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Biogenic, biomass and biofuel sources of trace

gases in southern Africa

L.B. Otter , L. Marufu’ and M.C. Scholes

Biogenic processes in southern African savannas are estimated to
produce 1.0 Tg NO yr™', 44.2-87.8 Tg C yr' as non-methane hydro-
carbons (NMHCs) and to consume 0.23 Tg CH, yr'. Floodplains
and wetlands in southern Africa are estimated to generate between
0.2 and 10 Tg CH, yr' (excluding the effects of aquatic vegetation
on emissions). Biogenic emissions from the subcontinent's savan-
nas constituted twice the amount of NO, and significantly exceeded
the amount of NMHCs produced from biomass burning (0.55 Tg yr'
for NO and 0.49 Tg yr' as NMHCs) as well as that of industrial emis-
sions (1.75 Tg NO yr™' and 0.61 Tg yr' as NMHCs). Methane emis-
sions from floodplains and wetlands could be more important than
the combined effect of savanna burning (0.38 Tg yr™'), biofuel burn-
ing (0.24 Tg yr'") and anthropogenic (2.59 Tg yr') emissions in the
region. Biofuel combustion produces similar amounts of CO and
NMHCs, half the amount of CO, and CH,, and a quarter of the NO,
that savanna burning does. Industrial emissions are shown to be
important contributors to regional CO (5.6 Tg yr') and CO, (360.0
Tg yr'') emissions. These results indicate that biogenic, pyrogenic
and anthropogenic sources all need to be considered in regional
and national emission budgets, and as bases for the recommenda-
tion of policy and mitigation strategies within the region.

Introduction

Anthropogenic and biogenic emissions are of interest to scien-
tists as well as policy makers. Central and southern Africa have
undergone and continue to undergo la rge social, economic and
political changes that contribute to large-scale modifications of
land use and land cover. Anthropogenic influences, along with a
strong source of biogenic emissions and a large natural variabil-
ity in both regional climate and ecosystem processes, combine to
effect changes in the biogeochemical cycling of the region and
lead to increased pollution. The mounting burden of air pollu-
tion and the deposition of pollutants has serious implications
for human health, ecosystem functioning and corrosion of
materials. The transboundary movement of aiborne pollutants
means that regions that are not even heavily industrialized can
be affected by them. The response to climate change in each
country will vary according to differences in climate, geography
and vegetation, It is therefore important that southern Africa
itself assesses the effect of global climate change in this region,

Large-scale air pollution has traditionally been associated with
anthropogenic activities in industrialized parts of the world,
primarily in the northern hemisphere. However, recent satellite
measurements of tropospheric ozone (O,) have shown that, in
addition to distinct plumes emanating from North America, Asia
and Europe, large quantities of O, originate from tropical
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Africa."This source is reported as being most prominent during
September (late dry season). Since the industrial inputs to the
atmosphere from this region were believed to be small, it was
thought that the ozone was formed by gaseous precursors
derived from biomass burning. Biomass burning, both natural
and anthropogenic, has beenidentified as a significant source of
radiatively and chemically active atmospheric gases and
particulates.' These include CO,, CH, CO, O, NO, (NO + NO.),
non-methane hydrocarbons (NMHCs), and particulate matter.
Biomass burning is common and widespread in Africa particu-
larly during the dry, winter period (May-October). It is
estimated that about 40% of global biomass combustion takes
placein Africa, of which about40% involves savanna burning.™

A field campaign, called the Southern African Fire-Atmo-
sphere Research Initiative (SAFARI), was undertaken in 1992 (o
improve our understanding of trace gas emissions on the sub-
continent, particularly from biomass burning. This project
showed that although bush fires are a large source of aerosols
and trace gases (which can contribute to the high ozone levels),
they were not the only source

Another source of trace gases and aerosols is the burning of
wood for energy. Although bush fires have been investigated,
research on the use of domestic fuels is minimal. Each household
fire may be small but collectively they provide a continuous
supply of by products into the atmosphere throughout the year.
Although fossil fuels, hvdropower and nuclear power supply
most of our direct energy needs, the majority of the developing
world’s population relies principally on fuelwood, animal dung
and crop residues for domestic heating. These traditional fuels
are used mainly for cooking and space heating. In view of its
widespread occurrence, particularly in the developing world,
there is growing concern about the impact that biofuel burning
may have on the environment.

Besides emissions from burning, there are also biogenic
sources of hydrocarbons, CO, CO, NO, N,O and aerosols.
Microbial activity in the soil is the main biological source of NO;
soil emissions of NO are equal to or greater than those from
lightning, and much larger than any other biological source. The
global NO budget was estimated by Logan® to be between 25and
99 Tg NO-N yr ' with the microbial activity in soil contributingin
the range of 4-20.2Tg N yr """ These figures as well as flux rates
reported in more recent studies (0.1-13.3 ng NO-N m~ s7)!"**
indicate that the biogenic componentis comparable to the global
NO, emissions from fossil-fuel combustion."* Non-methane
hydrocarbonsare emitted from vegetation, which is estimated to
be the source of 90% of the global NMHC budget, with tropical
savannas producing an estimated 46.4 Tg C yr' as isoprene,
15.6 Tg Cyr' as monoterpenes and 12% as other reactive volatile
organic compounds.” The total global emission rate of biogenic
volatile organic carbons is 1150 Tg C vr™', which is more than 10
times that of the estimated annual glebal anthropogenic
emission rate of 100 Tg C yr'."" Biogenic emissions of CH,
contribute approximately 37% (25% from natural wetlands, 12%
from rice paddies) to the global CH, budgel." Other sources are
termites,” !

oceans, landfills,” sewage, manure™ and rumi-




132

nants.** Furthermore, savannas and grasslands are considered
to be CH, sinks, but the few measured fluxes in such regions
differ by more than an order of magnitude because CH, is
emitted as well as consumed.”™ = The flux of CH, (emission and
consumption) in tropical savannas and grasslands needs to be
more accurately estimated because, owing to the large area
covered, these ecosystems could significantly affect the global
CH, budget.

SAFARI-92 significantly improved our understanding of
emissions from biomass burning in southern Africa. However, it
indicated that our knowledge of trace gas emissions from
sources other than biomass burning needed to be improved.
This article summarizes the results of recent studies on the
emissions of trace gases from biogenic activities and biofuel
burning (burning of wood for domestic purposes) in southern
Africa. We update quantitative estimates of biomass burning
emissions on the subcontinent for the base year 1989, which was
chosen as the base year because of its average weather condi-
tions including rainfall and hence biofuel abundance. Further-
more, this paper compares biofuel and biogenic emissions to
those of biomass burning and discusses the implications these
emissions may have for regional atmospheric chemistry and
climate.

Methods

A variety of laboratory and field techniques, as well as model-
ling exercises, were used to determine the biogenic emissions of
NO, NMHCs and CH, from savannas and the biofuel burning
emissions in the southern African region over the last few years,
These methods have been described elsewhere™ ™ and only a
synthesis of the results are presented here. Additional data
on biogenic emissions of CO and CO, emissions have been
obtained from the literature and are referenced accordingly.

Results and discussion
Emissions from biomass burning

Estimates of biomass burned

To estimate biomass burning emissions we have to know the
tvpes of biomass combusted, burning activity levels or quantities
of material affected, emission factors for the trace species of in-
terest and, in the case of biofuels, efficiencies of the technologies
used to burn the fuel.

The vegetation types of southern Africa, their biomass densi-
ties, burning frequencies and corresponding emission factors
have been relatively well studied.”™ 7 The types of biofuel used in
the region are also well known (they are wood, charcoal, agricul-

12,33,

A Tn many parts of southern
233,40

tural residues and dung)
Africa, up to 90% of households burn wood on open fires.”
Open-fire emission factors for most trace species (CO,, CO,
NO, CH,, NMHCs, organic acids and aerosols) have been
estimated.”*" Recent studies have revealed that for the four most
commonly used biofuels (wood, charcoal, agricultural residues
and dung), emission factors of the various trace species do not
vary significantly in time, geographically or with plant species.”
The most uncertain parameter in estimating the contribution of
biomass burning to atmospheric emissions, relative to other
sources, in southern Africa is the quantity of wood burnt. This is
mainly because, to date, most of the studies conducted have
been localized, and as such have not taken spatial and temporal
variations into account. However, modelling attempts are being
used to rectify this uncertainty.

Biofuels: in this paper parameters derived by Marufu ¢f ul. ™ for
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Zimbabwe are used to calculate annualized biofuel consump-
tion estimates for each of the southern African states, It is
assumed that the dependencies observed in Zimbabwe apply to
neighbouring countries. This is a useful approach to give an
initial estimate for the region. In the case of charcoal and dung,
for which consumption rates have not been measured locally,
we have relied on average rates derived from country studies to
estimate activity levels in user countries.

Estimates of annual consumption by country (Table 1) were
calculated by combining the national consumption rates of
various fuel types with population data from the United Nations
World Urbanization Prospects.” Fractional fuel type contribu-
tions of about 90% wood, 5% agricultural residues, 3% dungand
2% charcoal were assumed.

Bush fires: in this paper, the term bush fire refers to all biomass
burning other than that conducted for purposes of energy
generation. [t includes both naturally occurring and anthropo-
genically initiated fires. Most bush fires start as a result of
anthropogenic activities, with the only natural cause being light-
ning. Data on the amounts of biomass consumed annually by
these fires in southern Africa are scarce and the few that are
available are highly variable. The lack of datais, lo a large extent,
attributable to problems associated with bush fire documenta-
tion. These include fragmented burning patterns due to topo-
graphic and fuel discontinuities, and heterogeneity in fuelloads,
fuel composition and fuel moisture content. Variations in past
and present land-use practices also have important influences
on fuel composition and characteristics."” Furthermore, relative
humidity, fuel moisture content and the ratio of surface area to
volume of the predominant fuel have substantial influence on
the fraction of the available biomass that is consumed during a
burn.

To date, the only detailed studies conducted in the region,
which have taken some of the above factors into account, are
those by Hao ef al.* and Scholes ¢t al.” Using a computational
method, Hao ef ol estimated the amount of biomass burned
annually in Africa south of the equator to be 1200 Tg dry matter
(DM). Their approach involved the classification of the region
into vegetation types and estimation of the mean fuel load and
area burned per type. This approach is considered to be inaccu-
rate asit does nottake into account heterogeneity with respect to
fuel load, fuel composition and fire frequency.” Scholes ef al.”
applied a more comprehensive, modelling, approach in which
the fuel load, fire probability and completeness of burn are

Table 1. Annual bicfuel consumption estimates per country in Africa south of the
equator. The dashes indicate areas where no data are available.

Country Wty S Biofuel consumption (Tg/yr)

‘ Wood Maize residues Charcoal Dung
Angola 3.46 0.52 0.18 0.30
Botswana 0.43 0.06 - 0.07
Lesotho 0.62 0.12 - 0.52
Madagascar 6.04 0.69 0.28 0.40
Malawi 6.35 0.1 0.32 0.30
Mauritius 0.002 0.06 0.001 0.03
Mozambique 10.82 1.88 0,10 0.44
Namibia 1.34 0.07 - 0.04
Reunion 0.02 0.03 - =
South Africa 18.40 1.99 - 1.19
St. Helena 0.002 0.00 0.00 -
Swaziland 0.41 0.02 - 0.01
Tanzania 27.91 0.80 0.56 Q.62
Zaire 28.84 - - -
Zambia 7.78 0.45 111 -
Zimbabwe 9.76 0.45 = 0.31
Total 122.19 7.33 2.55 4.24
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calculated separately. The amount of biomass consumed by
bush fires in Africa south of the equator was calculated to be
177 Tg DM yr ', which is substantially less than that reported by
Hao ¢t al.” The lower estimate was attributed to the fact that, by
using calibrated satellite data, the estimated area burned was
much reduced. Furthermore, their method accounted for
aridity, herbivory and biomass decay, which had the effect of
reducing the estimated fuel load. The estimate does not include
burning associated with land clearing for agriculture and
disposal of agricultural waste.”

Emission estimates

Estimating emissions from biomass burning requires, in part,
knowledge of emission factors for the different trace species
involved. The emission factor is defined as the mass of the
species released per unit mass of fuel combusted. The few
studies that have focused on the estimation of biomass burning
emission factors in Africa have all emphasized the importance of
the combustion phase (flaming/smoldering) on the relative
release of individual trace species. The release of compounds
such as CO. and NO has been widely reported as being highest
during the high temperature, flaming phase of combustion,
while that of products of incomplete combustion (CO, CH,,
NMHCs, and particulate matter) is highest in the low-
temperature, smoldering phase.™*

Biofuel burning: in spatially and temporally extensive studies in
Zimbabwe and Nigeria, Ludwig ef al.” compared integrated
ACO/ACO, (where A means the change in CO or CO,) and
ANO/ACO, emission ratios observed during domestic combus-
tion of different biofuel types at several locations. Despite the
observed spatial variations in firing methods, they concluded
that emission ratios, and hence emission factors of the trace
species emitted from domestic biofuel combustion in Africa, did
not vary significantly in time or space.

In this paper, for wood, maize residues and cattle dung, the
CO,, CO, and NO emission factor estimates of Ludwig ¢t al.”
(based on a Zimbabwe study) were used. Emission factors for
CH,, NMHCs, aerosols and for the making and burning of
charcoal were taken from similar measurements conducted in
West Africa® (Table 2). Biomass burning estimates for each
country were calculated using these emission factors™ (Table 3).
For the base year, 1989, biofuel burning contributed 59.07 Tg,
CO.-C, 6.08 Tg CO-C, 0.118 Tg NO-N, 0.236 Tg CH,-C, 0472 Tg
NMHC-C, 0.945 Tg organic acid (OA)-C, and 1.89 Tg acrosol-C,
to southern African emissions. No emission factor estimates
were available for OA emissions from crop residue and cattle-
dung fuel. The OA emission estimates presented do not there-
fore include the contributions of these fuels.

Bushfires: bushfire emission estimates by country according to
Scholes et al.* are shown in Table 4. Emissions of 87.49 Tg CO.-C,
6.41 TgCO-C,0.38 Ty CH,-C, 049 Tg NO-N, 0.28 Tg N.O-N and
1.083 Tg acrosol-C for the base year 1989 were estimated.

Biogenic emissions

The SAFARI-92 programme highlighted the importance of
biogenic emissions, and results reported in this section were
obtained since 1992, It should be noted that the biogenic fluxes
are not related to the 1989 baseline emissions of the biomass
burning section.

Vegetation and litter emissions

NMHCs are important because of their influence on regional
photochemical oxidant formation and acid deposition. The
oxidation of hydrocarbons can lead to the production of
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compounds such as CO, CO,, hydrogen (H.), PAN, oxygenated
secondary compounds and secondary organic aerosols.” !
Hydrocarbons also affect the regional distribution of ozone as, in
the presence of high levels of NO,, the oxidation of hydrocar-
bons leads to the production of ozone.™ ™

Isoprene and monoterpenes are the main hydrocarbons
emitted by vegetation. Isoprene emissions are influenced by
light intensity, leal temperature and nutrient availability,” "
while monoterpene emissions are affected by leaf temperature,
vapour pressure and relative humidity.”" The high tempera-
tures and radiation fluxes associated with tropical and subtropi-
cal regions make them a potentially large source of biogenic
NMHC emissions, as predicted by global models. ™™

InSouth African savanna landscapes, average emission capaci-
ties vary from 0.6 t0 0.9 mg Cm “h ' forisoprene and from 0.05 to
3mg Cm -~ h ' for monoterpenes.™ Isoprene and monoterpene
emissions show a high seasonal variation, with emissions of less
than5mg Cm “d 'during the winter months (June-September),
increasing to the highest levels (115.8 and 299 mg C m~d ' for
isoprene and monoterpenes, respectively) during mid-summer.
This seasonal patternis strongly dependent on foliar density, but
is also enhanced by the seasonal variation in light intensity and
temperature. Southern African savannas are estimated to emit
between 44.2 and 87.8 Tg C v ' as isoprene and monoterpenes.

Carbon monoxide is an important trace gas species as it affects
the concentration of OH radicals in the atmosphere, and it can
also lead to the production or consumption of tropospheric
ozone. In remote, unpolluted areas natural CO emissions are
estimated to account for more than 50% of total emissions. CO s
emitted from green plants as well as dead vegetation and
litter,” " with wet litter producing more CO than dry.” CO can
be produced photochemically and thermally from plant matter,
the former being the dominant source during the day. Schade
ctal”™ measured emissions from litter in South African savannas
and found emission rates of 0.4 to 1.4 pg CO per gram of dry
weight perday (ug CO dw ' d ') for grass litterand 1.0 10 3.21 ug
COdw "d ' for tree leaf litter, These emission rates are similar to
those measured in West Africa and South America. Emissions of
CO from dead plant material are positively related to light inten-
sity and temperature. Globally, photochemical CO production
from standing dead plant material and litter in grasslands and
deciduous forests is estimated to be 2063 Tg CO yr " Schade
et al™ further estimated that by including other potential CO
sources, 60 Tg CO yr ' is emitted by photochemical degradation
of decaying plants, and a further 40 Ty CO yr ' from the global
topsoil non-woody litter pool. This brings the total global source
of CO to within the range of 50-170 Tg CO yr ',

Soil fluxes

The majority of trace gas exchanges between soils and the
atmosphere are due to microbial activity. Emissions from soils
are controlled by two microbial processes, namely production
and consumplion (or oxidation). Although production and
consumption may occur simultaneously in the soil, the relative
magnitudes of these processes differ under varying environ-
mental conditions." ™7 It is important that we understand the
ctfects of the environment on fluxes, to make extrapolation to
landscape, regional and global scales more accurate.

Nitric oxide emissions from soils are low during the dry, winter
season and increase over the wet, summer months, 77 This is
because soil temperature and moisture are the major controlling
factors, alongside nitrogen fertilization, of NO production and
emission. ™% Otter of al." investigated the effects of soil
temperature and moisture on NO emissions from South African
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Table 2. Average emission factors calculated for combustion of different biotuels in Africa. For wood, maize residues and cattle dung, CO,, CO, and NO
emission factors are based on on-line emission measurements conducted in Zimbabwe,™ while those of CH,, NMHC, and aerosols are from similar
measurements conducted in West Africa.” All emission factors for charcoal-making and combustion are from Brocard and Lacaux.” Emission factors

are given as g C or N per kg of dry fuel.

Moisture correction

Emission factors

Fuel type factor” Cco, co NO CH, NMHC DA" Aerosols
Wood 0.85 450 43 Q.52 1.5 2.5 0.36 5:5
Charcoal making 0.85 120 30 0.02 8 2 0.2 4
Charcoal burning 1 170 25 0.29 0.5 0.1 4] 2
Maize residues 0.95 469 27 1.7 4.49 7.5 - 5
Cattle dung 0.95 439 36 4.41 4.49 7.48 - 5

The moisture correction factor is the ratio of fuel dry weight to fuel moist weight. Moist refers to the state in which the fuel is narmally used, i.e. air dry.

“Organic acids {acetic + formic acids).
Units: g C per kg of dry fuel

savannas under controlled conditions in the laboratory. They
showed that NO production was at its maximum when soil
moisture is near field capacity and that emissions increase
exponentially with temperature. NO emissions show a sharp
pulse after the first rains of the season. Although this pulse is
short lived and does not contribute significantly to the annual
NO budget,"” the period of high concentration coincides with
that of high ozone levels off the coast of west Africa. The NO
pulse after the first rain is therefore suggested to contribute
significantly to the production of ozone during this period.

Soil microorganisms also significantly influence the atmo-
spheric carbon budget. Soil respiration has been estimated to
produce 68 * 4 Pg C yr' globally,” with tropical and subtropical
savannas and grasslands in Africa producing an estimated
04-08 g Cm*d """ Carbon dioxide is taken up during the
process of photosynthesis, therefore there is a net release of CO,
only when respiration exceeds photosynthesis. Soil moisture is a
more important controlling factor of soil CO, fluxes than
temperature.” ™" Thus, as with NO, CO, fluxes are low during
dry, winter months and increase by a factor of 20 during the wet
summer period. Soil CO, fluxes are not significantly influenced
by burning but, after a fire, CO, is released through soil respira-
tion and decomposition of non-living organic matter.

Soils are considered to be a sink of CO. However, the flux data
from savannas are conflicting, with some sites showing net
emission.”** Fluxes range between 0.12 and 12mg COm~“d™".
The flux of CO between the soil and the atmosphere is mostly
dependent on soil temperature, but is also influenced by soil
moisture, soil management and burning.”** Burning increases

these fluxes for a few days, and if there is rain on the burnt site
then fluxes increase even more.”

Savannas are also considered to be an important sink for CH
Patter et al.™ indicated that 40% of the global CH, consumption
occurs in relatively dry, warm ecosystems. Upland soils are
estimated to consume 17-23 Tg CH, yr' globally,” but the
variability in CH, fluxes from savannas has been shown to be
high, with some studies indicating consumption™ ™" and others
production.™ ** Most of these studies were short-term. A
two-year study by Otter and Scholes,” however, showed that
CH, consumption occurs during winter, and emission in
summer. Not much is known about CH, emissions from aerobic
soils, bul it has been suggested to be due to upward diffusion
from natural gas reservoirs,” and termites in the soil™” The
latter was initially thought to be the case in South Africa. Otter
and Scholes,” however, suggest otherwise. In their study
emissions were measured from two areas, one of which had a
large termite population (68% being soil feeders; 32% litter
feeders) and one a relatively small population.”™ Both sites
demonstrated emissions in summer. Scholes and Andreae
reported also that there is no net CH, emission from soil surfaces
of savannas. Further investigations of CH, production in aerobic
soils are required to understand the processes involved.

Soil moisture is an extremely important regulator of CH, fluxes
in the savanna. Emissions occur when soils have a high moisture
content and a low effective diffusivity.™” In very dry soils (<3%
water-filled-pore-space (WEPS) in this study), CH, emission and
consumption are almost zero. An increase in moisture of

between 5 and 20% WEFPS leads to a decline in CH, consump-

Table 3. Biofuel burning emission estimates by country in Africa south of the equator. Organic acid emission estimates do not include

the contribution of cattle dung and crop residues.

Emission estimates

Country CcO, co NO CH, NMHC OA Aerosols
(TgCyr’') (TgCyr’)  (GgNyr) (GgCyr')  (GgCyr') (GgCyr)  (GgCyr))
Angola ) Bl { 0.17 3.68 12.22 14.23 1.16 22.51
Botswana 0.22 0.02 0.58 i 1.85 0.13 2.65
Lesotho 0.51 0.04 2.65 3.52 5.86 0.19 5.94
Madagascar 2.94 0.28 5.58 19.23 22.35 2,02 37.36
Malawi 2.78 0.28 4.37 17.84 18.42 2.14 36.19
Mauritius 0.04 0.00 0.22 041 0.63 0.00 0.44
Maozambique 5.21 0.47 9.70 26.13 40,10 3.37 62.97
Namibia 0.56 0.05 0.89 2.20 3.66 041 6.82
Reunion 0.02 0.00 0.06 0.17 0.28 0.01 0.26
South Atrica 8.42 0.76 16.33 37.01 61.72 5.63 101.12
Seychelles 0.01 0.00 0.02 0.07 0.08 0,00 0.09
Swaziland 017 0.02 0.25 0.64 1.06 0.13 2.05
Tanzania 11.63 1.13 16.57 55.89 73.54 8.88 145,58
Zaire 16.97 2.04 22.34 241.67 138.35 13.39 261.75
Zambia 377 0.42 4.55 39.16 26.52 3.05 54.11
Zimbabwe 4.06 0.38 6.34 15.68 26.14 2.98 49.22
Total 59.08 6.08 65.16 236.30 472.59 945.18 1890.37
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Table 4. Pyrogenic emissions of trace gases per country in Africa south of the equator, Derived from Scholes ef al.” and con-

verted from per compound to per C/N basis.

CO, CO CH4 NO, N.O
Country (TgCyr") (TgCyr') (TgCyr') (TgNyr") (GgNyr')
Angola 17.15 0.958 0.051 0.075 43.52
Botswana 3.56 0.187 0.010 0.014 4.99
Burundi 0.92 0.075 0.005 0.006 4.93
Lesotho 0.1 0.005 0.000 0.001 0.26
Malawi 1.92 0.107 0.005 0.008 7.49
Mozambique 6.91 0.445 0.025 0.034 25.79
Namibia 1.19 0.059 0.003 0.005 0.19
Rwanda 0.27 0.039 0.003 0.003 0.77
South Africa 3.08 0.193 0.011 0.015 3an
Swaziland 0.03 0.000 0.000 0.000 0.00
Tanzania 11.07 0.698 0.038 0.054 31.68
Zambia 14.47 1.076 0.063 0.082 4717
Zimbabwe 1.94 0.114 0.006 0.009 4.29
Others (partly included) 24.87 2.457 0.155 0.187 109.82
Total 87.49 6413 0.375 0.493 284.61

tion.” ™ In the South African savanna, CH, emissions occurred

in the fluxes from a floodplain in Australia, with higher emis-

as the soil moisture increased above 20% WEPS.

The period (during a year) in which consumption occurs is
longer than that for emissions, therefore the savannas on an
annual basis are a weak CH, sink, consuming 0.04 g CH, m “ yr .
Savannas in Africa south of the equator are estimated to con-
sume 0.23 Tg CH, yr', which is much less than was previously
estimated.”

Fluxes from floodplains and water surfaces

The highly seasonal rainfall in savannas and surrounding
areas can lead to spatial and temporal changes in soil moisture
and inundation. These changes all have important implications
for CH, fluxes in a region. There are a number of small wetlands
and flood p[aina in South Africa, but the more northern countries
of southern Africa have a much larger percentage of their land
surface covered by floodplains, marshes, pans and dambos
(seasonally inundated shallow depressions). Natural wetlands
contribute up to 25% to the global CH, budget.”

Water-table depth is one of the main factors influencing CH,
emissions in wetlands, As water levels rise to the soil surface,
CH, consumption declines and when the water level rises above
the soil surface emissions occur. '™ Methane emissions are
highest from regions where the water table is between 0.1 m
below the soil surface to 0.4 m above,™"" ™ Regions of open
water with a depth greater than 0.4 m have positive but very low
flux rates. This is probably due to the consumption of CH, in the
aerobic layers, the greater diffusive resistance and less mixing of
the strata in the deep waters. CH, fluxes from the dry floodplain
are minimal and do not differ significantly from the upland
savanna fluxes.

CH, fluxes from a floodplain in South Africa after flooding
were high with a mean of 465.6 mg CH, m“d "." These high flux
rates could be due to the mineralization of the large organic
matter layer which had accumulated over an extended dry
period. The seasonal mean fluxes vary between 0.48 and
465.6 mg CH, m* d"', which are higher than those reported for
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flooded regions in other countries, but were in the range
found for an Australian floodplain."” Comparison is, however,
difficult owing to differences in the water depth and tempera-
ture. The fluxes from flooded regions showed a strong seasonal
pattern with high emission rates being observed during the fol-
lowing summer. This is because of the exponential relationship
between CH, emission from the flooded areas and the sediment
temperature. Boon et al."” also found a strong seasonal variation

sions in summer. Itis, however, difficult to establish dependen-
cies as high temperatures and precipitation occurred at the same
time of the vear. These results indicate that the presence of water
and temperature is more important for CH, emissions than the
actual flood event.

Estimating the amount of CH, from floodplains in southern
Africa is difficult, not only because of the large number of
variables involved, but also because the extent of floodplains in
the subcontinent is not well known. It is estimated (using infor-
mation from Cowan and van Riet"" and Hughes and Hughes'")
that southern African floodplains can produce between (.3 and
10 Tg CH, yr'. Other wetland types, such as pans, swamps and
marshes, could produce an additional 4 to 5 Tg CH, yr ' It should
be noted that these values are underestimates as they do not
include CH, transported through the vegetation,

Comparison of biogenic, biomass, biofuel and
anthropogenic emissions and their effect on regional
atmospheric chemistry

The biogenic emission estimates for NO and NMHCs in
southern African savannas given in this paper are within the
range of previous calculations.™” The recent CH, flux results of
Otter and Scholes™ indicate that savannas are a smaller sink than
previously suggested by Seiler ef al.™ This is mainly because of
the production of CH, in the savanna during the wet season.
Otter and Scholes™ have produced the only CH, emission
estimales for floodplains and wetlands in southern Africa. This
study shows that wetland svstems can contribute significantly to
CH, budgetsin the region. The small uptake of CH, by savannas
and the additional sources of methane from floodplains and
wetlands, as well as termites and ruminants, indicates that the
sources of CH, are much greater than the sinks. This hasimplica-
tions not only for regional carbon budgets but also global
budgets.

Southern Africa experiences highly seasonal rainfall and has
the potential to produce a large pulse of NO during September/
October. It was suggested that NO emissions may combine with
high NMHC emissions from vegetation to produce the peak in
the tropospheric ozone seen off the coast of Africa during
spring."’ Non-methane hydrocarbon emissions from southern
Africa are, however, not very high in spring, due to the low leaf
mass density at this time of the vear. It is suggested that the
spring-time ozone high results from a combination of biomass
burning (at the end of the dry season) and biogenic emissions
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Table 5. Comparison of trace gas emissions (Tg yr') from biogenic, pyrogenic, biofuel burning and industrial
sources in southern Africa. The dashes indicate that there are no known emissions at present, whereas the
question marks indicate areas where there are possible emissions but insufficient data for scaling up to the

regional level.

Trace gas Biogenic Savanna burning’ Biofuel burning' Industnal
CH, soils -0.23 - NA NA
CH, wetlands 0.2-10 NA NA NA
CH, vegetation = 0.38 0.24 NA
CH, animals 0.32 NA NA NA
CH, industry NA’ NA NA 2.59
NMHC 44.2-87.8 0.55 047 0.61
NO, 1.0 0.49 0.12 1.75
N.O ? 0.28 - ?

CO industry NA NA NA 5.6
CO sail ? = NA NA
CO vegelalion 0.5-7 6.04 6.1 NA
CO, ? 87.5 5941 360.0

‘From Table 4.
“From Table 3

CH, 1s not actually emitted by vegetation butis transported from river sediments to the atmosphera via wetland vegetation. Thereis
very littie infarmation on this for southern African wetland vegetation and often this value is incorporated into wetland emissions.

‘NA, not applicable

(beginning of the rainy season). Biomass burning can produce
large amounts of hydrocarbons and these could combine with
the pulse of NO from soils after the first rain to produce ozone.

Comparison of biogenic fluxes with those from biomass burn-
ing indicates the extreme importance of biogenic fluxes within
the southern African region. Biogenic NO emissions from south-
ern African savannas are equal to the amount of NO generated
by biomass burning but are slightly less than that from industry
(Table 5). Hydrocarbon emissions from industry and fires are
significantly less than those from vegetation. The CH, generated
by animals is greater than the soil sink, leading toaslightnet CH,
production in a year. The net CH, is still less than that produced
by pyrogenic or industrial emissions. If, however, wetlands
fluxes are included in the CH, budget, then the biogenic
emissions far exceed those from biomass burning and industry,
making biogenic fluxes the most important factor contributing
to the southern African CH, budget. Uncertainty about wetland
areas, flooding period and vegetation emissions of CH, in the
subcontinentall contribute towards a large variation in emission
estimates for wetlands. Considering the effect that wetland
emissions may have on regional CH, budgets, it is critical that
these emission estimates are improved in the future.

Itis also apparent from this summary that the data for biomass
and biofuel emissions are more extensive than those of the
biogenic component estimated for each country. Future research
should therefore focus on trying to model and estimate the
biogenic emissions for the various countries in southern Africa,
so that better comparisons can be made.

Future climatic changes will also have important consequence
for biogenic emissions from savannas. Global warming will
generally lead to an increase in emissions. On the other hand,
high temperatures may lead to an increase in evapotrans-
piration, which may result in a reduction in soil moisture and
thus in NO emissions. Conversely, elevated CO, could cause a
reduction in evapotranspiration and increasd water use effi-
ciency in plants, so that water may not be the limiting factor for
vegetation emissions. Rainfall and moisture could affect the
annual NMHC emissions through an alteration in the length of
the warm, wet season. Most of the savanna vegetation has leaves
only during the wet season; a shorter wet season would there-
fore mean a lower leaf biomass each year. This translates into a
reduction in annual NMHC emissions, as hydrocarbons are
produced and emitted via the leaves. An alteration in vegetation
distribution and composition may occur due to such climatic

changes and this will affect NMHC emission patterns. Vegeta-
tion distribution and soil characteristics are not only altered by
climate but also by a change in land use.

Savannas support most of the human population of Africa and
population growth in these areas is rapid. As a result, extensive
changes in land use are happening. Itis desirable that we know
what the biogenic emissions are in a natural landscape before
novel land use practices, such as slash and burn agriculture, are
introduced. In this way the effect of new uses of land on emis-
sions can be anticipated. Understanding the relationship be-
tween biogenic emissions and their environmental controlling
factors, as well as the effects that fires have and what trace gases
they produce, can aid scientists in predicting the possible effects
of climate and land-use change on future emissions.

In conclusion, the results discussed in this review add to our
understanding of pyrogenic emissions and significantly im-
prove the biogenic emission estimates for the region. Summary
results such as in Table 5 are important for: comparing emissions
from the various sources within the region; giving focus to
future research and contributing to country studies. More
importantly, the information contained in these tables can be
used to inform policy makers of the present situation and which
industrial emissions far exceed natural levels. This could lead to
the development of policy and mitigation strategies within the
region for specific trace gases. These summary tables are very
seldom, if ever, reported and future research should aim at
developing and producing such syntheses at the regional scale.
This would, in turn, contribute to the improvement of global
budget estimates.
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