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Once formed by any combustion processes, black carbon, in
the residues on the ground and in atmospheric ernissions, repre-
sents a sink of atmospheric CO2 (and a source of O2) 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 lHening, 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 [980] 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 CO2 levels.

Crutzen and Andreae [990] estimated the annual formation
rate ofblack carbon to be in the range of 0.2-0.6 Pg (1Otsg) C,

but pointed to a high uncertainty due to a dehciency of mea-
surements. Emissions of BC as a constituent of carbonaceous

aerosols have been thoroughly investigated lChang et a1.,1982;
Ogren and Charlson, 1982; Penner et al., 7993) because of
their radiative and cataly.tic properties. On the other hand,
measurements of charcoal formation in postfire residues have

only been conducted for Amazonian deforestation hres by
Fearnside [991] and Comery et al.11981) for a prescribed fire
on a longleaf pine site in Florida. No field data on the formation
ofblack 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 buming apparatus
were aoalyzed for the hrst time for BC by Kuhlbusch and
Crutzen [995]. 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/CO2 ratio in the gases emitted,
indicating that flaming rather than srnoldering 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% ofthe exposed carbon was volatilized.

During the Southern African Fire-Atmosphere Research In-
itiative (SAFARI-92), six experimental sites were bumed for
joint multidisciplinary research activities in the Kruger rrlatronal
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 hre 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
m savanna fires to obtain a better estimate of the sequestering
ofcarbon from the short-term to the long-term carbon cycle.

2. Experimental Techniques

2.1. Sampling

The experimental sites rn 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. fthis issue] and Trollope er a/. [this issue]. To
quantify the carbon load before and after the fire, we chose

KUHLBUSCH ET AL.: BLACK CARBON FORMATION BY SAVANNA FIRES

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 hre,
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 m2)
with low, mediwn, 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% ofthe 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 hre, normally within l0 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 hre. The residues
were partitioned into unburned (JB), partially bumed (PB)
(both manually collected), and ash (collected with a handheld
vacuum cleaner) (Figure l). The vacuum cleaner technique was
preferred to trays, asby Shanow and Wright |9771, Shea et al.

[this issue], and Kauffman et al. ll995l, 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 signihcant con-
taminatiou for the black carbon determination, we looked care-
fully at the soil prior to the fire for any black carbon particles
from previous hres, but could hnd only very few. Second, we
vacuum cleaned five plots, after sampling the biomass to de-
termine the vegetation density prior to the fire, and aualyzed
those samples for black carbon. From these analyses we derived
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Figure 1. The different residue fractions and the degree of
charring concerning their structure. The unbumed and partly
bumed fractions were manually sampled, whereas ash was
sampled with a handheld vacuum cleaner. Ash was then divided
iato ash 2 and ash 1 by sieving (0.63 x 0.63 mm).
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Table 2. Results of the Elemental Analyses to Determine the Different Carbon Fractions and Their IVC Ratios

TC TTI
Plot o/nd.m. o/ed.m.

TCI THI IC OCI
o/ed.m. o/ed.m. o/ad.m. o/ed.m.

OC2 BC
o/nd.m. o/td,.m.

BHl ,OCI
o/cd.m. WC mol

ocz BCb
lVCmol tVCmol

KPEJ2}B 2?.1

wE12A2 44.6

KPF/2 Al 18.2

56/l PB 27.5

56/t A2 42.9

56/l Al 12.6

KPF/I PB 34.0

KPE/I A2 ,f4.8

KPRI AI I3.5

KP3/2 PB 35.4

KP3/2 A2 45.2

KP3/2 Al t4.4

2.70 1.62 0.6r

1.28 18.71 0.84

r.r3 10.35 0.39

2.61 5.81 0.48

3.09 17.13 0.69

0.86 8.41 0.24

3.54 6.05 0.58

t.# l5.l I o.1t

1.03 7.33 0.21

3.90 8.89 0.94

3.44 17.35 0.63

0.96 9.42 0.33

0.38 19.14 6.74 0.88
l.4o/oc 70.5oltr 24.9o/oc 3.2W
0.88 24.98 l3.l? 5.54
Z.Oo/oc 56.0o/oa 29.5o/oc 12.4o/oc

0.64 7.21 7.55 2.80
3.5o/& 39.7o/oc 41.4o/oc 15.4o/"c

0.14 21.50 5.07 0.74
0.5o/oc 78,!o/oc 18,4o/oc 2.7o/oc

l.ll 24.68 ll.5l 5.62
2.6o/"c 57.5o/oa 26.9o/oc l}.lo/.oa

z.tt 2.t2 6.t4 2.27
16.7o/"c 16,8o/oc 48.6o/oc l9.Oo/oc

1.23 26.72 5.3? 0.68
!.6o/oc 79.6o/oc ls.goloc l.go/oc

0.58 29.15 10.35 4.76
l.!o/"c 65.0o/"c 23.1o/oc lo.6o/"c

0.15 6.02 5.64 1.69
l.lo/oc 44.6o/"c 41.8o/oc lz,So/oc

2.44 24.08 8.13 0.76
6.9o/oc 68.0oloc 21,0o/oc 2.lo/"c
0.64 27.24 8.74 8.61
l;4o/oc 60.2o/"c 19.3o/"a 19.0o/oc

0.48 4.54 6.27 3.15
3.3o/& tl.4o/oa 43.4o/oc 2l.go/"c

0.03

0.09

o.o7

0.02

0.09

0.06

0.02

0.08

0.05

0.03

0.t2

0.07

1.30

l.l6

1.22

l.l8

l.l6

3.48

t.t2

t.t2

1.62

t.6

r.23

1.65

1.02 0.11

0.68 0.15

0.50 0.22

t.07 0.02

0.62 0.15

0.35 0.18

t.zt 0.02

0.73 0.14

0.34 0.22

1.34 0.06

0.69 0.14

o.49 0.19

Abbreviations are as follows: o/a7.\"'/o.9f the dry mass of the 
_sa1pled fraction; sample abbreviations: exp./j x; exp., the experimcrtal site;

Lfl:H*:i$,}jg:1i;;T.*-oled residue rraction; exp. = sp5, Shambeni s; ii,q x,.r"oi extra; Fp4, f,"'i ii so, rrorr, 56; 55, block 55;
rnot conected.
horrected^forthe hydrogen notbonded to carbon, on average0.022o/ed.m.,see section 3.1.3.oPercent ofTC.

Carbon Balance of a Fire

Volatilized Carbon

Total Carbon before the Fire Total Carbon in the Particulate
in Smoke and Residue

(o-.e"riir
I carbon I I

t (*1, 6;;m
I carbon

tre-
Carbon in the

Pariculate

Figure 2' General carbon partihorulg caused by savanna fre. (left) Partitioning ofthe carbon exposed tohre into volatilized and residual carbon. (right) The different.u.uori nu.tioor * trr. residue as determinedby the analytical method.
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Table 4: Carbon, Hydrogen, Nitrogen, and Sulfur Volatilization
in Percent of the Element Exposed to the Fire

KUHLBUSCH ET AL.: BLACK CARBON FORMATION BY SAVANNA FIRES

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

standard deviation ofthe three squares per plot.
bHurst et al. U99al, Cook [1994].
cDelmas [1982].
dlacaux et. al. $99{bl.
eJenkins et al. Il99l7.

doubling ofthe nitrogen content in A2 we note a carbon content
that is similar to that ofthe 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. 11991). The absolute sulfur
content in the biomass (0.2o/o-d.m., dry matter) is at the low end
of the range given by De Kok [990] for sulfur contents of
plants (0.1-1.5o/*d.m.) and a factor 2 higher than the average

value given by Menaut et al. U99ll of 0.1%-d.m. for savanna
gIass.

The molar IVC ratios for the different fuel and residue frac-
tions are given in the right-hand column of Table 3. The molar
WC ratio was fairly constatrt (1.6t0.1) for the different fuels
(grass, litter, herbs, wood, rice straw). The decrease of the WC
ratio of the unbumed fraction (1.4+0.1 mol) is atrother indicator
of some chemical changes in this fraction. In Figure 1 we show
the dilferent residue fractions together with the degree of
charring which rncreases from unburned to Al. Cornparing the

IVC ratios, a decrease ofthe ratio with an increase ofthe degree

of charing was observed. Despite the fact that the carbon

contents ofAl and ,A.2 differ by a factor of3, the IVC ratios are

quite similar. This indicates that A,2 already underwent the

initial drying/distilling process of pyrolysis, during which most

of the elimination reactions take place as well. That thrs tnitial

process ofpyrolysis may even lead to an enrichment ofcarbon
can be seen by looking at charcoals or forest Iires residues with
carbon contents of up to 80 %-d.m.; this explains the carbon

content of 42. Further pyrolytic reactions are mainly tempera-

ture-caused cracking ofthe fuel molecules and partial oxidiza-

tion. That the latter process did not influence the general com-
position is indicated by the similarity of the IVC ratios for Al
and A2 and stressed by similar BC to TC ratios determined in
A1 and A2 of 17.015.2o/o and 14.6L8.0oA respectively.

Table 4 gives the amount ofcarbon, hydrogen, nitrogen, and

sulfw released (in percent of element exposed to the flre) for
each plot. Comparing the volatilization ratios of the different
elements, we see an itrcrease 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. t1991) found a higher volatilization rate for
nitrogen relative to sulfur. The volatilization ratio for sulfiu
according to Dehnas [982] is in the range of 30 to 60%,

whereas we found a volatilization ratio of 70 to 98o/o 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 hr 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., K2SO4, Na2SOa, CaSOa). A more detailed discus-

sion on the nitrogen and sulfur balance as well as their emis-
sions during SAFARI-92 is given by Laca*t er a/. [this issue].

Correlation studies of the volatilization ratios of carbon to
the other determined elements (VH, VN, VS) for the differenl
plots gave good linear regressions for VH and M! 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.
ln Table 6, the carbon load before and after the fire, the type

of fue, the black carbon content, the ratio of grass carbon to
litter carbon, and the ratio of ash carbon to partially burned plus

rurburned carbon (DoC) for the different plots are summarized.
The average relative standard deviations for the carbon load
before and after the fire were 40o/o and 50%o, respectively, de-

scribing the range of the vegetation density in that area. [n
general, oru grass loads are a factor 1.810.4 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

T inear Rregression Parameters

Constatrt Slope

Confidence
Interval
(t Test)

vs"Vl.l"VHAVC"

sP5/l 96.8+0.9

sP5/2 91.9+2.3

sP5/3 87.5+6.5

KPRI 85.4+8.8

Y,PE/? 84.2+2.2

KP3/1 88.1*6.7

Y\P312 91.0+1.4

KP3/3 95.5+1.8

FP4lt 78.2+3.8

FI4l2 72.0+1.0

FP4ll 87.8+1.6

56lt 89.8+1.7

56t2 88.3+0.7

56/4 92.6*2.2

55ll 94.6+1.6

5512 89.5+2.7

55/3 94.0+1.8

Average 88+6

Data for
comparison

Austr. Savannab 96+2

Afr. Savannac 97-98

Afr. Savannad 80.4

Rice Strawe 94+l

97.9+0.6 94.5+1.8

94.9+l.l 89.9+3.3

91.8+4.4 73.0+12.0

89.2+5.8 76.5+14.2

89.7+2.5 54.8+2.8

89.8+1.6 60.8+3.7

93.6+3.8 57.3+25.5

94.f+1.4 70.2+3.1

97.2r1.3 80.1+6.0

81.7+3.7 74.9+5.2

80.3+1.3 68.0+1.8

9l.l+1.0 85.0+2.1

93.0+1.4 78.1+4.4

92.5+0.8 65.7+7.8

96.1+0.8 61.2+17.5

96.7+l.l 85.6+l.l
94.0+1.6 68.6+3.3

96.0+1.3 84.8+5.1

92*5 74+11

89+5

93-95
't9.6

98+0 g2+l

95.9+1.3

98.0+2.1

91.3+4.1

85.2+7.4

82.5+1.4

81.8+1.0

93.5+4.0

89.0+0.9

94.3+2.8

77.1+2.2

70.4+6.O

74.0+3.1

87.2*2.9

82.6+4.0

92.8+2.5

84.9+t.7

81.8+3.8

90.7+1.6

86+8

85.0

35-67

80+8

VH
VN
VS

Data for comparison

Delmas et al. [994]8 0.60

Lobertllg8glt 0.89

0.32+0.01 0.69+0.01 *9o/o
-1.05*0.10 1.99$.62 99/"
0.04+0.05 0.93+0.36 *8v"

-0.90+0.09 l.9l+1.12 45o/o

-0.80+0.03 1.78+0.lo >990/o

0.95

0.42

0.33

Without FP4/l and FP4/2.
a \Ti, from experimental fires in the laboratory,

Plot
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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 e, a/. [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

rernoved from the residue samples by the solvent extraction
versus their carbon contents (TC), a positive correlation
(13=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 variabilify of the mass removed by the solvent extraction
for ,A'2 represents the high variability of the degree of charring
ofthis fraction (the higher the degree ofcharring, lhe less mass

is removed).
When black carbon is shown as a function of the total carbon

content Ooth in %-d.m.), the same variability in ,4'2 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-

0102030&50@
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 A1;
solid diamonds, A2; and solid stars, PB.
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Figure 5. Black carbon as a function of the mass removed bi
the solvent extraction, showing that the higher the BC conte::
the less mass is removed. Solid squares represent A1; sol::
diamonds, A2; solid stars, PB; and asterisks ash sampled L'i

Shea et a/. [this issue].

ferentiated. If BC was produced by the pretreatment steps. J

correlation should be seen, at least within a residue fraction. .A's

no correlation was found and because of blank measuremen:s

[Kuhlbusch, l995], it was concluded that charring (forntation o:

BC by the analytical technique) is negligible and that the mea-

sured black carbon was produced by the combustion and not b1

the analytical method.
For comparable carbon contents more mass was removed

from partially burned samples (PB) than from ,A.2 (Figure 3,

because PB samples were less exposed to thennal degradation.

The high variability of A2 (Figures 3 and 4) and its degree oi
charring indicate the dependence of especially this fraction on

hre characteristics like heat transfer, oxygen availability, anJ

fire type (smoldering versus flaming), as reflected by the molar

CO/CO2 ratio.

Figure 5 also shows that A2 was different from the other

residue fractions; it also had double the amount ofnitrogen (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 A,2 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 b1'

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 1l% ofthe total
mass after the fue but contained about 35% of the total amount
of black carbon produced.

3.1.3. The different carbon fractions and the correspon-
ding IVC ratios. In Table 2 the results ofthe different carbon
fractions (IC, OCl, OC2, and BC) for the different kinds of
residues on four exemplary plots are shown. For all plots a clear
dependence of OCl, OC2, and BC on the degree of charring
was evident. The structure and the IVC ratio of the remaining
material were considered as indicators ofthe degree ofcharring
(Figure 1 and Table 3). BC as a fraction of TC (Table 2) clearly
increases with the degree of charring (Al > A2 > partially
bumed) and decreases with increasing IVC ratios (Table 3). As

f:0.79, Intercept: lE.5%, Slope: -0.00218

12: 0.52, lntercept: 3.59lo,
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glviog no signihcant 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 fype of fire and the
production of BC was observed under held conditions. We
believe that this is due to the high variability of the hre
regimes, the few measurements, and especially the patchiness
ofthe vegetation on the plots.

3.2. Relationship Between BC Formation and the Molar
CO/CO2 Emission Ratio

In residues derived from various experimental fues underla-
boratory conditions f"Lobert et al., l99ll a negative correlation
between the formation of BC and the emission ratio of CO/CO2
as an indicator of the burning conditions was obtained

lKuhlbusch and Crutzen, 19951. This indicates that flaming
rather than smoldering combustion is the main source of BC. To
compare this hnding with the field data, the BC/TC ratio of ttre
ash fraction was used, which eliminated any differences caused

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

Plot B0TC forash, CO|CO2,o/o mol-Vo

KUHLBUSCH ET AL.: BLACK CARBON FORMATION BY SAVANNA FIRES

Type of
Fire

by the amount of thermally unaffected matter. Table 7 surtrns-
rizes the BC/TC ratios of the ash fractions and the corres-
ponding CO/CO1 ratios measured,by Lacaux er a/. [this issr€,
ard Ward et al. lthis issuel. Iacazx er a/. [this issrej
determined the CO/CO2 ratios with power-autonomous mobrle
pumping units, a NDIR-CO-CO2 spectrometer, and emissiors
sampled via a pole held in the plurnes. Ward et a/. [this issue]
used fixed-upright poles standing in the held, sampling the
smoke in canisters when the hre burned through. The CO/Ce
emission ratios determined by Lacaux er a/. [this issue] were
measured near the sampling plots aod were used for ashes
sampled by us. The ratios determinedby lTard et a/. [this issue]
were used for ashes sampled by Shea e/ a/. [this issue] arounc
the fixed poles.

For the following correlation study it is important to note rhe
variability of the CO/CO2 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/Ce
ratios of np to 20o/o as observed by one of the authors (H.C.).
Thus measuring the CO/CO2 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/CO2 ratio for
mixed type of hres. 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 (f: 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 held would be required.

By using the measured COICO1 ratios and assuming that CO
+ COz accounted for 95o/o of the quantified volatilized carbon
(CE (kilograms per hectar)-TRC (kilograms per hectar)), it was
possible to compute the emitted CO2. This enabled us to calcu_
late the BC/CO1 ratios (in grams C-BC/grams C-CO2) 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 CO2 is
1.3*0.6%. This ratio is at the low end of the range of those
obtained from laboratory studies (BC/C 02 I .2-2.6% fKuhtbusch
and Crutzen,1995]).

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

ln 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 ofcarbon. This is in good
agreement with results found for the different residue fractions
(Al, A2, partially burned, see above) and to a laboratory study
lKuhlbusch and Crutzen, 19951. 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:

sP5/l
sP5/2

sP5/3

KPBI
KPE,/2

KPg3
KPE/Is

KPE/IIs
KPE/III8

KP3/I
Y,P]/2

KP3/3

KP3/IA

KP3/IIA

KP3/IIIA

FP4/1

Fp4/2

FP4/3

56/l
56t2

56/4

56lll
56llll
56liltl
55n
55/2

55/t
55lla

55/II8

5Sllllz

12.99

10.33

12.92

11.91

t5.o2

20.92

12.21

10.56

r 1.09

16.44

2r.45
25.57

24.51

18.94

20.11

tt.94
10.14

9.79

t7.tl
16.65

16.47

14.80

17.26

t4.41

25.12

27.t2
19.01

12.10

19.30

19.50

4.80

5.83

5.83

4.58

4.58

7. t0b

5.30b

4.80

5.73

5.73

6.20b

8.60b

7.20b

6.91

6.91

6.91

3.41

1.41

3.41

7.00b

8.00b

7.50b

6.50b

8. l0b

B

H

H

H

B

B

H

H

H

B

H

H
H

H

H

B
B

B

B

B

B

H

H

H

H

H
B

H
H

H

CO/CO2: measured by bcaur et al. |9961.
Abbreviations are as follows: H, heading fire, fire

spreading with the wind; B, backing fire, fire spreading
against the wind.

aSampled by Shea et al. [this issue].
bMeasured by Ward et al. [this issue].

(VCrn - VC)A '+l
A is a constant term, BC/TRC-"* represents the maximum

BC/TRC ratio, VC is the total volatilized carbon, and VC12 is

BC/TRCru
BC/TRC: (l)
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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 ttre formation of BC in residues is necessary.

Another paramcter 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 significan! dependence of the formation of BC
between grass and litter exists. Still such an interpretation must
be considered cautiously since most ofthe 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/I are shown. The different
carbon fractions for each residue fraction ofKPE/I are given in
Table 2. The heating rate for these thermograms was

108"C/min. with a gas flow of 20 vol.% 02 in N2 (for details
see Kuhlbusch [995]). The data for hydrogen and carbon in
Figure 10 are plotted on the same scale so that equivalent
heights express a molar IVC ratio of l.

In Figure I we expressed the degree ofcharring by the color
and structure of the sampled fraction and sarr 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 l0). Whereas

Ternperature ['C]

Flgure 10. Thermogram,s of the differeut residue fractions on
plot KPE/I. Equivalent heights for carbon and hydrogen express
a molar IVC ratio of l. The peak at temperatures above 700"C
is mainly due to inorganic carbon, e.g., calcium carbonate.
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ttre 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 l0). The
same results can be seen for hydrogen. The thermogram
obtained from the A1 sample shows the same peaks and has
nearly the sarne shape as one obtained from ash ofpine needle
litter lKuh I b us c h, I 9 9 57.

In section 3.3 we defined at indicator for the degree of
charring by the a4nount of carbon contained in the different
residue fractions. The thermograms and the observations pre-
sented in Figure I indicate that each residue fraction has a
different degree ofcharring. 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) (4)
ocl

With the data given in Table 2 we calculated an average
degree ofcharring for PB of0.32+0.08, for A,2 of0.65*0.1, and
for A1 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 thennally affected. Since the
degree of chaning is constant within a residue fraction, the
degree of charring for the whole residue is determined by the
mass share ofeach residue fraction.

4. Estimation of Black Carbon production by
Savanna Fires

The global BC fonnation in the residues of savanna hres is
estirnated in three differenr ways; (l) by the BC/CO2 ratio
(1.3%, see section 3.2); (2) by the BC/CE-conversion ratL; 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 90o/o (89% for the six experimental
fres during SAFARI-92) was between 0.5 and 2%. To estimate
the forrnation of BC by savanna fires in Table 8 by using the
exposed carbon weighting an average conversion ratio of l%
was used. The average BC/TRC ratio derived from Table 6 is
9.8t4.6o1o. Thus a ratio of l0o/o was used in Table g when using
the amount of residue left on the ground.

A comparison of the BC/CO2 ratio of l.3o/o for the black
carbon formation in the residue to the one for BC in the carbo-
naceous aerosol fraction (0.17o/o lCachier et al., 19941) indi-
cates that more tban 90% of the BC produced by a hre remains
on site ia the residues. ABC/CO2ratio 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. Iu the second column from the right we averaged
the different estimates of BC in the residues and added the BC
ernitted 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 fues. This formation rate
is 4-520/, of the total amount of BC produced annually by
vegetatiou fues worldwide (50-270 fg nC fKuhlbusch and
Crutzen,1995]).

The BC formed by savanna fires represent$ a net 02 source
of27-69 Tg yrl and a CO2 sink of 10-26 Tg C yr-I. The carbon

0-- 0
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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 ltres represents a net carbon

sink considering that periodic savanna hres do not represent a

net source of atmospheric CO2 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%, 92L5o/o,86+8%, and

74*llo/o, 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 IVC ratio was established. A2, comprising
approximately ll%o of the residual mass, was chemically
different from the other residue fractions. 42 was signihcantly
eruiched in nitrogen and carbon, and had a molar IVC ratio
(0.86t0.14) of that of A1. Black carbon was quantified in the
different residue fractions. Various conelation studies were
conducted to derive detailed information on formation mecha-
nisms and quanlities 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 identihed, the
degree of charring. This latter factor might affect nutrients in
the vegetation fire residues as well. Based on these results and
various estimates ofcarbon exposed or released by savanna fires
we estimate the worldwide black carbon deposition in the residue of
savaruras torr. 9-24 Tg C yr-1. Adding the 1-2 Tg BC yrl 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
CO2 and a source of 27-69 Tg 02 yrl.
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