al; solid diamonds, A2; solid stars, PB; and
asterisks ash sampled by Shea et al. [this issue].

in areas with an above average fuel load to ensure that this area
got burned.

3.1.2. Results of the residue analysis. Plotting the mass
removed from the residue samples by the solvent extraction
versus their carbon contents (TC), a positive correlation
(r>=0.85, Figure 3) was obtained. The A2 fraction, however,
was not included. The slope of the linear regression line
indicates that the mass removed by solvent extraction depends
on the initial carbon content. Besides this correlation, we are
able to distinguish the three groups Al, A2, and PB which were
initially divided because of different color and structure. The
high variability of the mass removed by the solvent extraction
for A2 represents the high variability of the degree of charring
of this fraction (the higher the degree of charring, the less mass
is removed).

When black carbon is shown as a function of the total carbon
content (both in %-d.m.), the same variability in A2 was ob-
served as in the mass removed by the solvent extraction (Figure
4). Again, the three kinds of residues (Al, A2, PB) can be dif-

20
*

%15- A2
= *
§10'
%
=
m 5[

0 A

0 10 20 30 40 50 60

Total Carbon Content [%-d.m.]

Figure 4. Black carbon as a function of the carbon content of
that residue fraction. The three different residue fractions can
be differentiated by the BC content. Solid squares represent Al;
solid diamonds, A2; and solid stars, PB.
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Removed Mass [%)

Figure 5. Black carbon as a function of the mass removed by
the solvent extraction, showing that the higher the BC content
the less mass is removed. Solid squares represent Al; solid
diamonds, A2; solid stars, PB; and asterisks ash sampled by
Shea et al. [this issue].

ferentiated. If BC was produced by the pretreatment steps, a
correlation should be seen, at least within a residue fraction. As
no correlation was found and because of blank measurements
[Kuhlbusch, 1995], it was concluded that charring (formation of
BC by the analytical technique) is negligible and that the mea-
sured black carbon was produced by the combustion and not by
the analytical method.

For comparable carbon contents more mass was removed
from partially burned samples (PB) than from A2 (Figure 3)
because PB samples were less exposed to thermal degradation.
The high variability of A2 (Figures 3 and 4) and its degree of
charring indicate the dependence of especially this fraction on
fire characteristics like heat transfer, oxygen availability, and
fire type (smoldering versus flaming), as reflected by the molar
CO/CO, ratio.

Figure 5 also shows that A2 was different from the other
residue fractions; it also had double the amount of nitrogen (see
section 3.1.1). In Figure 5, BC (%-d.m.) is plotted against the
mass removed by the solvent extraction. The linear regressions
obtained for the A2 fraction and the Al + PB fractions show
that the removed mass displays how much the organic matter
was exposed to thermal degradation. The less black carbon was
produced, the more mass could be removed by the solvent ex-
traction. The slope of the linear regression for A2 is steeper by
a factor of 5. These differences in A2 may be associated with
the charred surface protecting the inner area and with the fact
that dehydration and elimination processes were predominant to
oxidation. A2 represented on average about 11% of the total
mass after the fire but contained about 35% of the total amount
of black carbon produced.

3.1.3. The different carbon fractions and the correspon-
ding H/C ratios. In Table 2 the results of the different carbon
fractions (IC, OC1, OC2, and BC) for the different kinds of
residues on four exemplary plots are shown. For all plots a clear
dependence of OC1, OC2, and BC on the degree of charring
was evident. The structure and the H/C ratio of the remaining
material were considered as indicators of the degree of charring
(Figure 1 and Table 3). BC as a fraction of TC (Table 2) clearly
increases with the degree of charring (Al > A2 > partially
burned) and decreases with increasing H/C ratios (Table 3). As
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Figure 6. Black hydrogen as a function of black carbon to
determine the H/C ratio of black carbon.

for BC in Table 2 the same relationship for OC2 but a negative
one for OC1 was observed, indicating that BC and at least part
of OC2 were produced in the field fires. We emphasize again,
as treated in detail by Kuhlbusch and Crutzen [1995], that some
of the OC2 carbon may, like black carbon, decompose only
very slowly by microbial action. The actual carbon partitioning
differs widely depending on the burning conditions; BC can
range from 3-18% of the average 270+110 kg TRC/ha as can be
seen in Table 6. Factors determining the burning conditions are,
e.g., wind speed, humidity, fuel moisture, fuel density, fuel
composition, and heat release. Since OCl1, OC2, and IC were
not quantified for all plots, we give the ranges obtained from
the plots listed in Table 2 which are 62+10%, 26+6%, and
3+1% of TRC, respectively. BC in Table 2 comprises 8.7+4.4%
of the total residual carbon. The amount of inorganic carbon is
not dependent on the degree of charring. It was in the range of
0.5-6.9% of total carbon (the exception 56/1 Al, 16.7%, may be
due to woody characteristics of the material). This inorganic
carbon does not represent an important mass fraction but is
partly responsible for the alkaline character of ash and aerosols.
CO;, may be produced following the deposition of acid rain or
its mixing with acid material.

Before discussing the molar H/C ratios for the different
carbon fractions, corrections are required for the H/C ratio for
BC, since some measured hydrogen is bonded to elements other
than carbon as shown by Kuhlbusch [1995]. Therefore "black"
hydrogen was plotted versus black carbon in Figure 6 (both in
%-d.m., dry matter). BC measurements of savanna grass
sampled prior to the fire are given as “blanks” in Figure 6. The
mass ratio of 0.013 derived from the regression slope (Figure 6)
was used to calculate the correct H/C ratio for black carbon. An
average molar H/C ratio for BC of 0.16 was obtained, which is
slightly higher than that derived from experimental fires (0.11
[Kuhlbusch and Crutzen, 1995]). This H/C ratio is a good indi-
cator of higher polyaromtic or elemental carbon derived from
combustion processes. The intercept of 0.022+0.014% (Figure
6) represents the amount of hydrogen bonded to elements other
than carbon, most probably silicate. Additionally, we show with
a correlation coefficient (r?) of 0.94 that the BC fraction can be
defined by the H/C ratio.

It is possible to differentiate the three carbon fractions (OCl,
0OC2, and BC) in Table 2 when comparing the molar H/C ratios.
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OC1 with an average ratio of 1.2 is close to that of unburned
residues (1.4), whereas OC2 (0.7740.34) and BC (0.1340.07
corrected for hydrogen not bonded to carbon, Table 2) have
much lower ratios. It is interesting to note the dependence of
the molar H/C ratio of OC2 material on the degree of charring
(PB > A2 > Al). This may indicate that OC2 consists of two
carbon fractions with different H/C ratios and that the carbon
fraction with the high ratio was consumed in A2 and Al by the
fire. As discussed by Kuhlbusch and Crurzen [1995] this molar
H/C ratio is an indicator for the degree of aromaticity and may
be useful as a first approximation to predict the resistance of
this carbon to microbial and chemical degradation. A decrease
in the H/C ratios expresses a higher degree of aromaticity
leading up to elemental or graphitic carbon. An overview of the
H/C ratios for the different residues and carbon fractions is
given in Figure 7.

3.1.4. Backing/heading fires carbon volatilization and BC
production. Table 6 contains some indicators of the type of
fire and the residues produced. In general, backing fires
(spreading against the wind) have higher volatilization ratios for
carbon compared to heading fires (spreading with the wind).
The latter spread much faster and burn bigger areas in the same
time as backing fires, albeit they are less efficient in burning
vegetation. If we compare the type of fire with our measured
VC values (90.8+£3.7% heading fires; 86.9+7.1% backing fires)
no significant differences are observed. This may be due to the
inhomogeneity of the vegetation on the experimental sites and
the high variability in heading fires. The ratio between carbon
in the ash residue to carbon in the partially burned and un-
burned residue (DoC) did not show any relationship to VC or to
the type of fire.

Laboratory experiments [Kuhlbusch and Crutzen, 1995]
showed for similar vegetation higher ratios of black carbon as a
fraction of the total carbon in the residue (BC/TRC) for backing
compared to heading fire. Cachier et al. [1994] stated that
heading and backing fires cannot generally be distinguished just
by the BC/TC ratio in the aerosols but "samples collected under
backing fire conditions during well established burning regimes
from larger fires, seem to produce aerosols significantly
enriched in black carbon" thus indicating similar formation
laws of BC in aerosols and combustion derived residues. During
SAFARI-92, residues of heading as well as backing fires on
four experimental sites were collected. Two sites showed higher
BC/TRC ratios for backing and two for heading fire. We
measured average BC/TRC ratios of 12.0+5.0% and 8.343.7%
for seven heading and 11 backing plots, respectively, thus

20

Al ocl  oc2 BC
Residue and Carbon Fractions

Grass UB PB A2

Figure 7. The molar H/C ratio for the different residue and
carbon fractions. For abbreviations see Table 1.
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giving no significant indication of the dependence on the type
of fire. Similarly, no dependence of the conversion ratio BC/CE
on the type of fire (heading 1.00+0.38%; backing 0.94+0.48%)
was observed. Thus no dependence of the type of fire and the
production of BC was observed under field conditions. We
believe that this is due to the high variability of the fire
regimes, the few measurements, and especially the patchiness
of the vegetation on the plots.

3.2. Relationship Between BC Formation and the Molar
CO/CO; Emission Ratio

In residues derived from various experimental fires under la-
boratory conditions [Lobert et al., 1991] a negative correlation
between the formation of BC and the emission ratio of CO/CO,
as an indicator of the burning conditions was obtained
[Kuhlbusch and Crutzen, 1995]. This indicates that flaming
rather than smoldering combustion is the main source of BC. To
compare this finding with the field data, the BC/TC ratio of the
ash fraction was used, which eliminated any differences caused

Table 7: Black Carbon and CO/CO, Emission Ratio

Plot BC/TC for ash, CO/CO,, Type of
% mol-% Fire

SP5/1 12.99 4.80 B
SP5/2 10.33 5.83 H
SP5/3 12.92 5.83 H
KPE/1 1191 H
KPE2 15.02 4,58 B
KPE/3 20.92 4.58 B
KPE/Ts 12.21 7.10b H
KPE/II2 10.56 5.30b H
KPE/II® 11.09 H
KP¥/1 16.44 4.80 B
KP3/2 21.45 5.73 H
KP3/3 25.57 573 H
KP3/I» 24.51 6.20b H
KP3/1Is 18.94 8.60° H
KP3/11I2 20.11 7.20b H
FP4/1 11.94 6.91 B
FP4/2 10.14 691 B
FP4/3 9.79 6.91 B
56/1 17.11 341 B
56/2 16.65 341 B
56/4 16.47 341 B
56/18 14.80 7.000 H
56/11s 17.26 8.00° H
56/11I3 14.41 7.50v H
55/1 25.12 H
55/2 27.12 H
5513 19.01 B
55/1s 12.30 6.50b H
55/118 19.30 8.10 H
55112 19.50 H

CO/CO,: measured by Lacaux et al. [1996].
Abbreviations are as follows: H, heading fire, fire
spreading with the wind; B, backing fire, fire spreading

against the wind.
a3Sampled by Shea et al. [this issue].
bMeasured by Ward et al. [this issue].
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by the amount of thermally unaffected matter. Table 7 summa-
rizes the BC/TC ratios of the ash fractions and the corres-
ponding CO/CO, ratios measured by Lacaux et al. [this issue]
and Ward et al. [this issue]. Lacaux et al. [this issue]
determined the CO/CO, ratios with power-autonomous mobile
pumping units, a NDIR-CO-CO, spectrometer, and emissions
sampled via a pole held in the plumes. Ward et al. [this issue]
used fixed-upright poles standing in the field, sampling the
smoke in canisters when the fire burned through. The CO/CO,
emission ratios determined by Lacaux et al. [this issue] were
measured near the sampling plots and were used for ashes
sampled by us. The ratios determined by Ward et al. [this issue]
were used for ashes sampled by Skea et al. [this issue] around
the fixed poles.

For the following correlation study it is important to note the
variability of the CO/CO, ratio even within one experimental
site and combustion phase. The lack of oxygen and thermal
quenching especially during heading fires may cause dramatic
changes in the combustion conditions expressed by CO/CO,
ratios of up to 20% as observed by one of the authors (H.C.).
Thus measuring the CO/CO, ratio not exactly for the sampled
residue may lead to high errors and explain the lack of any
relationship between the BC/TC ratio and the CO/CO, ratio for
mixed type of fires. The combustion process is not subject to
such dramatic changes during backing fire conditions, resulting
in a negative regression when only backing fire samples were
considered (1 0.62; intercept: 24.2%; slope: -1.89; eight
degrees of freedom). To improve this relationship, additional
measurements and integrative sampling of residues and the cor-
responding emissions in the field would be required.

By using the measured CO/CO, ratios and assuming that CO
+ CO;, accounted for 95% of the quantified volatilized carbon
(CE (kilograms per hectar)-TRC (kilograms per hectar)), it was
possible to compute the emitted CO,. This enabled us to calcu-
late the BC/CO, ratios (in grams C-BC/grams C-CO;) for each
plot as shown in Table 6. These data have to be looked at as a
first approximation. On average the ratio of BC to CO, is
1.340.6%. This ratio is at the low end of the range of those
obtained from laboratory studies (BC/CO, 1.2-2.6% [Kuhlbusch
and Crutzen, 1995)).

3.3. Relations Between Black Carbon Formation, Carbon
Volatilization, and Degree of Charring

In this section we will discuss the mechanisms and quanti-
tative aspects of BC formation in the residues. Figure 8a shows
BC as a fraction of the total carbon in the residue (BC/TRC)
plotted against VC. The positive correlation in Figure 8a
indicates that the BC fraction of TRC becomes more important
with an increasing volatilization ratio of carbon. This is in good
agreement with results found for the different residue fractions
(Al, A2, partially burned, see above) and to a laboratory study
[Kuhlbusch and Crutzen, 1995]. In this laboratory study an
equation was derived with the assumptions that the residues are
homogeneous and that low VC values are accompanied by less
thermal degradation of the fuel, thus forming less BC. The
following equation was used:

BC/TRCyax

VCyp - VC
A( 12 )+1

BC/TRC =

M

A is a constant term, BC/TRC,, represents the maximum
BC/TRC ratio, VC is the total volatilized carbon, and VCyp, is
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the VC value at which BC/TRC is half of BC/TRC,,,,. With
BC/TRC,0x=16.3%, VC,,=85.3%, and A=1.15, we calculated a
correlation coefficient (r*) of 0.38. This correlation lies within a
confidence interval of 99% (t test, 16 degrees of
freedom)[Miller and Miller, 1986]. The BC/TRC,, obtained
from the laboratory data is about 10% lower, whereas VC,p, is
of similar magnitude (laboratory value 88.4%). The compara-
tively low value of BC/TRC,,,, during this field study can be
explained by the fact that laboratory fire residues had hardly
any unburned or partially burned fraction.

Figure 8b shows the conversion ratio BC/CE plotted against
volatilized carbon (VC), showing good agreement with the
laboratory data [Kuhlbusch and Crutzen, 1995]. By multiplying
equation (1) (see above) with TRC/CE (CE=100%) we derive
equation (2) (Figure 8b):

BC/TRC pax
BC/CE= X
A (VCyp - VC) +1

With a correlation coefficient (12) of 0.24 the data are within
a confidence interval of 95% (t test, 16 degrees of
freedom)[Miller and Miller, 1986]. The fit is not a good one,
reflecting the uncertainty in the values of CE and TRC (section
3.1.1).

The wide scatter of the data in Figure 8 compared to those of
the laboratory study is due to several factors. In part it can be
explained by the large standard deviation of TRC and CE (50%
and 40%, respectively) from which VC was calculated. The
error in BC/TRC was also higher in the field study than in the
laboratory study [Kuhlbusch and Crutzen, 1995]. During the

100 - VC
100
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» —L83rve— =BOTRC ()
115777741

BC/TRC[%]
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201 ® ssn
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Figure 8. Black carbon in percent of the total residual and of
the fire-exposed carbon as a function of the total volatilized
carbon. The curves were obtained by fitting equations (1) and
(2) to the determined data.

23,661

BC/CE [%]

95 100

Volatilized Carbon [%]

Figure 9. The conversion factor as a function of VC. The two
lines indicate the dependence of the conversion factor of VC
(site FP4) and on DoC (site KPE), with DoC values in
parentheses.

laboratory studies the mass burned was measured continuously
during the whole experiment and only one integrative residue
sample had to be analyzed. In comparison, three different frac-
tions had to be sampled, weighed, and analyzed during this field
study to calculate the BC/TRC ratio.

Another reason for the above mentioned wide scatter in the
field data compared to the laboratory study could be the
inhomogeneity of the residues collected in this field campaign.
Comparing the residues of the experimental fires [Kuhlbusch
and Crutzen, 1995] to those sampled during SAFARI-92 there
were hardly any partially burned and unburned fractions in the
laboratory experiments. Therefore an indicator of the degree of
charring (DoC) was defined by calculating the ratio of ash
carbon to partially burned and unburned carbon (Table 6):

Clash)

= DoC (of the whole residue) (3)
C(unburned + partially burned)

This ratio should be calculated excluding carbonates (IC);
otherwise, potash (mainly K,CO;, residues from wood burning)
would have an infinite DoC, VC < 100%, and a BC/TRC ratio
of zero. But for this investigation DoC was calculated without
excluding carbonates, which produced no significant error
because of generally low IC contents.

On average we find a DoC ratio of 1.4, ranging from 0.3 to
3.0 (Table 6). As already mentioned for the laboratory study we
hardly had any partially burned or unburned matter, giving an
infinite but constant DoC ratio. Thus it is not surprising to find
relatively good correlations with equations (1) and (2) for the
laboratory residues with uniform charring. This difference in
the residues of the laboratory and field study may be significant
for the use of experimental laboratory fires, e.g., concerning
nutrient cycling. One reason for the comparable high amount of
UB and PB, besides the high variability of the combustion
process in the field, is that especially the aboveground biomass
near the soil surface remains unburned or partially burned.

To investigate the dependence of the conversion ratio BC/CE
on VC and DoC in more detail, data from two experimental
sites, FP4 and KPE were plotted in Figure 9. Figure 9 shows
that plots on FP4 have nearly constant DoC values while the
conversion ratio decreases with increasing VC. In contrast, VC
values for KPE are nearly constant, and the conversion ratio in-
creases with the degree of charring. However, it is not as
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straightforward to show the combined effect of VC and DoC on
the formation of BC. Further investigation to get more detailed
information on the formation of BC in residues is necessary.

Another parameter which might influence the formation of
BC is whether the burned matter was grass or litter. For all plots
the carbon ratios of grass to litter are shown in Table 6, and it
seems that no significant dependence of the formation of BC
between grass and litter exists. Still such an interpretation must
be considered cautiously since most of the litter was dead grass
which was not very different from the yellow standing grass.
Only about 5-10% of the standing grass was living, "green"
grass.

3.4. Thermograms

In Figure 10, thermograms taken of PB, A2, and Al residue
samples collected on plot KPE/1 are shown. The different
carbon fractions for each residue fraction of KPE/1 are given in
Table 2. The heating rate for these thermograms was
108°C/min. with a gas flow of 20 vol.% O, in N; (for details
see Kuhlbusch [1995]). The data for hydrogen and carbon in
Figure 10 are plotted on the same scale so that equivalent
heights express a molar H/C ratio of 1.

In Figure 1 we expressed the degree of charring by the color
and structure of the sampled fraction and saw an increase from
PB to A2 and then to Al. The same order of the degree of
charring can be seen in the thermograms (Figure 10). Whereas
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Figure 10, Thermograms of the different residue fractions on
plot KPE/1. Equivalent heights for carbon and hydrogen express
a molar H/C ratio of 1. The peak at temperatures above 700°C
is mainly due to inorganic carbon, e.g., calcium carbonate.
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the low temperature carbon peak (~500°C) in the PB sample is
of similar height to the high temperature carbon peak (~600°C),
it nearly completely vanishes in the Al sample (Figure 10). The
same results can be seen for hydrogen. The thermogram
obtained from the Al sample shows the same peaks and has
nearly the same shape as one obtained from ash of pine needle
litter [Kuhlbusch, 1995].

In section 3.3 we defined an indicator for the degree of
charring by the amount of carbon contained in the different
residue fractions. The thermograms and the observations pre-
sented in Figure 1 indicate that each residue fraction has a
different degree of charring. In section 3.1.3 we saw that BC
and to some extend OC2 were combustion derived. Thus we
defined the following ratio as an indicator for the degree of
charring within a residue fraction.

OC2+BC
= DoC (within a residue fraction)

@
0C1

With the data given in Table 2 we calculated an average
degree of charring for PB of 0.32+0.08, for A2 of 0.65+0.1, and
for Al of 2.2+1.3. The two indicators for the degree of charring
(equation (3) + (4)) are not directly comparable but increase the
more the organic matter was thermally affected. Since the
degree of charring is constant within a residue fraction, the
degree of charring for the whole residue is determined by the
mass share of each residue fraction.

4. Estimation of Black Carbon production by
Savanna Fires

The global BC formation in the residues of savanna fires is
estimated in three different ways: (1) by the BC/CO, ratio
(1.3%, see section 3.2); (2) by the BC/CE-conversion ratio; and
(3) by the BC/TRC ratio. The range for the BC/CE-conversion
ratio derived from Figure 8b for an average volatilization ratio
of carbon of approximately 90% (89% for the six experimental
fires during SAFARI-92) was between 0.5 and 2%. To estimate
the formation of BC by savanna fires in Table 8 by using the
exposed carbon weighting an average conversion ratio of 1%
was used. The average BC/TRC ratio derived from Table 6 is
9.844.6%. Thus a ratio of 10% was used in Table 8 when using
the amount of residue left on the ground.

A comparison of the BC/CO, ratio of 1.3% for the black
carbon formation in the residue to the one for BC in the carbo-
naceous aerosol fraction (0.11% [Cachier et al., 1994]) indi-
cates that more than 90% of the BC produced by a fire remains
on site in the residues. A BC/CO, ratio of 0.11% was used in
Table 8 to calculate the amount of BC emitted in the smoke.

In Table 8 we summarize regional and worldwide estimates
of vegetation affected by savanna fires. With these estimates
and the above mentioned factors we calculated the production
rate of BC. In the second column from the right we averaged
the different estimates of BC in the residues and added the BC
emitted in the smoke. About 70% of all BC formed by savanna
fires is produced in Africa. On average, 18 Tg BC (10-26 Tg
BC) is annually produced by savanna fires. This formation rate
is 4-52% of the total amount of BC produced annually by
vegetation fires worldwide (50-270 Tg BC [Kuhlbusch and
Crutzen, 1995)).

The BC formed by savanna fires represents a net O, source
of 27-69 Tg yr'! and a CO, sink of 10-26 Tg C yr-1. The carbon
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fixed prior to the fire in the vegetation was part of the
biospheric carbon cycle. By conversion to BC it is sequestered
from the short-term to the long-term (geological) carbon cycle.
Black carbon produced in savanna fires represents a net carbon
sink considering that periodic savanna fires do not represent a
net source of atmospheric CO, because of the regrowth during
the growing season.

5. Summary and Conclusions

In this field study the C, H, S, and N loadings in the biomass
before and after the fires were determined, and average volatili-
zation ratios for these elements of 88+6%, 92+5%, 86+8%, and
74+11%, respectively, on the six experimental sites obtained.
By partitioning the residue in unburned, partially burned, A2
(> 0.63 mm), and Al (< 0.63 mm) fractions, a correlation
between the degree of charring of a residue fraction and the
corresponding molar H/C ratio was established. A2, comprising
approximately 11% of the residual mass, was chemically
different from the other residue fractions. A2 was significantly
enriched in nitrogen and carbon, and had a molar H/C ratio
(0.86+0.14) of that of Al. Black carbon was quantified in the
different residue fractions. Various correlation studies were
conducted to derive detailed information on formation mecha-
nisms and quantities of black carbon. Comparing the results
obtained from this field study to those from experimental fires
under laboratory conditions, it was found that the field residues
were much more inhomogeneous and of different structure.
Thus, besides the dependence of the formation of black carbon
on the volatilized carbon a second factor was identified, the
degree of charring. This latter factor might affect nutrients in
the vegetation fire residues as well. Based on these results and
various estimates of carbon exposed or released by savanna fires
we estimate the worldwide black carbon deposition in the residue of
savannas to be 9-24 Tg C yr!. Adding the 1-2 Tg BC yr! in the
smoke of savanna fires, 10-26 Tg black carbon are produced
annually. Since this black carbon will not be broken down over
geological timescales it represents a net sink of atmospheric
CO, and a source of 27-69 Tg O, yr-1.
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