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Abstract. This paper, developed under the framework of the

RECCAP initiative, aims at providing improved estimates of

the carbon and GHG (CO2, CH4 and N2O) balance of con-

tinental Africa. The various components and processes of

the African carbon and GHG budget are considered, exist-

ing data reviewed, and new data from different methodolo-

gies (inventories, ecosystem flux measurements, models, and

atmospheric inversions) presented. Uncertainties are quanti-

fied and current gaps and weaknesses in knowledge and mon-

itoring systems described in order to guide future require-

ments. The majority of results agree that Africa is a small

sink of carbon on an annual scale, with an average value of
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−0.61 ± 0.58 Pg C yr−1. Nevertheless, the emissions of CH4

and N2O may turn Africa into a net source of radiative forc-

ing in CO2 equivalent terms. At sub-regional level, there is

significant spatial variability in both sources and sinks, due

to the diversity of biomes represented and differences in the

degree of anthropic impacts. Southern Africa is the main

source region; while central Africa, with its evergreen tropi-

cal forests, is the main sink. Emissions from land-use change

in Africa are significant (around 0.32 ± 0.05 Pg C yr−1), even

higher than the fossil fuel emissions: this is a unique feature

among all the continents. There could be significant carbon

losses from forest land even without deforestation, resulting

from the impact of selective logging. Fires play a significant

role in the African carbon cycle, with 1.03 ± 0.22 Pg C yr−1

of carbon emissions, and 90 % originating in savannas and

dry woodlands. A large portion of the wild fire emissions are

compensated by CO2 uptake during the growing season, but

an uncertain fraction of the emission from wood harvested

for domestic use is not. Most of these fluxes have large in-

terannual variability, on the order of ±0.5 Pg C yr−1 in stan-

dard deviation, accounting for around 25 % of the year-to-

year variation in the global carbon budget.

Despite the high uncertainty, the estimates provided in this

paper show the important role that Africa plays in the global

carbon cycle, both in terms of absolute contribution, and as a

key source of interannual variability.

1 Introduction

Africa has the highest annual population growth rate in the

world, at 2.3 % in 2008 (UN, 2010). The population of Africa

exceeded one billion inhabitants in 2009 (UN, 2011). At

the same time, Africa has the lowest GDP of any continent

and its economies rely mostly on natural resources, espe-

cially small-scale agriculture. In fact, 64 % of people in sub-

Saharan Africa (SSA) are employed in the rural sector and

an estimated 90 % of the continent’s population depends on

rain-fed crop production and pastoralism to meet its basic

food supplies (IFAD, 2001; Patt and Winkler, 2007; UN-

STAT, 2010). Population growth scenarios coupled with fac-

tors like increasing energy demand, intensive exploitation of

natural resources for food and wood products, and associated

land-use emissions make the African regional carbon budget

and the processes driving GHG emission and uptake a par-

ticularly urgent topic for investigation.

Independent estimates of the African contribution to the

global carbon cycle have recently been availed (Williams

et al., 2007; Bombelli et al., 2009; Ciais et al., 2011).

These studies combined various sources of data and vari-

ous methodologies, from bottom-up ecosystem inventories

to land fluxes, biogeochemical models, and atmospheric in-

versions. The results indicate a net biospheric sink of carbon.

Nevertheless, there is still quite a significant range across the

different estimates, from a near zero value to a net sink of

1.0 Pg C yr−1, with high uncertainties associated1.

The results presented in this paper are based on the most

recent and comprehensive data sets, derived both from ob-

servational and modeling efforts; developed and/or made

available under the framework of the Regional Carbon

Cycle Assessment and Processes (RECCAP, http://www.

globalcarbonproject.org/reccap) initiative of the Global Car-

bon Project (GCP) (Canadell et al., 2011). This provided

an improved estimate of the carbon balance of continental

Africa, along with balances for non-CO2 greenhouse gases

through the integration of data from different sources and

methodologies with related quantification of the uncertain-

ties. In particular, a comprehensive review of available in-

formation together with newly produced data, from in situ,

space-based and data assimilation systems, was conducted.

Current gaps and weaknesses in knowledge and in the mon-

itoring systems are also considered in order to provide indi-

cations on the future requirements. In particular, this paper

will try (1) to disentangle various components and processes

of the carbon budget and the potentials of today’s method-

ologies to address them and (2) to extend the scope of pre-

vious studies by including a more comprehensive analysis of

other greenhouse gases, specifically methane (CH4) and ni-

trous oxide (N2O).

2 Africa’s GHG emissions and removals as reported to

UNFCCC

We have estimated the greenhouse gases (GHG) emissions

on the basis of the national communication to the United

Nations Framework Convention on Climate Change (UN-

FCCC) updated in December 20112. The results reveal a pro-

file of emissions from the African continent that is remark-

ably different to that of other regions of the world. Firstly,

the contribution of fossil fuel emissions is low (less than

4 % of total global CO2 emissions; Canadell et al., 2009a)

but increasing rapidly. In terms of per capita emissions from

1“C” indicates carbon from CO2 only; when CH4 and/or other

non CO2 GHG are included CO2-eq is used.
2Data were processed from the latest (updated to Decem-

ber 2011) African countries national communication to the

UNFCCC (http://unfccc.int/national_reports/non-annex_i_natcom/

items/2979.php). Emission sources analysis has been developed

considering the following sectors: anthropogenic emissions (re-

grouping emissions from the energy, industry and waste sectors);

agriculture emissions; land-use change and forestry (LUCF) emis-

sions; and removals (mainly by forests). The emissions rates in-

clude, when available, CO2, CH4 and N2O; all the values were con-

verted to CO2 equivalent (CO2-eq) based on Global Warming Po-

tential reported in IPCC (2007). The countries Libya, Mayotte, Re-

union, Seychelles, Somalia, Zambia, Guinea Bissau, Liberia, Cen-

tral African Republic and Equatorial Guinea were not considered in

this analysis due to the lack or the inconsistency of the data reported

in their National Communication.
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fossil fuel-based energy consumption, southern Africa, led

by South Africa, has the highest per capita emission rate,

at 8.5 Mg CO2-eq person−1 yr−1 (i.e. 4 to 20 times the per

capita emissions of other African regions).

The inventory data suggests that fossil fuel-based emis-

sions from Africa are almost equal to the emissions from

land-use change and forestry (LUCF), the latter including de-

forestation. Agriculture also plays an important role, amount-

ing to 26 % of total emissions (including N2O and CH4). It is

important to underscore that LUCF emissions are more than

one third (35 %) of total emissions in Africa, a share signif-

icantly higher than the 9 % at the global level (GCP, 2011).

These emissions are partially counterbalanced by removals

from the atmosphere of about 2.24 Pg CO2-eq, mainly due to

the forest sector of tropical Africa, resulting in a net source of

0.95 Pg CO2-eq. Comparing these data for the year 2011 with

the study of Bombelli et al. (2009), there is clear evidence of

an increasing trend in both fossil fuel and agricultural emis-

sions. LUCF sector shows a decrease of about 0.38 Pg CO2-

eq compared with the 1994 reference year. This, combined

with the simultaneous reduction in removals caused by a de-

creasing sink, results in increased emissions from 0.36 to

0.95 Pg CO2-eq (Table 1) compared to the 1994 reference

year.

A sub-regional analysis (regrouping African countries into

the five geographical sub-regions defined by the United

Nations Statistics Division: western Africa, eastern Africa,

northern Africa, central Africa, and southern Africa) shows

that central Africa plays a key role as carbon sink, but at

the same time, contributes the greatest emissions from the

LUCF sector. This could be a sign of an increasing threat

to local forest resources. Southern Africa (mainly due to

South Africa), followed by North Africa, contribute more

than other regions to the African fossil fuel emissions – with

southern and North Africa being responsible for almost the

total emissions. In the western and eastern Africa, agricul-

tural and LUCF emissions dominate.

Therefore, according to national reports to the UNFCCC;

and considering CO2 equivalents, Africa is a net source of

0.95 Pg CO2-eq per year, when focusing only on the car-

bon contribution of LUCF; and with the removals by forests,

the net carbon budget of the African continent is a sink of

−0.31 Pg C yr−1, which is a small carbon sink on a whole

continent on a year basis. However it must be noted that this

estimate is the result of the difference between two large and

uncertain numbers.

3 The African carbon budget and its components

Despite the availability of carbon budget estimates overall,

there are many individual processes that are relevant for un-

derstanding the global carbon cycle. Indeed, 17 % of global

carbon emissions from land-use changes, more than a half

of the global gross fire emissions, and about half of the in-

terannual variability of the global carbon balance have been

attributed to Africa (Williams et al., 2008; Canadell et al.,

2009b; van der Werf et al., 2010). About 1/3 of the tropi-

cal biomass carbon sink (16 % of the total terrestrial carbon

sink) over the period 2000 to 2005 is thought to result from

the African tropical forests (Lewis et al., 2009; Malhi, 2010).

However, these estimates carry large uncertainties, particu-

larly regarding the role of Africa as carbon source or sink; the

role of forest degradation and deforestation; and the interan-

nual variability of the carbon fluxes. A complete and accurate

greenhouse gas account for Africa (based on independent

observed and modelled data instead of the self-estimations

made by countries) is not yet available. In the subsequent

sections we disentangle various processes and their contribu-

tion to the African GHG budget.

3.1 Africa land cover: estimates and differences

between various studies

Estimation of land cover area and its change is critical for

deriving bottom-up estimates from models, inventories and

field data. This is particularly true when the land cover area

is used to scale biomass estimates or fluxes of greenhouse

gases from the local to the continental level. For this reason,

we hereby try to quantify this source of uncertainty by com-

paring different land cover maps for Africa.

Several attempts have been made during the past few years

to standardize land cover maps globally using a common ref-

erence classification system known as the FAO/UNEP Land

Cover Classification System – LCCS3. Despite the com-

mon classification approach it remains difficult to compare

different land cover products. We considered three widely

used global land cover products (GCL2000,4 and GlobCover

2006 and 2009,5and tried to regroup the large number of

classes into a smaller number: croplands, forests, shrub-

lands/grasslands (including savannas), flooded vegetation,

bare soil, water bodies, and others. The accuracy level ranges

from 67.1 % to 70.7 %, depending on the different land cover

products; details on the methodology to assess the accuracy

are given in the land cover Products Description and Vali-

dation Reports6. However, there are still remarkable differ-

ences in the areas reported, particularly for forests (Table 2).

Forested area is reported for Africa to be between 638.2 and

836.8 Mha – the range of variation is about 27 % of the me-

dian value. According to FAO (FRA, 2010), deforestation in

the 2000–2010 period is estimated to be about 3.4 Mha yr−1.

Thus, deforestation cannot by itself explain such big differ-

ences. As a consequence of the unexplained differences in

3http://www.glcn.org/ont_2_en.jsp)
4http://bioval.jrc.ec.europa.eu/products/glc2000/glc2000.php
5http://due.esrin.esa.int/globcover
6http://dup.esrin.esa.int/files/p68/GLOBCOVER_Products_

Description_Validation_Report_I2.1.pdf, and http://due.esrin.esa.

int/globcover/LandCover2009/GLOBCOVER2009_Validation_

Report_2.2.pdf
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Table 1. GHGs emission sources for five different African Regions.

Emission sources (Pg CO2-eq)

Regions1 Anthropogenic Per capita2 Agriculture LUCF Total Removals Net

fossil fuel emissions emissions emissions

emissions (MgCO2-eq)

North Africa 0.344 2.1 0.120 0.051 0.514 0.038 0.476

Eastern Africa 0.157 0.8 0.279 0.209 0.645 0.426 0.219

Western Africa 0.289 1.3 0.307 0.386 0.981 0.513 0.469

Central Africa 0.029 0. 4 0.067 0.459 0.555 1.181 −0.626

Southern Africa 0.432 8.5 0.055 0.011 0.497 0.081 0.417

Total 1.250 0.828 1.115 3.193 2.238 0.954

Total by Bombelli et al. 0.938 0.465 1.495 2.860 2.505 0.359

1 According to the United Nations geographical sub-regions for Africa, from the United Nations Statistics Division:

http://unstats.un.org/unsd/methods/m49/m49regin.htm#africa. 2 Per capita values are estimated on the base of UN World population prospect, the 2010 revision

(2011).

Table 2. Different estimates of land cover in Africa across various products derived by space observation (GlobCover) and inventories (FAO).

GlobCover2009 GlobCover2006 GLC2000 FAO FRA Range

(Mha) (Mha) (Mha) (Mha) (% of

median)

Croplands

(including mosaics of

grasslands and forests)

468.7 499.3 477.3 6.4

Forests

(including mosaics of

forests and woodlands)

740.6 836.8 638.2 674.4 26.8

Shrublands/grasslands

(including savannas

and sparse vegetation)

638.9 769.0 880.9 14.8

Flooded vegetation 43.8 52.0 3.4 110.7

Bare soil 991.5 1061.1 1047.1 6.6

Water bodies 28.2 28.9 28.3 2.4

Others 3.0 3.4 5.9 85.2

Total 2914.7 3250.4 3081.0 10.9

the forest areas, these land cover products cannot be used for

deriving deforestation rates by simple differencing. A possi-

ble source of inconsistency between the different land cover

products is the fact that they were not produced in the same

reference year. Other possible reasons include the fact that

the differences of the definitions within a land cover class

(e.g. forests can include open forest, closed forest, sparse

forest, woodlands, savannas, etc.), the different land cover

classes used by the different products, and the presence of

mixed classes (i.e. mosaics of forests, savannas, croplands,

etc.) without the proportions of the different components.

Such uncertainty in area estimation of land cover classes

can create large biases in estimating net fluxes and/or

biomass changes, particularly in forests. In the other cate-

gories, the variation in estimated areas is more limited. For

croplands the range is 6.4 % of the median, and for shrub-

lands/grasslands it is 14.8 %.

3.2 Biomass estimation

Considering that around 16 to 17 % of the world tropical

forested area occurs in Africa (FAO, 2006), it is surpris-

ing how few carbon stocks estimations at the continental

level have been published. Brown and Gaston (1995) pro-

duced one of the first estimates using forest inventory data

combined with land-use modeling. Others based their anal-

ysis on remote sensing data and field-derived ground truth

(Baccini et al., 2008, 2012; Saatchi et al., 2011). Lewis et

al. (2009) analysed a network of research plots across Africa

Biogeosciences, 11, 381–407, 2014 www.biogeosciences.net/11/381/2014/
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to estimate long-term changes in carbon stocks. At local

level, aboveground biomass has been assessed in a number

of specific forest sites (i.e. Henry, 2010; Glenday, 2008; Ma-

niatis et al., 2011; Mitchard et al., 2011; Alam et al., 2013).

Biomass data for African forests remains insufficient for

accurate estimation and comparison to other world regions

(Ciais et al., 2011). The same is true for other important land

cover classes in Africa, such as savannas, shrublands, crops

and wetlands.

In order to identify and visualize the pattern of above-

ground biomass distribution, we integrated the land cover

map of the European Space Agency (ESA), GlobCover 2009

product (Globcover Land Cover v2.3, 2009), and the map

of aboveground biomass developed by the Woods Hole Re-

search Center (WHRC) (Baccini et al., 2008). Integration im-

plied the resampling of data to higher available resolution

and the calculation of biomass statistical values for each land

cover class. Both the biomass and land cover map were based

on remote sensed and field data collected in the period be-

tween 2000 and 2009 and are among the most recent pub-

lic domain products. All GIS analyses were conducted with

data in sinusoidal projection, which is the original projection

adopted in the WHRC biomass map. The WHRC biomass

map is a 1 km raster data set expressed as Mg of biomass

per hectare, saturating at 356 Mg ha−1. The GlobCover 2009

map is a 300 m raster data set (which spatial resolution was

degraded to 1 km to match the WHRC map), developed ac-

cording to the LCCS. It classifies vegetation using a pure

physiognomic-structural method and is thus well suited for

above ground biomass analysis. Forests in LCCS are by def-

inition composed of trees with height > 5 m and a crown

cover > 10 %.

The different GlobCover 2009 land cover classes consid-

ered in this study are shown in Table 3, together with the

associated biomass values, their statistics and extent. After

excluding the cells with zero biomass (assumed to be non-

vegetated areas). The land cover classes were further aggre-

gated as follows:

– Croplands (including mosaics of grasslands and

forests): classes 20 and 30.

– Forests (including mosaics of forests and woodland):

classes 40, 50, 60, 70, 90, 100.

– Shrublands and grasslands (including savannas):

classes 110, 120, 130, 140, 150.

– Flooded vegetation: classes 160, 170, 180.

For these aggregations, basic biomass statistics (Table 4)

and histograms (Fig. 1) were computed to evaluate distribu-

tion patterns.

The croplands aggregation is characterized by medium–

low biomass values, with areas having higher biomass occu-

pying about 20 % of the extent. The higher biomass cells are

found in compact clusters inside a highly human-influenced

Fig. 1. Histograms of biomass for different land cover aggregated

classes (see Table 4).

mosaic: they mostly belong to class 30 (Table 3), which also

includes forest patches. These areas have a role in C stocks

changes and can be prioritized for forest recovery activities.

The forests aggregation is characterized by broad geograph-

ical distribution. The histogram (Fig. 1) has two peaks in a

nearly bimodal distribution corresponding to two distinct ar-

eas of low and high biomass ranges. In this aggregation, cells

belonging to class 40 (lowland tropical rainforest, Table 3)

account for most of the areas of higher biomass. Their spa-

tial distribution can be resumed in two large intact blocks in

eastern and western central Africa; a smaller area in West

Africa at the Liberia–Sierra Leone border; a smaller fraction

with lower biomass around the above blocks and close to the

coast, in highly anthropic areas. The shrublands/grasslands

aggregation has the lowest biomass values and corresponds

mainly to drier environments. The flooded vegetation aggre-

gation includes areas of very high biomass, but its extent is

relatively small. It occurs in clusters in the western Demo-

cratic Republic of Congo and Congo Republic. This block

deserves to be prioritized for conservation activities.

We recognize that the used maps have some limitations.

For instance, the GlobCover 2009 map has a lower accuracy

in the flooded areas class (see the GlobCover 2009 validation

report)7, while the WHRC biomass map has been built with

limited ground truth, coming only from three countries (Re-

public of Congo, Cameroon and Uganda) and collected at a

distance of years from remote sensing data (Baccini et al.,

2008). Furthermore, they do not cover non-tropical Africa.

Nonetheless, despite these limitations, they are the freely ac-

cessible and most updated products available so far.

7http://due.esrin.esa.int/globcover/LandCover2009/

GLOBCOVER2009_Validation_Report_2.2.pdf
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Table 3. Biomass statistics and extent according to GlobCover 2009 land cover classes.

Globcover LCCS Mean Standard Coefficient Area

class class biomass deviation of extent

name definition (Mg ha−1) (Mg ha−1) variation (km2)

20 Mosaic cropland (50–70 %)/vegetation (grassland/shrubland/forest)

(20–50 %)

2.25 12.78 5.58 1 193 039

30 Mosaic vegetation (grassland/shrubland/forest) (50–70 %)/cropland

(20–50 %)

39.92 71.02 1.77 2 449 681

40 Closed to open (> 15 %) broadleaved evergreen and/or

semi-deciduous forest (> 5 m)

200.43 95.54 0.47 1 879 612

50 Closed (> 40 %) broadleaved deciduous forest (> 5 m) 79.21 68.61 0.86 1 166 758

60 Open (15–40 %) broadleaved deciduous forest/woodland (> 5 m) 35.83 43.25 1.20 2 434 440

70 Closed (> 40 %) needle-leaved evergreen forest (> 5 m) 19.87 47.45 2.38 251

90 Open (15–40 %) needle-leaved deciduous or evergreen forest

(> 5 m)

71.96 70.09 0.97 34 894

100 Closed to open (> 15 %) mixed broadleaved and needleaved forest 8.14 25.61 3.14 662

110 Mosaic forest or shrubland (50–70 %) and grassland (20–50 %) 3.08 13.72 4.45 1 363 470

120 Mosaic grassland (50–70 %) and forest or shrubland (20–50 %) 21.82 35.82 1.64 344 184

130 Closed to open (> 15 %) (broadleaved or needleleaved, evergreen

or deciduous) shrubland (< 5 m)

15.58 32.60 2.09 2 186 892

140 Closed to open (> 15 %) herbaceous vegetation (grassland,

savannas or lichens/mosses)

0.89 9.08 10.2 1 857 738

150 Sparse (< 15 %) vegetation 0.02 1.28 64 476 781

160 Closed (> 40 %) broadleaved forest regularly flooded, fresh water 192.70 101.09 0.52 363 910

170 Closed (> 40 %) broadleaved semi-deciduous and/or evergreen

forest regularly flooded, saline water

25.74 56.22 2.18 19 140

180 Closed to open (> 15 %) grassland or shrubland or woody

vegetation on regularly flooded or waterlogged soil, fresh, brackish

or saline water

22.91 37.41 1.63 88 089

Table 4. Biomass values and extent according to aggregated GlobCover 2009 land cover classes.

Aggregated Mean Median Standard 5 % 95 % Range Area

classes biomass biomass deviation percentile percentile extent

(Mgha−1) (Mgha−1) (Mgha−1) (km2)

Croplands 87.95 60 81.68 11 270 9–344 1 142 574

Forests 123.4 84 99.17 13 292 9–356 4 529 221

Shrublands/grasslands 41.42 29 40.92 9 109 9–344 1 146 337

(including savannas)

Flooded vegetation 183.79 233 102.15 17 300 9–356 395 203

According to this analysis (Table 4), by multiplying the

area extent of each class by its mean, it has been possi-

ble to estimate a total tropical African aboveground ground

biomass of 77.9 Pg C, with different coefficients of variation

according to the different land cover classes considered (Ta-

ble 3). Considering that each data set is possibly affected by

a 9 to 15 % (min–max) representation error for each class,

the cumulated error associated with the overall estimate of

biomass in tropical Africa is of the order of 19 to 27 % per

class, which represents the minimum and maximum range of

error that classes can have.

3.3 Atmospheric inversions

Inversions used in this study are Bayesian synthesis inver-

sions where a prior set of surface fluxes is modified to match

atmospheric CO2 observations, given a numerical model of

atmospheric transport and a statistical description of the un-

certainties of both the prior fluxes and the observations.

Over Africa, inversions are poorly constrained by measure-

ments from the atmospheric surface CO2 network. The main

stations of the atmospheric surface network are located in

South Africa (station CPT), Namibia (station NMB), Alge-

ria (station ASK), Ivory Coast (station LTO) and in two is-

lands downwind of the continent (stations IZO, in the Canary
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Islands, and ASC, in Ascencion Island). Furthermore, the im-

portance of vertical mixing by convection during the wet sea-

son associated with the seasonal displacement of the ITCZ

over Africa makes the simulation of CO2 transport particu-

larly challenging, and reduces the influence of surface fluxes

on atmospheric surface station CO2 variations in atmospheric

transport model. As a consequence, inverted fluxes over

Africa are subjected to large uncertainties and often reflect

the prior fluxes used in the Bayesian inversion.

Early inversion estimates (from 5 inversions correspond-

ing to the late 1990s period) compiled by Williams et

al. (2007) suggested that Africa is close to CO2 neutral. This

would imply that land-use CO2 emissions (0.3 Pg C yr−1 in

Friedlingstein et al., 2010) and fossil fuel CO2 emissions

(0.26 Pg C yr−1 in Canadell et al., 2009a) are approximately

in balance with a residual CO2 uptake by ecosystem pro-

cesses not counted in the land-use CO2 emissions. The Net

CO2 flux estimates over Africa given by inversions pub-

lished in the late 1990s and early 2000s are 0.1 Pg C yr−1

during 1985–1995 (Bousquet et al., 1999), −0.4 Pg C yr−1

and 0.25 Pg C yr−1 from the average of 13 inversions of

the TRANSCOM project during 1992–1996, in Gurney et

al. (2002) (based on annual mean CO2 gradients) and in Gur-

ney et al. (2003) (based on monthly mean CO2 gradients),

respectively. Positive numbers denote net sources of CO2 to

the atmosphere.

For this study, we specifically gathered the results

from five more recent inversions with fluxes “solved”

at the transport model spatial resolution (except for

one, CTE20088). These inversions are described in Ta-

ble 5. Note that, two of them correspond to a variant

of the same system using different observation networks

(JENA_s96 and JENA_s99). Over Africa, inversion esti-

mates of the CO2 natural flux are 0.1 Pg C yr−1 during

1996–2008 for JENA_s96; −0.26 Pg C yr−1 during 1999–

2008 for JENA_s99; 0.21 Pg C yr−1 during 2000–2007 for

CTE2008; 0.32 Pg C yr−1 during 1996–2004 for LSCE_ana;

and −0.08 Pg C yr−1 during 1988–2008 for LSCE_var. The

inversion fluxes (including fossil fuel emissions) aggregated

over Africa are showed in Fig. 2. The longest inversion

(LSCE_var) over the period 1988–2008 gives a mean CO2

flux of 0.24 ± 0.8 Pg C yr−1 over northern Africa and a sink

of −0.15 ± 0.9 Pg C yr−1 over southern Africa (the uncer-

tainty representing 1 sigma for a single year).

Despite the large uncertainty associated with the mean

continental scale natural CO2 flux, the results from the five

inversions displayed in Fig. 2 show coherent interannual vari-

ations of CO2 fluxes, though with different amplitudes. A

strong source anomaly (positive land–atmosphere CO2 flux)

during 1997–1998 associated with the positive-phase ENSO

(El Niño–Southern Oscillation) condition is obtained for two

systems, while during 2001–2002, most systems also pro-

8http://www.carboscope.eu/ (last access: 2 May 2011)

Fig. 2. Year to year variations in the net CO2 flux of Africa seen by

five recent inversions. The CO2 flux includes land-use CO2 emis-

sions and other ecosystem CO2 fluxes, and fossil CO2 emissions as

well (http://www.carboscope.eu/).

vide a slightly positive flux without any significant phase of

ENSO.

Figure 3a shows the geographic distribution of the mean

land–atmosphere CO2 flux from these inversions, while

Fig. 3b shows the spread of the five inversions, defined from

the estimator of the standard deviation. Note that the esti-

mated spatial distribution is highly controlled by the a priori

flux distribution, the location of imposed biomass burning

(except for the two JENA systems), and the flux error correla-

tion length used by the LSCE and JENA systems. Inversions

appear to be consistent in placing a large uptake over central

African forests (−60 g C m−2 yr−1), although with an asso-

ciated uncertainty of nearly similar magnitude. This feature

is not surprising because all inversions allocate large prior

errors to tropical forest fluxes, and since the region is not

constrained by atmospheric measurements, the models tend

to place large sink increments in this biome. On the other

hand, the spread of the five inversions is much larger over

savannas (Fig. 3b), in fact, larger than the mean flux (indi-

cating positive or negative fluxes). This inconsistency may

originate from different choices for the prior biomass burn-

ing fluxes or the prior natural fluxes. It is seen in Fig. 3a that

some inversions use non-zero a priori fluxes, in particular for

fire emissions in savannas.

In conclusion, although inversions are associated with sig-

nificant uncertainties over the African continent, both earlier

inversions and recent ones robustly converge toward a neutral

to a slightly positive CO2 balance for Africa. However, these

results have a standard deviation larger than 1 Pg C yr−1.

New estimates of the African CO2 flux will soon be obtained

from the observations from the greenhouse gases Observing

Satellite (GOSAT, Kuze et al., 2010), launched in January

2009 by the JAXA (Japan Aerospace Exploration Agency).
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Table 5. Inversion systems used in this study and key attributes.

Acronym Reference # of regions Time period Obs.a # of obs. IAVc IAVd

locationsb wind priors

LSCE_ana(V2.1) Piao et al. (2009) Grid-cell (96 × 72) 1996–2004 MM 67 Yes No

LSCE_var (v1.0) Chevallier et al. (2010) Grid-cell (96 × 72) 1988–2008 Raw 128 Yes Yes

CTE2008 Peters et al. (2009) 156 2001–2008 Raw 94 Yes Yes

JENA_s96 (v3.3) Rödenbeck (2005) Grid-cell (72 × 48) 1996–2009 Raw 53 Yes No

JENA_s99 (v3.3) Rödenbeck (2005) Grid-cell (72 × 48) 1999–2009 Raw 62 Yes No

a Observations used as monthly means (MM) or at sampling time (Raw).
b Number of measurement locations included in the inversion (some inversions use multiple records from a single location).
c Inversion accounts for interannually varying transport (Yes) or not (No).
d Inversion accounts for interannually varying prior fluxes (Yes) or not (No).

Fig. 3. (a) Distribution of mean CO2 fluxes averaged across the five

recent inversions analysed. (b) shows the spread of the inversions

(defined from the estimator of the standard deviation). Inversions

have a different spatial resolution, and the fluxes have been inter-

polated on a common grid. Negative values are atmospheric CO2

sinks (http://www.carboscope.eu/).

The GOSAT satellite observations of column CO2 data cover

the atmosphere over tropical continents much better than in

situ stations, albeit with larger errors on individual sound-

ings. The error on the CO2 balance of Africa is expected to

be strongly reduced when GOSAT data have been assimi-

lated (Chevallier et al., 2009), provided that these data will

have no systematic bias. The errors on annual CO2 fluxes

are expected to decrease from ±1.3 Pg C yr−1 (6 % error re-

duction from the assumed prior error) when using in situ

data from the current atmospheric surface network, down to

±0.4 Pg C yr−1 (72 % error reduction from the prior error)

expected from the assimilation of GOSAT data, if those data

have no bias.

3.4 Terrestrial fluxes upscaled from in situ

observations

In recent years, there has been an expansion of the flux tower

network in Africa (Bombelli et al., 2009). The total number

of flux sites (see FLUXNET database) includes more than 15

sites with continuous carbon dioxide, water vapour, and en-

ergy fluxes, covering different plant functional types (from

tropical forest, to transition forest and savannas) in different

climatic regions. Some flux towers have been used in spo-

radic or seasonal campaign mode. The latest overview of the

flux towers being active during CarboAfrica has been given

in Merbold et al. (2009) and Sjöström et al. (2013).

The net annual carbon budget (NEE) of savanna sites

ranges from a slight source of 0.25 to a sink of

−4.53 t C ha−1 yr−1 (Bombelli et al., 2009), with a me-

dian value being a sink of −0.14 t C ha−1 yr−1. Recent

data from East African tropical wetlands (Saunders et al.,

2012) show a quite significant sink (−10 t C ha−1 yr−1 and

−7 t C ha−1 yr−1) for papyrus and cocoyam plantations, re-

spectively.

There are still large gaps in our knowledge of NEE de-

rived from in situ measurements for many ecosystems and

climate regions of Africa. A first attempt to scale up the lim-

ited flux data was provided by Jung et al. (2011). Data-driven

estimates of mean gross primary production (GPP), total

ecosystem respiration (TER), and NEE for the period 1982–

2008 based on the integration of FLUXNET, satellite, and

meteorological observations using the model tree ensemble

(MTE) approach (Jung et al., 2009) are 24.3±2.9 Pg C yr−1,

19.0 ± 1.4 Pg C yr−1, and −3.7 ± 1.6 Pg C yr−1, respectively

(Jung et al., 2011). Uncertainties refer to one standard de-

viation of the spread of the 25 members of the model tree

ensemble, and reflect the uncertainty in the structure of the

model trees. Uncertainties related to FLUXNET data and

global forcing data sets are not included in this measure.

The NEE estimates are not consistent with the difference

of TER and GPP because NEE was upscaled independently.

The “La Thuile FLUXNET data set” was screened for the

high quality data and the availability of required variables.9

Because only one African flux data were available for train-

ing at the time, uncertainties due to extrapolation to African

ecosystem are likely to be substantial. Jung et al. (2011) in-

ferred a systematic underestimation of 5 to 10 % of their

9www.fluxdata.org
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global TER value, likely due to a biased sampling with en-

hanced representation of young and regrowing forests in the

La Thuille database and an even larger bias when consider-

ing African ecosystems only. The uncertainties of the NEE

value are very large, as inferred by cross-validation (Jung

et al., 2011) because determinants of mean NEE, such as

site history, management, and disturbances, could not be ac-

counted for explicitly in the MTE approach. The apparent

strong sink of −3.7 Pg C yr−1 is most likely a large overes-

timation, given that this number does not capture disturbed

ecosystems being sources of CO2. A second data-driven ap-

proach based on artificial neural networks (ANN, Papale and

Valentini, 2003) has also been used and gave as resultant

median African NEE of −2.22 Pg C yr−1 (5 and 95 % per-

centile −3.35 and −1.08, respectively). Median values re-

ported for North Africa are 0.31 Pg C yr−1 (percentile range

−1.02, 0.42) and −1.92 Pg C yr−1 for sub-Saharan Africa (5

and 95 % 10 percentile −2.43, −1.38). The ANN approach

is affected by the same uncertainty sources reported for the

MTE results.

It is striking that there are no published field studies of

NPP in African tropical forests where the major components

of NPP have been directly measured. Malhi et al. (2011) con-

ducted a review of NPP and its allocation in global tropical

forests. For sites reporting woody production and canopy lit-

terfall (i.e. neglecting root productivity), they found 33 sites

in America, 21 in Asia, 12 in Hawaii, and none in Africa, de-

spite Africa being the second largest rainforest continent. For

sites that also reported fine-root productivity (and thus gave

an estimate of total productivity), they found 35 sites world-

wide, and again none in Africa. For lowland sites across the

humid tropics, NPP ranged between 9 and 15 t C ha−1 yr−1,

and it is likely that NPP in African humid tropical forests

is also within this range. In Amazonia, seasonal forests did

not appear to have much lower NPP than dry forests, with

low GPP compensated by a higher carbon use efficiency

(NPP/GPP).

NPP values from savannas were compiled by Bombelli et

al. (2009) and they range from 3.3 to 16.2 t C ha−1 yr−1, with

a mean value of 6.9 t C ha−1 yr−1.

To date, no estimates of gross primary productivity (GPP)

have been reported from African tropical forests sites (al-

though estimates should be forthcoming from flux towers and

intensive carbon cycling sites in the next 1 to 2 yr). Humid

tropical forests in America and Asia report GPP in the range

of 30 to 40 t C ha−1 yr−1 (Malhi, 2012), with the mean to-

wards the lower end of this range. Taking a lower end value

of 30 t C ha−1 yr−1 and multiplying by the area of African

humid forests (about 2.33 × 106 km2 in the GLC data set)

suggests a GPP of 7.0 Pg C yr−1 in the humid forests. The

African dry forests and woodlands are likely to have lower

GPP (on the order of 20 t C ha−1 yr−1, but are twice as ex-

tensive (4.28 × 106 km2) suggesting they contribute a fur-

ther 8.6 Pg C yr−1. Thus the total GPP of African forests and

woodlands could be around 15.6 Pg C yr−1, about 13 % of

global terrestrial GPP.

Field studies in Amazonia suggest that the carbon use effi-

ciency (NPP/GPP) is around 0.35 in humid forests, and rises

to 0.45 in dry forests (Malhi, unpublished analysis). Apply-

ing these values to the humid and dry forest areas as defined

in this paper (see Sect. 3.2) gives a total NPP of 2.4 Pg C yr−1

in the humid forest zone and 3.9 Pg C yr−1 in the dry for-

est/woodland zone (i.e. 6.3 Pg C yr−1), about 10 % of global

terrestrial NPP, for the total forested zone.

The net change in biomass of tropical forests has been bet-

ter reported, thanks to the pioneering work of the AfriTRON

forest plot network10. Lewis et al. (2009) collected data

from repeated surveys of 79 forest plots in central and West

Africa, and reported a net biomass carbon sink of 0.63 (range

0.22–0.94) t C ha−1 yr−1. This is very similar to the value of

0.45 (range 0.33–0.56) t C ha−1 yr−1 reported for 123 plots

in Amazonia (Phillips et al., 2009), suggesting that a com-

mon driver, such as atmospheric CO2 fertilization, may be

stimulating this biomass storage across the intact tropical for-

est biome. Scaling the data of Lewis et al. (2009) across the

humid and dry forest biome, Malhi (2010) estimated a net

biomass carbon sink of 0.31 ± 0.15 Pg C yr−1 in the African

forest biome (i.e. 33 % of the global tropical forest carbon

sink and 16 % of the global terrestrial carbon sink). This esti-

mate does not incorporate any source or sink in the soils, and

does not include the savanna biomes.

3.5 DGVM-based estimates of gross fluxes and net

ecosystem productivity

Dynamic global vegetation models (DGVMs) simulate veg-

etation distribution, seasonally changing phenology, vegeta-

tion, soil carbon, water pools, and fluxes. Vegetation is clas-

sified into plant functional types, based on today’s observed

bioclimatic limits for establishment and survival, and char-

acteristic plant growth strategies. Leaf carbon assimilation is

mostly modelled following Farquhar et al. (1980) and Col-

latz et al. (1991, 1992), or some modification thereof, and

coupled to the plant and soil water balance via stomatal

conductance. Vegetation and ecosystem net productivity are

determined by carbon losses through autotrophic and het-

erotrophic respiration. A set of allocation rules determines

the carbon allocated to canopy growth, as well as to litter in-

put into soils (for details see: Arneth et al., 2010b; Cramer et

al., 1999; Prentice et al., 2007; Sitch et al., 2008).

Modelling tree-grass coexistence is important to correctly

simulate the gradient from closed forests, through wood-

lands, savannas, and grasslands, and has been shown to be

a challenge for many DGVMs (Cramer et al., 1999; Scheiter

and Higgins, 2009). Whether this is due to the fact that many

DGVMs have no representation or only have a highly sim-

plified representation of fire and other episodic events, or

10(http://www.geog.leeds.ac.uk/projects/afritron)
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whether it reflects the need for a more generally improved

representation of resource competition for light, nutrients,

and water, or both, is unresolved. Bond et al. (2005) and

Lehsten et al. (2014) demonstrated a largely improved agree-

ment between estimates of African vegetation cover and

DGVM output when fire disturbance was included in the

simulations, especially in regions with intermediate amounts

of annual precipitation. In both cases, inclusion of fire re-

duced the simulated extent of the tropical forest biome con-

siderably and grasses and shrubs became more competitive

in areas that are climatically suitable for dense tree cover.

A number of regionally (Scheiter and Higgins, 2009) and

globally (Hickler et al., 2008; Smith et al., 2001) applica-

ble DGVMs have begun to incorporate gap-model dynam-

ics (Purves and Pacala, 2008) with a much more explicit

representation of plant growth dynamics than in traditional

DGVMs. For example, even resolving individuals or age co-

horts in canopies. These types of models allow an improved

analysis of the ecological effects of fire that is based on fire

effects on vegetation structure and subsequent re-growth (Ar-

neth et al., 2010a; Scheiter and Higgins, 2009), and the inter-

actions with climate and the carbon cycle in Africa.

Only very few DGVM modelling studies have explored

the African carbon cycle and its response to climate, CO2,

and land-use change drivers. This is true despite the fact that

savannas and tropical forests are highly productive ecosys-

tems (Grace et al., 2006; Williams et al., 2007) and African

carbon cycle dynamics play a potentially significant role for

the global terrestrial carbon uptake and its interannual vari-

ability. Likewise, only limited observations exist to evaluate

the quality of model output either on the local (e.g. eddy flux

data) or continental (e.g. comparison with inversion results)

level (Kutsch et al., 2008, 2011; Merbold et al., 2009; Vee-

nendaal et al., 2004; Weber et al., 2009; Williams et al., 2007;

Ziehn et al., 2010).

Applying the model ORCHIDEE with dynamic vegeta-

tion disabled, Ciais et al. (2009) simulated a source–sink

shift in the continental C balance from +0.14 Pg C yr−1 in the

1980s to −0.13 Pg C yr−1 in the 1990s, and interpreted this

as the model’s response to increasing CO2 concentrations,

increasing precipitation in some regions, together with a de-

creasing trend in land-use change in their driving data. As

the model simulation also attempted to account for C emis-

sions associated with deforestation (0.13 Pg C yr−1), the ter-

restrial sink in ecosystems not affected by land-use change

was estimated approximately twice than that value. In a re-

cent model-intercomparison of four ecosystem models (LPJ-

DGVM, LPJ-GUESS, Jules, ORCHIDEE), annual averages

of GPP for the period 1982 to 2006 varied from 17 to

40 Pg C yr−1, while NPP over the same period was 10 to

17 Pg C yr−1 (Weber et al., 2009). Estimates of net ecosys-

tem production (NEP) were not provided in this study since

the experimental set-up did not account for land-use changes,

and since these numbers were derived for potential natural

vegetation and were not scaled to the continent’s actual land

cover. However, some consensus seems to emerge in that, in-

terannual variability in continental C uptake is driven more

strongly by variability in photosynthesis than respiration, es-

pecially in the savannas in response to interannual variability

in precipitation (Ciais et al., 2009; Weber et al., 2009).

Global DGVM data was provided by the TRENDY multi-

model evaluation project as part of the Global Carbon Project

(GCP).11 The DGVMs used in this study were CLM4CN

(Thornton et al., 2007, 2009; Bonan and Levis, 2010;

Lawrence et al., 2011), Hyland (Levy et al., 2004), LPJ (Sitch

et al., 2003; Poulter et al., 2011), LPJ-Guess (Smith et al.,

2001), O-CN (v0.74) (Zaehle and Friend, 2010), Orchidee

(Krinner et al., 2005), SDGVM (Woodward et al., 1995;

Woodward and Lomas, 2004), TRIFFID (Cox, 2001), and

VEGAS (Zeng, 2003; Zeng et al., 2005). The models fol-

lowed a common protocol (Sitch et al., 2013).12 DGVMs

were applied with the merged CRU-NCEP climatology over

the period 1901–2009, and global atmospheric CO2 was de-

rived from ice core and NOAA monitoring station data, and

provided at an annual resolution. Historical changes in land

cover were not included in this simulation.

DGVM results are shown in Table 6 and Figs. 4 and 5.

Generally, there is greater model agreement on simulated

vegetation carbon and NPP than soil carbon stocks and the

net biome flux. The model mean simulates a small sink for

Africa over the period 1990–2009, although both the sign

and magnitude of the flux varies among DGVMs. DGVMs

simulate GPP, NPP, and a net sink over the period 1990–

2010 of 28.16 ± 5.94 Pg C yr−1, 13.27 ± 3.25 Pg C yr−1 and

0.41 ± 0.31 Pg C yr−1, respectively.

3.6 Fluxes resulting from land-use change (mainly

deforestation)

In this section, we provide a new estimate of carbon emission

from land-use changes in Africa. These are mainly deforesta-

tion, although we attempt to estimate also forest degrada-

tion and the role of agroforestry systems. Annual emissions

of carbon from land use (e.g. timber harvest) and land-use

change (e.g. conversion of forest to cropland) were deter-

mined as described in Houghton and Hackler (2006) except

that the calculations were updated here with the most recent

FAO data on changes in forest area (FAO, 2010). Briefly,

the analysis considered four sub-regions within sub-Saharan

Africa: western, eastern, central, and southern Africa. Land

uses included permanent croplands (cultivated lands), pas-

tures, tree plantations, industrial wood harvest, and shifting

cultivation (a rotational land use with alternating cropping

and fallow, in which trees regrow until being cleared again

for the cropping period). Fuelwood harvest was not explic-

itly included in the analysis, but it was implicitly included, in

part, because both shifting cultivation and the conversion of

11http://dgvm.ceh.ac.uk/
12ibid
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Table 6. DGVM average carbon pools (Pg C) and fluxes

(Pg C yr−1) over the period 1990–2009, NBP is defined as

NBP = NPP − RH − wildfire Flux (∗ note LPJ has a grazing term

in the NBP calculation).

DGVM VegC SoilC NPP GPP Wildfire NBP

CLM4CN 96.27 87.48 9.25 25.33 0.60 0.16

Hyland 181.44 240.95 20.46 40.91 – 1.09

LPJ 82.16 94.93 11.18 24.91 0.64 0.24

LPJ-GUESS 92.14 103.36 12.21 20.61 1.47 0.38

OCN 106.03 169.78 11.26 25.92 – 0.30

ORCHIDEE 98.69 236.52 15.77 32.24 – 0.60

SDGVM 66.70 193.48 12.70 24.07 1.27 0.44

TRIFFID 127.68 120.56 13.89 28.95 – 0.50

VEGAS 129.08 259.53 12.7 30.46 – -0.01

Mean Model 108.91 167.40 13.27 28.16 1.00 0.41

St. Dev. 33.67 68.28 3.25 5.94 0.44 0.31

forests to croplands and pastures result in large emissions of

carbon from burning, some of which take place via collection

and burning of fuelwood. Deforestation rates between 1980

and 2010 (FAO, 2010) expanded either cropland or pasture

areas based on data from FAOSTAT (2009). If net forest area

decreased by more than the net expansion of croplands and

pastures, the difference was assumed to be deforestation for

shifting cultivation (Houghton and Hackler, 2006). Between

1900 and 1980 rates of land-use change were obtained from

various historical accounts (Houghton and Hackler, 2006).

Annual sources and sinks of carbon from land-use change

were calculated with a bookkeeping model (Houghton and

Hackler, 2006). In the model, annual rates of land-use change

initiated changes in the carbon density of the ecosystems af-

fected. The changes in carbon density were defined empiri-

cally for four pools (living vegetation, coarse woody debris,

harvested wood products, and soils). For example, the har-

vest of wood redistributed the carbon initially in living vege-

tation among living, dead, and product pools. Following har-

vest, the living pool accumulated carbon (forest regrowth);

the dead pool decayed exponentially, and the wood products

decayed at rates corresponding to end use (for example, fuel-

wood, timber). A different set of pool changes were defined

for conversion of forest to cropland. The empirically deter-

mined changes in carbon density varied by ecosystem type

and by land use. They did not vary in response to rising CO2

or changes in climate. Ecosystems not cleared or harvested

did not contribute to land-use emissions. Thus, each year,

the pools of carbon on a hectare either gained or lost car-

bon, defining the annual sources and sinks of carbon for that

hectare; and, when summed, annual fluxes were obtained for

each type of land use, each type of ecosystem, the region, or

the continent. We assumed that following cultivation, native

soils lost 25 % of the organic carbon in the top metre. Forest

areas and biomass densities at the beginning of the analysis

(1850) were chosen so that the areas and average biomass

densities in 2010 matched those given by FAO (2010).

Fig. 4. Average net primary productivity (NPP) for each DGVM

and model mean over the period 1990–2009, units, g C m−2 yr−1

(from Sitch et al., 2014).

Fig. 5. Average net biome productivity (NBP) for each DGVM and

model mean over the period 1990–2009, units, g C m−2 yr−1.

Over the last 100 yr, forest areas declined as a result of

conversion to agricultural lands, and carbon densities de-

clined as a result of wood harvest (degradation). For all of

sub-Saharan Africa, the net emissions of carbon from land-

use and land-cover change averaged 320±50 Tg C yr−1 over

the period 1990 to 2009. The rate since 1980 was nearly con-

stant for the entire region, but emissions increased slightly in

eastern, western, and southern Africa and decreased in cen-

tral Africa (Table 7). The largest emissions were from west-

ern Africa (107 Tg C yr−1) and the lowest were in eastern and

central Africa (∼ 60 Tg C yr−1). The land uses contributing

to these emissions (in descending order of magnitude) were:

expansion of croplands, shifting cultivation, pastures, and in-

dustrial wood harvest (Table 7). The establishment of tree

plantations was not a significant sink in any region. Again,

the major drivers varied among sub-regions. Expanding crop-

lands were most important in western Africa, shifting culti-

vation was most important in central Africa, and industrial

wood harvest was most important in central and southern
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Table 7. Sources (+) and sinks (−) of carbon (Tg C yr−1) from different types of land use in regions of sub-Saharan Africa (average annual

net flux).

Period Croplands Pasture Afforest. Indust. Fuelwood Shifting Total

harvest harvest cult.

All sub- 1980–1989 101 25 −3 23 0 167 314

Saharan 1990–1999 154 65 −2 32 0 67 317

Africa 2000–2009 164 34 −2 38 0 89 323

1990–2009 159 49 −2 35 0 78 320

East 1980–1989 26 10 −1 3 0 11 47

Africa 1990–1999 27 25 −1 5 0 6 62

2000–2009 45 6 0 6 0 2 58

1990–2009 36 16 −1 5 0 4 60

West 1980–1989 42 9 0 9 0 18 77

Africa 1990–1999 93 3 0 11 0 0 108

2000–2009 93 1 −1 13 0 1 106

1990–2009 93 2 −1 12 0 0 107

Southern 1980–1989 17 7 −1 4 0 43 71

Africa 1990–1999 31 35 −1 7 0 10 82

2000–2009 22 26 0 8 0 40 96

1990–2009 27 31 0 8 0 25 89

Central 1980–1989 17 0 0 7 0 95 119

Africa 1990–1999 3 1 0 9 0 51 64

2000–2009 4 1 0 10 0 47 62

1990–2009 3 1 0 10 0 49 63

Africa. The emissions of carbon from land-use and land-

cover change in sub-Saharan Africa over the period 1990 to

2009 accounts for about a third of global emissions from land

use (Friedlingstein et al., 2010). An independent study of

shifting cultivation supports the importance of central Africa

(Silva et al., 2011), and in fact, the expansion of industrial

logging in central Africa was recently documented (Laporte

et al., 2007). Somewhat unusual for Africa is the observation

that the areas of primary (untouched) forest, given by FAO

(2010), are much smaller than the areas of primary forest de-

termined here on the basis of land use. The total forest areas

match, but, according to FAO, most of the current forests are

secondary or managed forests, while according to the rates of

land use documented in this study, most of them are primary

forests.

This discrepancy between FAO estimates of primary

forests and ours is difficult to explain at continental scale.

Recent studies highlight the importance of forest degrada-

tion and conversion to agroforestry systems as two potential

underestimated drivers of understocking of primary forests.

Most analysis reported deforestation as the land-use change

between forest to any other use, such as crop, pasture or even

urban areas. Very few studies report the impact of selective

logging on forest carbon stocks. Often, the intensity of the

disturbance caused by selective logging is regarded as negli-

gible or even positive for the ecosystem and, “sustainable”,

when supported by international certifications. In the past,

the intensity of the disturbance caused by selective logging

was often quantified as the number of felled trees or type

of machinery used for the construction of access roads and

exploitation trails. These impacts have been assessed as mi-

nor disturbances by previous studies (Deckker and De Graaf,

2003). We present here some results from a study on the

impact of selective logging in African tropical forests on

biomass and biodiversity losses, studied by co-authors of

this paper (Cazzolla Gatti et al., 2014). The study sites se-

lected were tropical forest areas located in West Africa along

the border between Ghana and Ivory Coast (Bia National

Park and surrounding areas) and Sierra Leone and Liberia

(Gola National Park), and in central Africa, within the Congo

River basin, on the border between Cameroon and Central

African Republic (Lobèkè National Park and surrounding ar-

eas). African tropical forests biomass was estimated from

dendrometric data collected in 150 plots of 500 m2 each, sub-

jected to different management (unmanaged/old growth; se-

lectively logged; clear-cut). The normalized mean level of

biomass (divided by area and number of individuals within

each plot) of primary forest was compared to that of a se-

lectively and clear-cut one. It was observed that even if the

levels of biomass in forests subjected to selective logging
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are significantly lower than those of primary forests (even if

there is a removal of very few trees per hectare); this reduc-

tion is more evident 30 yr after logging and not after 20 yr.

The results showed a loss of carbon between 20 and 51 %

of the initial primary forest value after 20 yr from selective

logging and 24 to 72 % after a period of 30 yr. These figures

highlight the significant loss of carbon even without changes

in the main dominant land use (forest).

Another source of uncertainty is the role of conversion of

primary forests into plantations in terms of carbon stocks dy-

namics. We present here some preliminary results from co-

authors of this paper (Grieco et al., 2014) who analysed the

impact of forest conversion to plantation in a tropical rain-

forest area of West Ghana. The results show that the land-use

change leads to a significant loss of C stock when passing

from primary forest to any of the considered plantations (co-

conut, rubber, oil palm, cocoa, mixed).

According to Gibbs et al. (2010), nearly 60 % of new

agricultural land in Africa was derived from intact forests.

Africa had a net forest loss of 3.4 Mha annually for the

period 2000 to 2010 (FRA, 2010). Assuming that 60 % of

these areas were converted into agricultural land we esti-

mated that 2.0 Mha was yearly converted from forest to agri-

culture. Assuming that 12.4 % of agricultural land in Africa

is agroforestry with tree cover percentage > 30 % (Zomer et

al., 2009), this results in a rough estimation of 253 000 ha

of agroforestry land derived from deforestation of pristine

forests in Africa every year. Considering a mean annual C

loss per hectare of 4.1 ± 3.8 Mg C, due to conversion of for-

est into tree crop plantations (Grieco et al., 2014), this would

cause a significant annual loss of carbon, in the order of up

to 1.0 Tg C if extrapolated to the entire African continent.

These results show that, although deforestation remains

the main driver of carbon losses from land-use change, forest

degradation and conversion, though lower and highly uncer-

tain, are likely to increase carbon losses and need to be taken

into account particularly considering the future economic de-

velopment of Africa.

3.7 Wild fires and domestic biomass burning

Fires are additional to heterotrophic respiration and her-

bivory in consuming carbon that has been sequestered by

photosynthesis. The amount of carbon combusted through

“wild” fires (i.e. excluding the burning of fuelwood or

residues, but including managed burning of natural vegeta-

tion) depends on the fire frequency, the amount of biomass

available, the fraction of biomass that is exposed to fire is

actually combusted (the combustion completeness), and the

post-fire tree mortality and regrowth rates. In most African

ecosystems, especially those that experience frequent fires,

fires mostly consume the herbaceous vegetation while a thick

bark protects the trees. In addition to these fires that occur in

the landscape, fire is used domestically for cooking and heat-

ing purposes. We will refer to these fires as domestic fires.

In general, fires are not a net source of CO2 over decadal

timescales unless fire is used in the deforestation process or

if areas see an increase in the fire frequency. Humans ignite

most fires in Africa (Archibald et al., 2010) and climate lim-

its the occurrence of fires in arid regions (due to a lack of

fuel build-up) and in areas that see frequent rainfall even in

the dry season (van Wilgen and Scholes, 1997; van der Werf

et al., 2008). In between these extremes, the importance of

climate is relatively minor.

Archibald et al. (2011), for example, found that while cli-

mate could explain about 40 % of the variability in interan-

nual variability in burned area in protected areas in several

countries in Africa, outside these areas, it could not account

for much of the variability, highlighting the human control

over fire regimes. This strong human component has not nec-

essarily led to an increase in emissions over the past decades

as often suggested; human interference with the landscape

has led to a more patchy landscape where fuel beds are

not continuous (Archibald et al., 2010), while more frequent

grazing may have led to less fuel in general.

A recent review of emissions from all types of fires in

Africa (wildfires, domestic fuelwood and fire associated with

land-use change) is provided by Scholes et al. (2011). The

authors concluded, based on a synthesis of many sources,

that the total annual consumption of biomass is 1.4 ±

0.2 Pg DM yr−1 (the uncertainty is the 95 % confidence in-

terval), which corresponds to about 0.7±0.1 Pg C yr−1. They

further estimated that 57 % of this is due to wildfires, mostly

in savannas, 36 % is domestic wood and charcoal, 3 % is as-

sociated with land-use change, and 4 % is the burning of crop

residues.

Currently, the most accurate burned area estimates for

Africa are derived from the MODIS sensors (Giglio et al.,

2009, 2010; Roy et al., 2003). The two different algorithms

used indicate that total annual burned area is on average

250 Mha yr−1 over the past decade, almost evenly split be-

tween Africa north and Africa south of the equator. This is

almost 70 % of the global total burned area. Since a fire has

to consume at least 50 % of the 500 m×500 m grid cell (but

most often more) to be detected as burned area, the burned

area estimates are likely an underestimate, due to missing

small fires, for example those in agricultural areas.

Converting burned area estimates to emissions requires the

use of models that take into account the variable fuel con-

sumption, due to landscape heterogeneity and changes in

meteorological or climatic conditions that impact combus-

tion completeness. Over larger scales, probably the most fre-

quently used data set is the Global Fire Emissions Database

(GFED), which combines burned area from Giglio et

al. (2010) with the satellite-driven Carnegie–Ames–Stanford

approach biogeochemical model that estimates fuel loads

based on carbon input from net primary production (NPP),

and losses through heterotrophic respiration, herbivory, fu-

elwood collection, and fires with a monthly timestep on a

0.5 × 0.5 grid (van der Werf et al., 2010).
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Total annual carbon emissions estimates for Africa accord-

ing to GFED were 1.03 ± 0.22 Pg C yr−1, averaged over the

period 1997 to 2011 (Table 8)13.

About 90 % of these emissions originated from savanna

and woodland burning, with a smaller role from forest and

deforestation fires. Since there is relatively more woodland

burning in Africa south of the equator, mean fuel con-

sumption was somewhat higher here (∼ 450 g C m−2 burned)

than in northern Africa (∼ 380 g C m−2 burned) and total

emissions were thus also somewhat higher in the Southern

Hemisphere of Africa. These fuel consumption estimates are

higher than most field measurements (Scholes et al., 2011)

and GFED may be biased high, possibly partly balancing the

underestimation due to missing small fires.

Fire emissions estimates are uncertain due to uncertain-

ties in burned area, fuel loads, fire-combustion completeness,

and emission factors. A promising new approach uses the

fire radiative power (FRP) measured by satellite, which re-

moves much of the uncertainty in fuel load and combustion

completeness, since it directly estimates the fuel combusted.

Wooster et al. (2005) showed a direct relation between time-

and-space integrated FRP (yielding fire radiative energy,

FRE) and biomass combusted, and both MODIS (Ellicott et

al., 2009) and SEVERI (Roberts and Wooster, 2008) data has

been used to calculate emissions over the African continent.

These estimates are about a factor 3 lower than those from

GFED, but when combined with burned area estimates, they

yield a better correspondence with fuel consumption mea-

surements in the field than those from GFED. At the same

time, combining measurements of fire-emitted gases from

several sources with inverse modeling techniques yielded

better agreement with modeled fire emissions (AMMABB)

in West Africa when the L3JRC burned area product (Tansey

et al., 2008) used in this database was boosted by a factor

2 and 1.67 for the land cover classes open broadleaf decid-

uous forest and deciduous shrubs, respectively (Liousse et

al., 2010). This emissions’ estimate is about twice as high as

GFED although part of the discrepancy originated from using

different emission factors, so estimate carbon emissions are

more similar. Using the L3JRC product, Lehsten et al. (2009)

estimated emissions for Africa to be 0.7 Pg C yr−1 with sim-

ilar fuel consumption as GFED. These divergent results indi-

cate that fire emissions estimates are still uncertain.

On a global scale, Africa accounted for 72 % of global

burned area, 52 % of global carbon emissions, 44 % of CO

emissions and 36 % of CH4 emissions (van der Werf et al.,

2010; Scholes et al., 2011). The smaller contribution of car-

bon and trace gas emissions is related to the dominance of

savanna burning with relatively low fuels and clean combus-

tion.

13http://www.falw.vu/gwerf/GFED/GFED3/tables/emis_C_

absolute.txt

Table 8. Fire emissions characteristics for Africa based on 1997–

2011 GFED data.

North of equator South of equator

Mean annual emissions 0.469 ± 0.094 0.562 ± 0.112

(PgCyr−1)

Coefficient of variation 15 9

(%)

Range 0.221 0.199

(Pg C)

Fuel consumption 371 446

(gCm−2)

3.8 Lateral fluxes through river flows

Significant amounts of carbon are transported from terrestrial

ecosystems to oceans and other places, mainly through river

flow, but also through agricultural and wood product trans-

port. Although locally lateral transport may not be a very

large flux, the sum of individual contributions is significant in

the calculation of regional carbon budgets (Raymond et al.,

2008). To estimate the land to ocean carbon flux and trans-

port to endorheic regions, we used the 21 ocean coastline

(26 212 740 km2) and 8 endorheic (3 706 207 km2) segments

with their corresponding river catchments for Africa as de-

scribed by the COSCAT database (Meybeck et al., 2006).

The lateral transport of carbon to the coast was estimated

at the river basin scale using the Global Nutrient Export

from WaterSheds (NEWS) model framework (Mayorga et

al., 2010), including NEWS basin areas. The carbon species

models are hybrid empirically and conceptually based mod-

els that include single and multiple linear regressions devel-

oped by the NEWS effort and Hartmann et al. (2009), and

single-regression relationships assembled from the literature.

Modeled dissolved and particulate organic carbon (DOC and

POC) loads used here (Mayorga et al., 2010) were generated

largely using drivers corresponding to the year 2000, includ-

ing observed hydro-climatological forcings, though some pa-

rameters and the observed loads are based on data span-

ning the previous two decades. Total suspended sediment

(TSS) exports were also estimated by NEWS. Dissolved in-

organic carbon (DIC) estimates correspond to weathering-

derived bicarbonate exports and do not include CO2 supersat-

uration; the statistical relationships developed by Hartmann

et al. (2009) were adjusted in highly weathered tropical soils

(ferralsols) to 25 % of the modeled values found in Hart-

mann et al. (2009) to account for overestimates relative to

observed river exports (as suggested in Hartmann and Moos-

dorf, 2011); adjusted grid-cell scale exports were aggregated

to the basin scale using NEWS basin definitions (Mayorga et

al., 2010), then reduced by applying a NEWS-based, basin

scale consumptive water removal factor from irrigation with-

drawals (Mayorga et al., 2010). DIC modeled estimates rep-

resent approximately 1970 to 2000. Overall, carbon loads
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may be characterized as representing general conditions for

the period 1980 to 2000. Carbon, sediment, and water exports

were aggregated from the river basin scale to correspond-

ing COSCAT regions. It is worth pointing out that Africa is

under-represented in the data sets used to generate the regres-

sions relationships.

Combining river gauges data (Fekete et al., 2002) and

modeling, it was obtained that the total amount of water

discharge is 4285 km3 yr−1 (0.16 m yr−1) to the coast and

268 km2 yr−1 (0.07 m yr−1) to endorheic regions. These wa-

ter yields are approximately an half of the global average of

0.32 m yr−1 (Raymond et al., 2013). Furthermore, although

the endorheic segments make up 12.4 % of the land mass

of Africa, they are responsible for only 5.9 % of the wa-

ter discharge. DIC, DOC, and POC fluxes to the ocean are

29.40, 17.90, and 15.70 Tg C yr−1, respectively, or yields of

1.12, 0.68 and 0.60 g m−2 of land mass draining to the ocean.

These global yields are also approximately an half of the

global averages. Thus, the yields of Africa are low globally

due to low water throughput.

The Congo River dominates the dissolved fluxes from the

African continent to the ocean, making up approximately

35 % of the water and 40 % of the DOC and DIC. The percent

contribution of the Congo to POC fluxes are only 14 %. Ap-

proximately 73, 26, and 1 % of the dissolved carbon fluxes

are to the Atlantic, Indian, and Mediterranean/Black seas,

respectively. For particulate organic carbon, approximately

66, 32, and 2 % of the fluxes are to the Atlantic, Indian, and

Mediterranean/Black seas, respectively.

3.9 N2O and CH4 fluxes from biogenic sources and fires

Although, excluding water vapor, N2O and CH4 are the sec-

ond and third most important greenhouse gases after CO2

in terms of atmospheric concentration and radiative forcing

effect on climate, studies on biogenic fluxes of both gases

in African ecosystems are quite scanty and scaling up and

yearly extrapolation estimates are strongly affected by high

uncertainty. N2O is mainly driven by availability of N and

its production is favored by low oxygen tension. However,

prolonged anoxic conditions lead to further N2O reduction

to N2, as it occurs in wetlands. In terrestrial ecosystems,

the most favorable conditions for N2O production are when

soil water filled pore space is between 60 and 90 % (David-

son, 1993), which more frequently occurs in humid tropi-

cal forests (Castaldi et al., 2013), and in savannas during the

rainy season (Castaldi et al., 2006), in particular during its

onset. In arid and semiarid areas, conditions are generally

limiting for significant N2O production. In cropland areas,

high N2O emissions are favored by the addition of extra N

inputs (organic or mineral N), but only at suitable soil water

content can high N2O fluxes be expected.

The emissions of N2O from natural ecosystems were cal-

culated from an empirical sigmoidal relationship (R2
= 0.72,

P < 0.001, n = 63), between total annual N2O emission and

total annual rainfall using flux data reported by Castaldi

et al. (2006, 2010) for seasonally dry ecosystems and by

Castaldi et al. (2013) for humid tropics. At continental level,

this source represents 33.4 % of the total, (Table 9) with

humid tropical forests contributing to 90 % of this fraction.

In these ecosystems, the environmental conditions allow for

high productivity and high organic matter inputs to the soil,

which, favored by high soil humidity and temperature during

most of the year, create a fast flow of N in the ecosystem.

This can support high mineralization, nitrification, and deni-

trification rates and N2O production (Castaldi et al., 2013).

The second most important source is represented by agri-

cultural ecosystems (38.4 %, Table 9), where the source of

extra N to the soil derives from both fertilizer use and hus-

bandry, the latter prevailing over the former in most areas

(Potter et al., 2010).

In cultivated areas derived from quite recently deforested

areas, a further input of extra N originates from mineraliza-

tion of the organic matter left on the ground (slash, wood)

after the conversion, and by the mineralization of soil or-

ganic matter, which is stimulated by management practices

and disturbance.

Several studies show that during the first years following

deforestation, the site emits more N2O than the original for-

est (control site). This extra flux of N2O decreases exponen-

tially with time and within 20 to 40 yr, depending on the

study, the deforested site baseline flux levels off stabilizing

around annual N2O values lower (around 50 %) than the orig-

inal forest. An exponential decay fitting equation (R2
= 0.45,

P = 0.01, n = 16) was applied to data recalculated from

available studies on deforestation (Table 9) to calculate the

background annual N2O emission in agricultural areas for

the African continent, assuming that all crop areas derived

from forest clearing. To define the year of land-use change

yearly, maps of land use were derived from the data set on

Global Cropland and Pasture Data by Ramankutty and Fo-

ley (1999). This source is estimated to be 88.8 Gg N2O yr−1,

thus about 2.7 % of the total N2O budget.

Indirect sources of N2O are emissions associated with

N deposition and N export from land to rivers (Table 9).

The former are dominated by “fire generated N compounds”

and at a minor extent by agricultural practices. A very low

contribution comes from anthropogenic pollution (Dentener,

2006). N export and consequent-derived N2O emissions are

subject to an enormous uncertainty associated both to N ex-

port quantification and emission coefficient estimates (Van

Drecht et al., 2003; IPCC, 1997). Another relevant source is

represented by direct N2O emissions from fires (natural and

agricultural), which account for 17.1 % of the total annual

N2O emission to the atmosphere from the African continent.

More biological processes contribute to the continental

budget of CH4. Biogenic CH4 is produced by metabolic ac-

tivity of methanotrophic bacteria, which transform fermenta-

tion products, formed by other microorganisms, in CH4 when

conditions are strictly anaerobic. CH4 production occurs in
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Table 9. Emissions of N2O associated to biogenic sources and fires in the African continent.

N2O emissions at Contribution (%) of

continental level single sources to total

(Gg N2O yr−1) continental emissions

Soil emissions

Natural ecosystems 1131.9a
± 905 34.4 %

Agricultural practices and husbandry 1262.3b
± 883 38.4 %

Deforestation effect on soil (background flux) 88.6c
± 62.0 2.7 %

Other direct and indirect sources

N depositions 123.8d 3.8 %

N leaching derived 117e (9–566)f 3.6 %

Emissions from fire 562g 17.1 %

Total emissions

Tg N2O yr−1 3.3 ± 1.3

Tg CO2-eq 983 ± 41

a Data derived from an empirical relationship between annual total emissions and total annual rainfall (Castaldi et al.,

2014).
b Modeled for sub-Saharan Africa after Bouwman et al. (2002), N input in agroecosystems derived by Potter et al. (2010),

Edgar 4.1 data for natural emissions from countries of North Africa, based on IPCC methodology (Hickman et al., 2011).
c empirical equation base on published data (Keller, 1993; Weitz et al., 1998; Verchot et al., 1999; Potter et al., 2001;

Melillo et al., 2001; Neill et al., 2005; Verchot et al., 2006; Mapanda et al., 2010).
d N inputs derived from Dentener et al. (2006) and EFs from IPCC (2007).
e N export from Van Drecht et al. (2003) and IPCC (2007) EFs.
f Error range as reported by IPCC (2007).
g Edgar 4.1.

wetlands and saturated soils, anaerobic hotspots in unsatu-

rated soils, mostly associated to organic input and intense

mineralization activity. CH4 is also produced by enteric fer-

mentation in the rumen and hindgut of animals, being great-

est in ruminants, and in particular in domesticated ones

(Crutzen et al., 1986). However, several invertebrates also

host methanogenic organisms in their gut, termites being the

most relevant in terms of total biomass and CH4 emission

rates. CH4 is oxidated by chemoautotrophic aerobic bacte-

ria. Most typically methanotrophic activity occurs in well-

aerated soils, but it also contributes to the net ecosystem ex-

change of CH4 in the column of water and in saturated soils

when sufficient oxygen is available. Taking into account CH4

biological sources and sinks, the African CH4 budget is dom-

inated by emitting processes, natural wetlands and animal

husbandry being the most relevant sources (49 and 25.5 %,

respectively, Table 10). Wetlands emissions are, however,

characterized by high uncertainty due to widely differing es-

timates from the few available studies (Table 10). Rice pad-

dies represent a minor source in Africa due to their smaller

extent compared to other tropical countries (Table 10). Trop-

ical humid forests and pastures are a weak net CH4 sources.

In the former, net CH4 emissions in lowland areas are bal-

anced by the net CH4 sink of upland areas, whereas pastures

are generally net sources of CH4 during the wettest months

(Castaldi et al., 2006). Soils in seasonally dry forests and

savannas are instead a net CH4 sink (Castaldi et al., 2006),

which, given the wide extension of these ecosystems, coun-

terbalances the small source of CH4 from humid forests, re-

sulting, at continental level, in a small net CH4 sink (Ta-

ble 10). Emissions from fires represent the third largest CH4

source at continental level, due to the wide surface of terri-

tory, which gets burned every year, especially in arid and sea-

sonally dry areas. Estimates of CH4 emissions from termites

are highly variable depending on the proposed approach for

calculations (from 2.5 to 6.9 Tg CH4 yr−1, Table 10). The

number of studies which allow for good upscaling are scanty,

so that all proposed estimates are based on very rough ex-

trapolations. Biogenic sources and fires overall lead to an

average total emissions of 66 Tg CH4 yr−1. In terms of CO2

equivalents, this would correspond to an average emissions

of 1.64 Pg CO2-eq yr−1.

4 Interannual variability

The African continent is responsible for a large fraction of

the global carbon cycle’s interannual variability (Williams et

al., 2007), as indicated by both ecosystem process models

and atmospheric inversions solving for surface sources and

sinks of CO2. Nearly a quarter of the year-to-year variation

in the global-scale exchange of CO2 between land and atmo-

sphere can be attributed to the African continent (Williams et

al., 2007).

The major source of this variability is gross primary pro-

ductivity whose variation exceeds that of ecosystem respira-

tion (Ciais et al., 2009; Weber et al., 2009; Williams et al.,
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Table 10. CH4 fluxes from biogenic processes and fires. Total surfaces derived from Globcover.

CH4 fluxes at Contribution of single

continental level sources to total

TgCH4 yr−1 continental emissions (%)

Net soil CH4exchange

Tropical humid forests 0.27 (0.16)a

Seasonally dry forests −0.21 (0.42)b

Savannas −1.43 (2.86)b

Pastures 0.1 (0.74)b

Croplands −0.19 (0.38)b

Total soil TgCH4 yr−1
−1.46 (3.01) −2.08

CH4 emissions from forested wetlands 18.8 (7.2–26.4)c 26.85

CH4 emissions from unforested wetlands 15.6 (9.6–68)c 22.28

CH4 emissions from rice paddy fields 4.4 (2.9–9.9)d 6.28

CH4 emissions from termites 2.5h(0.9h)–6.9e 3.78–9.80

CH4 emissions from animal husbandry and wildlife 17.83f 25.46

CH4 emissions from fires 8 (5–11)g 11.42

Total TgCH4 yr−1 65.65 (62.24)

PgCO2-eq yr−1 1.64

a EFs from S. Castaldi (personal communication, 2013), Yu et al. (2008).
b EFs from Castaldi et al. (2006).
c EFs median of yearly ecosystem emissions from Bartlett et al. (1988), Matthews and Fung (1987), Devol et al. (1988), Smith et al.

(2000), Melack et al. (2004), Hadi et al. (2005), Nahlik and Mistch (2011), in brackets scale up based on 25◦ and 75◦ percentile of

available data, land cover from https://secure.worldwildlife.org.
d Median and percentiles EFs derived from Aselmann and Crutzen (1989), Banker et al. (1995), Hadi et al. (2005), total hectars from

FAOSTAT (2010) data.
e EFs from Sanderson (1997) Globcover classes 20-70, 90-140, uncertainty is in the range of 1 %.
f Populations from FAOSTAT (2010), EFs from Crutzen et al. (1986) and Wang and Huang (2005).
g Delmas et al. (1992).
h Based on the method proposed in Kirschke et al. (2013).

2008). Hydroclimatic fluctuations are the prevailing cause,

with much of the continent being water-limited and subject

to highly variable precipitation inputs (Weber et al., 2009;

Williams et al., 2008). There is wide inconsistency among

models regarding the magnitude and spatial allocation of in-

terannual variations in ecosystem productivity (Weber et al.,

2009) (e.g. Fig. 6). Models do tend to agree that variabil-

ity is high in the Sudanian–Sahelian transition zone, equa-

torial East Africa, and south-central to southeastern Africa.

These are regions where hydroclimatic fluctuations are re-

ported to be correlated with El Niño–Southern Oscillation

(ENSO) and/or the Indian Ocean Dipole (or Zonal Mode) cli-

mate oscillations (Nicholson and Kim, 1997; Reason, 2002;

Reason and Rouault, 2002; Richard et al., 2000). Recent

work has demonstrated their sizeable effects on carbon ex-

changes (Ciais et al., 2009; Williams, 2010; Williams and

Hanan, 2011) (Fig. 7). While important, we note that such

teleconnections explain only a small fraction of continent-

wide interannual variability in water and carbon balances.

Long-term hydroclimatic trends are another important

source of variability at the regional scale, and have been

noted as particularly strong in the Sudano–Sahelian zone

(e.g. Nicholson, 2000, 2001; Tyson et al., 2002; Nicholson

and Kim, 1997). This drives corresponding periods of green-

ing or browning at decadal scales (Prince et al., 2007; Her-

rmann et al., 2005). Such patterns are also reflected in carbon

sinks or sources and can be attributed to increases and de-

creases in precipitation, but have also been linked to growth

enhancement from rising concentrations of carbon dioxide

(Ciais et al., 2009) (Fig. 8).

Though Africa contributes a large fraction of global fire

emissions, at nearly half of the global total (see Sect. 3.7), the

continent’s pyrogenic emissions are less interannually vari-

able in both relative and absolute terms compared to other

regions of the world, such as southeast Asia and Oceania, as

well as South America (van der Werf et al., 2006).

5 Integrating the African GHG budget

Table 11 synthesizes the best available estimates of carbon

fluxes and pools in Africa, including flux data for methane

and nitrous oxide, derived by different approaches (inven-

tory, ecosystem fluxes, models, atmospheric inversions).

There are still large uncertainties within (and between) each

of the approaches. For each of the different approaches used,
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Table 11. Synthesis of current estimates of GHG and carbon fluxes and pools in Africa. All these values do not include fossil fuel emissions.

Reference periods are indicated in the footnotes.

Inventory Ecosystem Models Atmospheric

data fluxesa (DGVM)b inversionsc

Area (Mha)

Forest 708 ± 89d

Savannas 769 ± 109d

Crops 477 ± 14d

Stocks (Pg C)

Forest biomass 63 ± 24d

Carbon fluxes (PgCyr−1)

Gross primary production 31.7 ± 6.6 24.3 ± 2.9a 28.2 ± 5.9b

Forest 18.8 ± 5.3e

Savannas 12.9 ± 1.9e

Net primary production 14.3 ± 3.7 13.3 ± 3.3b

Forests 8.5 ± 2.4f

Savannas 5.8 ± 2.8g

Autothropic respiration 17.4 ± 7.6h

Forests 11.1 ± 6.7i

Savannas 6.3 ± 10.0

Heterotrophic respiration 12.0 ± 11.3 12.1 ± 1.1b

Forests 7.1 ± 4.7i

Savannas 4.8 ± 10.3j

Total respiration 29.3 ± 13.6 19.0 ± 1.4a

Net ecosystem production −2.3 ± 1.2 −2.9 ± 1.3a
−1.2 ± 3.5b

Land-use emissions 0.51 ± 0.10

Deforestation (PgCyr−1) 0.32 ± 0.05k

Forest degradation (PgCyr−1) 0.19 ± 0.09f

Wildfires emissions (PgCyr−1) 1.03 ± 0.22l

Lateral transport (PgCyr−1)

Carbon in trade 0.000008m

DIC 0.029n

DOC 0.018n

POC 0.016n

Net biome production (PgCyr−1) −0.74 ± 1.19 −1.34 ± 1.32a
−0.41 ± 0.31b 0.05 ± 0.28c

Net biome production (PgCO2 yr−1) −2.66 ± 4.28 −4.82 ± 4.75 −1.48 ± 1.12 0.18 ± 1.01

Other GHG fluxes

CH4 fluxes (TgCH4 yr−1) 65.65 ± 35o

CH4 fluxes (PgCO2-eq) 1.64 ± 0.85o

N2O fluxes (TgN2Oyr−1) 3.3 ± 1.3o

N2O fluxes (PgCO2-eq yr−1) 0.98 ± 0.41o

Total other GHG fluxes 2.62 ± 1.28

NMHC (PgCyr−1) 0.16 ± 0.04p

NMHC (PgCO2 yr−1) 0.59 ± 0.12

a Reference period: 1982–2008.
b Reference period: 1990–2010.
c Reference period: 1996–2004. Inversion systems: Jena_s96, LSC2_var, LSCE_an, and C-tracker_EU.
d Median value and error estimated as 95 and 0.5 percentile.
e Derived by NPP/0.45 error derived by uncertainty in area estimation.
f Estimated by this study.
g Derived by Bombelli et al.(2009) and Lehsten et al. (2009).
h Derived by GPP-NPP.
i Derived by Malhi et al. (2009).
j Derived by Gilmanov et al. (2010).
k Reference period: 1990–2009.
l Reference period: 1997–2011.
m Derived by Davis et al. (2011).
n Reference period: 1980–2000.
o The time period of input data was centered on 2000, based on availability of most input data, which spanned from the middle of 1990s to

2009.
p Derived by Kesselmeier et al. (2002).
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Fig. 6. Standardized interannual variability of gross primary productivity, defined according to Weber et al. (2009) as
IAVi−IAV

σIAV
, from five

modeling exercises. SiB3 results were reported in Williams et al. (2008) and cover the period 1982–2003 and the remaining four were

reported in Weber et al. (2009) spanning 1982–2008, reproduced with permission. Values greater than 0 indicate above average interannual

variability.

Fig. 7. Spatial distribution across Africa of the slope of least-squares

linear regressions of SiB3 modeled (a, b) annual net photosynthe-

sis (Pnet) or CRU/TRMM (c, d) annual rainfall on climate indices.

Each column corresponds to analyses with a particular index with

the left column (a, c) for the multivariate ENSO index, and the right

column (b, d) for the Indian Ocean Dipole Mode Index (IOD). Re-

sults are based on Williams et al. (2008).

we have calculated, on the basis of the best available data,

the net carbon balance as follows: NEP – Fires – Land use

– lateral transport (DOC only). From these results, we can

conclude that the contribution by the African continent to the

global carbon cycle ranges between a slight source of 0.05±

0.28 Pg C yr−1 (estimated by the atmospheric inversion, ex-

cluding fossil fuel) to a sink of −1.34 ± 1.32 Pg C yr−1 (es-

timated by the ecosystem fluxes). The median estimate is

a sink of −0.58 Pg C yr−1. Interestingly, three different ap-

proaches provide quite similar GPP fluxes (31.7±6.6, 24.3±

2.9, 28.2±5.9 Pg C yr−1 for inventory data, ecosystem fluxes

and DGVM model, respectively). NPP also seems to be

well constrained by both inventory and DGVM estimates

(14.3±3.7 and 13.3±3.3 Pg C yr−1, respectively). Thus, the

inconsistencies between the approaches reside in the respi-

ration fluxes (broadly defined, to include domestic and wild

fire and decomposition of soil, biomass and litter stocks fol-

lowing land cover change).

Although total GPP and NPP seems to be reasonably con-

strained, respiratory fluxes show high uncertainties and re-

flect the difficulty of both measurements and a modeling ap-

proach. In particular, the assumptions to derive respiratory

fluxes by inventory are weak. This is partly due to the paucity

of data and in situ measurements able to represent the full

range of African ecosystems. The similar estimates for het-

erotrophic respiration derived from inventory and DGVMs is

likely to be coincidental.

The comparison of inventories, ecosystem flux measure-

ments, and DGVM estimates of NEE with atmospheric in-

versions can only be carried out by correctly accounting for

the lateral transport of carbon and for the land-use change

emissions. For this reason, we have compiled relevant data

on land-use emissions and lateral transport (see Sects. 3.6

and 3.8, respectively) as common input data for all the ap-

proaches. While all the approaches based on inventories,

ecosystem fluxes, and models indicate a modest carbon sink

(−0.74 ± 1.19, 1.34 ± 1.32, −0.41 ± 0.31 Pg C yr−1, respec-

tively), the atmospheric inversions, excluding fossil fuel,

show a small carbon source (0.05 ± 0.28 Pg C yr−1). There

are several reasons for such discrepancies, mostly related to

the features of the individual approaches and their assump-

tions. The discrepancies are within the uncertainty associ-

ated with the various approaches. In the case of inventory,

the reconstruction of carbon fluxes from NPP is based on a

few data sets from savannas and some speculative exercises

for tropical forests. Flux data and their spatial integration in

Africa suffer from the low number of field sites and the lack

of adequate representation of all ecosystem types. The likely

effects of terrain and night-time fluxes on the estimation of

the overall annual budget (and in particular the respiration

fluxes) are severe. In this paper, the possibility of some over-

estimation of net ecosystem exchanges from flux data is also

considered. DGVM may not adequately represent plant func-

tional types in Africa and respiratory fluxes. Furthermore,
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Fig. 8. Spatial distributions of ORCHIDEE modeled trends in annual GPP, TER, and NBP from 1980 to 2002 and of their main driving

factor. Reproduced with permission from Ciais et al. (2009).

the emissions by unsustainable land use, mainly fuel wood

extraction leading to forest degradation may be underesti-

mated. Atmospheric inversions are affected by the lack of

a reasonable network of observation sites in Africa. In addi-

tion, interannual variability plays an important role and the

overall carbon balance may easily swing from a sink to a

source of carbon following climate variability and anthro-

pogenic changes.

The contribution of N2O and CH4 fluxes to the over-

all GHG balance of the African continent is equivalent

to 2.62 ± 1.28 Pg CO2-eq yr−1. CH4 is the dominant emis-

sion (1.64 ± 0.85 Pg CO2-eq yr−1) while N2O is 0.98 ±

0.41 Pg CO2-eq yr−1. If we compare these estimates with the

carbon balance of the continent, we can say that the role of

non-CO2 gases emissions is prevalent in making the conti-

nent a net source of greenhouse gases.

6 Key uncertainties and research gaps

After having assessed the availability of data, the key pro-

cesses involved in the GHG balance of Africa, and the suit-

ability of the various methods that have been used, some con-

clusions can be drawn as the following:

1. There is a general lack of data and information on rel-

evant processes at ecosystem level, able to constrain

atmospheric data and DGVM models. This includes

respiratory fluxes and NPP data, particularly for tropi-

cal rainforest, and for several other ecosystems such as

savannas and the woodlands transitional to forests.

2. Although land-use emissions are increasingly well

studied, there still are gaps relating to forest degrada-

tion and other land use that make the African conti-

nent unique, such as selective logging, biomass use for

charcoal production, and the effects of shifting agricul-

ture.

3. Interannual variability is the major feature of the con-

tinental carbon fluxes, believed to be of the order of

±0.5 Pg C yr−1 in standard deviation accounting for as

much as a quarter of the year-to-year variation in the

global carbon budget.

4. It seems that climatic fluctuations (particularly as they

impact the water balance), are an important source of

variability at the regional scale, and have been noted as

particularly strong in the Sudano–Sahelian zone. Inte-

grating the biogeochemical cycles of carbon and water

research is therefore of particular importance in under-

standing the dynamics of the African carbon balance.

5. Non-CO2 greenhouse gas emissions are poorly studied

across the various African ecosystems. In particular,

little is known about how they are affected by land use

and climate. The lack of such information hinders the

understanding of the African methane budget at global

level and provision of an insight on the natural sources

of nitrous oxide.
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6. Since both climate and human pressures will play an

important role on the future of the African region,

a greater effort on in situ and atmospheric observa-

tions is urgently needed and should also comprise of

socio-economic drivers of change. Integrated inter-

disciplinary research would allow us to reduce uncer-

tainties in the carbon and other GHG fluxes of the con-

tinent and to understand its temporal and spatial vari-

ability in response to climate and land-use drivers.

The vast majority of the results from this study and

the literature, based on different methodologies and for

different time periods (see Table 11), seem to agree that

Africa is probably a small sink of carbon on an annual

timescale. By averaging out all the estimates, this value is

−0.61 ± 0.58 Pg C yr−1. Nevertheless, the emissions of CH4

and N2O may turn Africa into a carbon source.

At sub-regional level, there is a significant spatial vari-

ability in both carbon sources and sinks, mainly due to the

biome’s change and the different anthropic impact, with

southern Africa as the main source and central Africa as the

main sink. In particular, 33 % of the global tropical forest

carbon sink (and 16 % of the global terrestrial carbon sink)

is estimated to be due to African tropical forests that contain

around 78 Pg of above ground biomass.

Emissions from land-use change in Africa are significant

(around 0.32±0.05 Pg C yr−1) and even higher than the fossil

fuel ones; this is a unique feature among all the continents.

In addition, there can be significant carbon losses from land

even without changes in the land use (forest), resulting from

the impact of selective logging.

Fires also play a significant role, with around 1.03 ±

0.22 Pg C yr−1 of annual carbon emissions mainly (90 %)

originating from savanna and woodland burning. On a global

scale, this contributes to more than half (52 %) of the global

carbon emissions by fires, and more than a third (36 %) of

CH4 emissions.

The African continent is responsible for a large fraction

(around 25 %) of the global carbon cycle’s interannual vari-

ability.

These figures as a whole, even if still highly uncertain,

show the important role Africa plays in the carbon cycle at a

global level, both in terms of absolute values and variability.
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