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Abstract
Atmospheric nitrogen depends on land surface exchanges of nitrogen compounds. In Sub
Saharan Africa, deposition and emission fluxes of nitrogen compounds are poorly quantified, and
are likely to increase in the near future due to land use change and anthropogenic pressure. This
work proposes an estimate of atmospheric N compounds budget in West and Central Africa,
along an ecosystem transect, from dry savanna to wet savanna and forest, for years 2000−2007.
The budget may be considered as a one point in time budget, to be included in long term studies
as one of the first reference point for Sub Saharan Africa. Gaseous dry deposition fluxes are
estimated by considering N compounds concentrations measured in the frame of the IDAF
network (IGAC/DEBITS/AFrica) at the monthly scale and modeling of deposition velocities at
the IDAF sites, taking into account the bi directional exchange of ammonia. Particulate dry
deposition fluxes are calculated using the same inferential method. Wet deposition fluxes are
calculated from measurements of ammonium and nitrate chemical content in precipitations at the
IDAF sites combined with the annual rainfall amount. In terms of emission, biogenic NO
emissions are simulated at each IDAF site with a surface model coupled to an emission module
elaborated from an artificial neural network equation. Ammonia emissions from volatilization are
calculated from literature data on livestock quantity in each country and N content in manure.
NOx and NH3 emission from biomass burning and domestic fires are estimated from satellite data
and emission factors. The total budget shows that emission sources of nitrogen compounds are in
equilibrium with deposition fluxes in dry and wet savannas, with respectively 7.40 (±1.90)
deposited and 9.01 (±3.44) kgN ha−1 yr−1 emitted in dry savanna, 8.38 (±2.04) kgN ha−1 yr−1

deposited and 9.60 (±0.69) kgN ha−1 yr−1 emitted in wet savanna. In forested ecosystems, the
total budget is dominated by wet plus dry deposition processes (14.75 ± 2.36 kgN ha−1 yr−1),
compared to emissions processes (8.54 ± 0.50 kgN ha−1 yr−1).

Keywords: atmospheric deposition budget, African ecosystems, nitrogen, wet and dry deposition
processes, emission budget

Introduction

Reactive nitrogen (Nr) compounds in the oxidized form (NOx)
and the reduced form (NHx) play an important role in the
chemistry of the atmosphere as well as the functioning of
aquatic and terrestrial ecosystems (Vitousek et al 1997). Nr

inputs to ecosystems have considerably increased since pre

industrial times and are still accelerating (Galloway
et al 2004, 2008). Increased Nr supports the food and fuel
needs of a growing human population, but it affects envir-
onmental sustainability, climate, the chemistry of the atmo-
sphere, and the composition and function of terrestrial and
aquatic ecosystems (Galloway et al 2008). Considering these
multiple impacts of Nr, evidences are available for temperate
ecosystems on critical levels of Nr for atmospheric deposition
and pollutant air concentrations above which significant
environmental degradation can be expected. Regional Nr

assessment are available for the European Union (Sutton
et al 2011), North America (Sobota et al 2013) and China (Ti
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et al 2012) including sometimes synthesis on the relationships
for both water and air Nr pollution to human health.

However, major uncertainties remain for developing
world. Africa remains a region with too little Nr. Insufficient
Nr leads to food insecurity in developing regions of the world,
specifically in Sub Saharan Africa (SSA) (Godfray
et al 2010). SSA represents at the global scale one of the best
case study of the ongoing challenges created by ‘too little N’,
and the on going African Green Revolution that emphasizes
overcoming soil nutrient depletion through provision of more
nutrients through subsidized fertilizers, combined with
improved cropping practices and a better water management
(Palm et al 1997, Sanchez et al 2007, 2010, Vitousek
et al 2009). If in the ‘industrialized world’ , reducing Nr

creation and its harmful impacts is of critical importance, the
initial challenge in SSA remains to increase Nr to produce
more food while minimizing nutrient loss and its subsequent
environmental damages (Sutton et al 2011).

The work presented in this paper starts in the context of
the regional African assessment in the framework of the
International Nitrogen Initiative. For SSA, it appears clearly
that a better understanding of Nr inputs and sources is critical
to improve the balance between their positive and negative
impacts. Except the synthesis of Nr in Africa published by
Robertson and Rosswall in 1986 for West Africa, there is no
other global assessment for Africa. This synthesis underlines
among other things the need to better estimate the atmo-
spheric nitrogen fluxes according to land use category
through direct measurements of N emissions and deposition
fluxes.

To contribute to the future global Nr assessment for
Africa, we propose in this work an estimate of the nitrogen
atmospheric budget. This budget relies on measurements and/
or calculations of N emissions and deposition fluxes region-
ally representative of the main African ecosystems defined
according to a transect: dry savannas-wet savannas-forests.

Emission inventories of the hemispheric transport of
atmospheric pollutants (HTAP) models intercomparison
exercise (Vet et al 2014) indicate a global total emissions of
NH3−N in 2001 to be 58.5 Tg N. Asia accounted for the
highest emissions with 39.4% of the global total, with Africa
and South America being the next highest with 12.5% and
10.4%, respectively. Global total emissions of NOx−N in
2001 were estimated at 46.6 Tg N with Asia accounting for
26.8%, and North America and Africa accounting for 18.7%
and 16.7%, respectively. HTAP 2001 simulations predicts
that global total deposition of N is around 106.3 Tg N. Total
deposition of N to the non-coastal continental areas was
highest in Asia (22.2% of global N deposition) followed by
Africa (10.0%) and North America (8.0%) (Vet et al 2014).
Future projections in Asia and in SSA suggest that these
regions can expect substantial increases in reactive N
deposition over coming decades (Dentener et al 2006, 2014,
Lamarque et al 2013, Sutton et al 2014). Moreover, a recent
inventory developed for anthropogenic african combustion
(excluding biomass burning) predicts increase higher than
30% for NOx emission for the african continent compared to
other projections given by RCP projections for the future

(Liousse et al 2014). In addition to combustion, projected
increases of N emissions from agricultural soils in Africa
(e.g., from the increasing use of synthetic fertilizers), over
tropical forests (e.g., from biomass burning), and in rapidly
developing locations around the globe emphasize the need for
long-term observations of wet and dry deposition to under-
stand the future impacts.

In this context, the international program Deposition of
Biogeochemically Important Trace Species (DEBITS) started
in 1990 as part of the IGAC/IGBP (International Global
Atmospheric Chemistry/International Geosphere-Biosphere
Programme) core project. The aim of the project is to assess
the wet- and dry-atmospheric deposition in tropical regions
(Pienaar et al 2005. For tropical Africa, the IDAF (IGAC/
DEBITS AFRICA) project started in 1994, in partnership
with INSU (Institut National des Sciences de l’Univers,
France) and the CNRS (Centre National de la Recherche
Scientifique, France) as part of the Environmental Research
Observatory (ORE, France) networks. IDAF has the mission
of establishing long-term measuring network to study the
atmospheric composition and wet- and dry-atmospheric pro-
cesses. The main objectives of IDAF are to measure wet- and
dry-deposition fluxes and to identify the relative contribution
of natural and anthropogenic sources of nitrogen. As such,
IDAF activity is based on high quality measurements of
atmospheric chemical data (gaseous, precipitation and aero-
sols chemical composition) on the basis of a multi-year
monitoring. This project implemented ten monitoring sites
distributed in the major African ecosystems over West and
Central Africa and South Africa: dry savanna (Niger, Mali,
South Africa), wet savanna (Côte d’Ivoire and Benin) and
equatorial forest (Cameroon, Congo) (figure 1).

We present in this paper an atmospheric nitrogen budget
including nitrogen emissions and deposition regionally
representative of major African ecosystems in west and cen-
tral Africa. In this study, we propose a compilation of IDAF
wet and dry nitrogen deposition fluxes for the period
2000–2007 for different IDAF sites representative of a
transect of ecosystem. In addition, atmospheric nitrogen
emissions have been estimated to be representative of specific
climate and vegetation around each studied ecosystem and
will be compared to nitrogen deposition fluxes. The same
approach has been previously applied in the Sahelian region
for the year 2006 by Delon et al (2010), and for years 2002
−2007 in dry and wet savannas (Delon et al 2012), but never
in forested ecosystems. This study in west and central Africa
allows giving an original atmospheric nitrogen budget at the
regional scale. The approach combines both unique experi-
mental data based on the IDAF deposition program and
modeling studies, especially developed for SSA to estimate
nitrogen atmospheric exchanges.

This regional N emission deposition budget should give
the present status at the scale of the main African ecosystems
and should help to quantify the processes that may contribute
to the changing levels of N deposition. In addition to changes
in NOx−N and NH3−N emissions, the annual and seasonal
rate and distribution of precipitation are also important to
understand changes in N deposition over Africa. In dry areas,
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for example, N volatilization as NH3 and NO is strongly
dependent on soil moisture and consequently on the pre-
cipitation regime (Delon et al 2012, 2014, Galy-Lacaux et al
2014). Little is known about critical loads in the tropics,
which may be less N limited than temperate forests and show
different responses to elevated N deposition. Thus, there is an
urgent need for a greater understanding of the long-term
impacts from low levels of nitrogen deposition in all systems,
with particular emphasis on understudied biomes and areas
such as the Tropics, Asia, and Africa (Bobbink et al 2010)

All studies based on long term observations in indus-
trialized countries have helped to understand the negative
effects of increasing N load in the atmosphere, and helped to
make decisions on N mitigation. The budget presented in this
work may be considered as one point in time budget, to be
included in long term studies as one of the first reference point
for SSA. Knowing what has been the evolution of nutrient use
in industrialized regions, and the subsequent N release to the
atmosphere, may help to propose key actions to produce more
food and energy with less pollution in SSA. Moreover, it is
important to consider to produce more food with a better N
use efficiency, in crop and animal production, and increasing
the fertilizer equivalence value of animal manure (ONW,
Sutton et al 2013). For that, the present study gives the cur-
rent state of N exchanges in SSA.

1. Regional wet and dry nitrogen deposition

Dry and wet deposition of Nr are the final removal processes
of Nr compounds from the atmosphere. Dry deposition
describes the uptake of atmospheric species (gases or aerosol

particles) at the surface of the Earth, and provides surface
boundary conditions for atmospheric chemistry models. Dry
deposition process could be described as the uptake by the
surface (i) as an irreversible loss for the species (one-way
deposition), or (ii) as a reversible process where the surface
provides a reservoir for the species and allows re-emission to
the atmosphere (two-way exchange). Many different techni-
ques exist to measure directly dry deposition fluxes but are
difficult to organize in monitoring networks because of the
requirements for highly sophisticated methods and instru-
mentation (Wesely and Hicks 2000). The IDAF network in
Africa, among few other global networks, has contributed to
dry deposition estimates for the WMO assessment (Vet
et al 2014) using the so-called ‘inferential’ technique, which
involves measurements of ambient air concentrations of gases
and/or particles by multiplying these concentration by dry
deposition velocities estimated using models (Wesely and
Hicks 2000, Zhang et al 2005, Shen et al 2009). Despite large
uncertainties (Wesely and Hicks 2000), inferential dry
deposition estimates remain the best available for assessing
long term dry deposition at global and regional scale. In this
study, we will consider new developments to quantify gas-
eous nitrogen dry deposition fluxes for African ecosystems
performed by Adon et al 2013, including bi directional
exchange of ammonia. Uncertainties on dry deposition fluxes
are estimated to be larger than 30% (Delon et al 2010, Adon
et al 2013, Zhang et al 2003a,b, Zhang et al 2010).

Wet deposition refers to the removal of gases and aero-
sols by scavenging in clouds and precipitation. Measurements
of wet deposition are made by collection and analysis of rain
using wet-only samplers, opening and closing the sampler at
the beginning and end of rainfall events. Wet deposition is

Figure 1. Vegetation and location map showing the distribution of the ten IDAF stations.
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Table 1. Total nitrogen deposition budget in kgN ha−1 yr−1 including gaseous dry deposition, particulate dry deposition and wet deposition.

Site
(NO2 +HNO3 +NH3) Gaseous dry deposition

(kgN ha−1 yr−1)
(p-NO3

−°+°pNH4
+) Particulate dry deposi-

tion (kgN ha−1 yr−1)
(NH4

+°+°NO3
−) wet deposition

(kgN ha−1 yr−1)
Total deposition wet + dry

(kgN ha−1 yr−1)

Dry savannas 4–5.3 0.07–0.16 2–3,4 6.0–8.9

Wet savannas 3.4–4.6 0.03–0.06 3.5–5.3 6.9–10.0

Forest 11.2–11.8 — 3.6a 14.8–15.4

a

Wet deposition in forest: estimation for Zoétélé site.
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estimated as the product of a species concentration in pre-
cipitation by the precipitation depth (WMO/GAW 2004). In
the recent WMO global assessment of precipitation chemistry
and deposition, all precipitation chemistry and wet deposition
data have been carefully screened according international
sampling protocols and analytical methods consistent with the
WMO/GAW 2004 standard protocols. Data for all the
regionally representative african sites (IDAF network) have
been approved and included in the final assessment database.
Measurements patterns of wet and dry deposition fluxes in
Africa have been analyzed for two periods of reference
2000–2007 and 2005–2007 in Vet et al (2014). In this paper,
we present the mean N deposition budget using the IDAF
database for the whole period 2000–2007. The estimation of
the atmospheric nitrogen deposition budget in West and
Central Africa, including wet and dry processes, is based on
IDAF experimental measurements including gas, particles
and rain composition (http://idaf.sedoo.fr). We chose the
mean 2000–2007 period because it corresponds to previous
analysis given by Sigha et al (2003), Yoboue et al (2005),
Galy-Lacaux et al (2009), Laouali et al (2012), Vet et al
(2014) and also because of the availability of a combined
database composed of rain chemistry, gas concentrations, dry
deposition velocity calculations and environmental para-
meters (Adon et al 2010, 2013) during this period. In this
paper, a transect of ecosystem from dry savanna to humid
savanna and forest is studied using all the IDAF regional-
representative sites located pairs by pairs on each ecosystem.
An analysis of the different components of the nitrogen
atmospheric deposition in gaseous and particulate forms is
performed, associated with measured wet deposition fluxes.

1.1. Wet deposition

An automatic precipitation collector designed for the IDAF
network has been installed in all stations. A local operator
collects water from each rainfall event in a Greiner tube
(50 ml). Rainwater samples were stored in a deep freeze and
analyzed for pH, conductivity and major inorganic and
organic ions. Analytical procedures are given in Galy-Lacaux
and Modi (1998) and on the web site http://idaf.sedoo.fr.
International intercomparison studies are carried out each year
to ensure the quality of measurements. The Laboratoire
d’Aérologie (LA) has been involved in these tests since 1996.
All ion chromatography, pH and conductivity analyses car-
ried out at the LA are evaluated through the WMO inter-
comparison studies and the analytical precision is estimated to
be: 5% or better for mineral ions. Combining all the uncer-
tainties of measurements and calculations, we estimate the
global uncertainty of the wet deposition fluxes to be about
10%. To calculate wet nitrogen deposition in African eco-
systems, we have compiled mean annual nitrate and ammo-
nium content from the precipitation collected and a mean
annual rainfall for the studied period from five IDAF sites.
We propose here to quantify a range of wet deposition fluxes
representative of the period 2000–2007 for the three main
types of ecosystems: dry savannas, wet savannas and forests.
The mean rainfall depth registered from 2000 to 2007 in

Banizoumbou (Niger) and Katibougou (Mali) representative
of dry savannas was 449 and 744 mm, respectively; in Lamto
(Côte d’Ivoire) and Djougou for wet savanna 1274 and
1261 mm, respectively; and in Zoétélé Cameroon for equa-
torial forests, 1557 mm. Mean nitrate and ammonium con-
centrations measured from 2000 to 2007 in the dry savannas
sites in Niger and in Mali were 11 μeq L−1 of NO3

− and
19 μeq L−1 of NH4

+ (Galy-Lacaux et al 2009, Laouali et al
2012). In the wet savanna, measurements were 8 μeq L−1 of
NO3

− and 18 μeq L−1 of NH4
+ (Yoboue et al 2005). In forested

ecosystem, we measure from 2000 to 2007 around 7 μeq L−1

of NO3
− and 10 μeq L−1 of NH4

+. These contents are compar-
able to those mentioned by Sigha et al (2003) from 1996 to
2000 and to previous measurements performed by Lacaux
et al 1988 in the African equatorial forest in Congo, Dimo-
nika site, for one year in 1987 (6.4 μeq L−1 of NH4

+ and
8.6 μeq L−1 of NO3

−). However, nitrate and ammonium con-
tent at the congolese forested site of Boyélé in 1987 are
higher, i.e., 15.4 μeq L−1 of NH4

+ and 19.4 μeq L−1 of NO3
−.

The chemical composition of rain shows a decreasing gra-
dient of nitrate and ammonium content from the dry savannas
to the forest. In the dry savannas, biogenic emission of NOx in
soils have been identified as the major contributor to nitrate in
rain water while ammonia emissions from animals waste are
believed to be responsible for the high ammonium content
(Galy and Modi 1998, Serça et al 1998, Galy-Lacaux
et al 2009, Delon et al 2010). Future growth of population in
agro-pastoral areas in the Sahel, where changes in land cover
and soil degradation due to changes in land use are proble-
matic, may increase the contribution of ammonia emission
(i.e. use of synthetic fertilizers), whereas purely pastoral areas
of the Sahel suffer less from man induced effects due to a
lower population density (Mougin et al 2009).

Nitrogen wet deposition in the forms of nitrate and
ammonium were calculated to be around 2−3.4 kgN ha−1 yr−1

in dry savannas, 3.5−5.3 kgN ha−1 yr−1 in wet savannas and
about 3.6 kgN ha−1 yr−1 in forests (based only on Zoétélé site
precipitation chemistry measurements) (table 1). According to
the scarcity of the data for long term precipitation chemistry
in African equatorial forest, we think that N wet deposition
calculated for Zoétélé (Cameroon) using seven years of data
represent the low range of N wet deposition fluxes. Despite
the higher measured ammonium and nitrate rain content in
dry savannas, the atmospheric nitrate and ammonium wet
deposition fluxes present a positive gradient from the dry
savanna to the wet savannas and the forest. Wet deposition
fluxes are directly linked to the rainfall gradient with a range
from about 450 to 1550 mm yr−1 along the studied ecosys-
tems transect. According to the synthesis papers for the dif-
ferent IDAF sites that have studied the interannual variability
of wet deposition fluxes, we assume that the total N wet
deposition presents a maximum variation of ±25% around the
mean (Sigha et al 2003, Yoboue et al 2005, Galy-Lacaux
et al 2009, Laouali et al 2012). Even if the theoretical
uncertainty on wet deposition fluxes measurement is about
10%, it seems reasonable to consider for N wet deposition
fluxes an uncertainty of about 25% related to interannual
variability combining the natural variability of rainfall depths
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and of the different sources of gases and particles influencing
nitrogen rain content.

1.2. Dry deposition

Gaseous dry deposition flux of nitrogen has been calculated
as the sum of dry deposition fluxes of ammonia (NH3), nitric
acid (HNO3) and nitrogen dioxide (NO2) (table 1). Gaseous
measurement (NH3, HNO3, NO2) are monthly integrated
samples using passive sampling techniques following the
work of Ferm (1994). This technique has been tested in dif-
ferent tropical and subtropical region (Ferm and Rodhe 1997,
Carmichael et al 2003, Martins et al 2007). The uncertainties
on HNO3, NO2 and NH3 concentration measurements,
determined from the covariance of duplicates, are equal to
20%, 9.8% and 14.3%, respectively.

Mean annual gases concentrations for the different IDAF
sites measured over the period 1998–2007 have been reported
in Adon et al 2010. Mean concentrations are calculated for
each type of ecosystems (same type of vegetation, same
amount of rain) by grouping two sites in dry savannas
(Banizoumbou (Niger) and Katibougou (Mali), two sites in
wet savannas (Djougou (Benin and Lamto (Côte d’Ivoire) and
two sites in forests (Zoétélé (Cameroon) and Bomassa
(Congo). Concentrations are ranged from 1 in wet savannas
and forest to 2.4 ppb in dry savannas for NO2, from 0.3 in
forest to 0.5 ppb in dry savanna for HNO3 and from 3.9 in wet
savanna to 6.7 ppb in dry savnnas for NH3, respectively. As
mentioned in the introduction of the regional N deposition
budget, dry deposition flux is computed using the inferential
method. It represents the product of measured gaseous con-
centrations (NO2, NH3, HNO3), and realistic dry deposition
velocity according to the recent work of Adon et al 2013.
Annual deposition velocities calculated from 2002 to 2007
range from 0.15 to 0.32 cm s−1 for NO2, from 0.68 to
2.20 cm s−1 for HNO3 and from 0.22 to 0.84 cm s−1 for NH3

(Adon et al 2013). We assume that the uncertainties on dry
nitrogen deposition fluxes are larger than 30% and mainly due
to the concentration measurements, and to the estimate of the
deposition velocity (Adon et al 2013, Delon et al 2010).

Detailed results, gas by gas, indicate that NO2 dry
deposition fluxes in annual mean presents a small variability
on the period 2000–2007 according to the type of ecosystem
with fluxes varying from 0.4 (±0.) kgN ha−1 yr−1 in wet
savanna, 0.6 (±0.1) kgN ha−1 yr−1 in dry savanna to 0.7
(±0.2) kgN ha−1 yr−1 in forested ecosystem. NH3 dry deposi-
tion fluxes present higher annual mean values with 3.2 (±0.6)
and 2.9 (±0.8) kgN ha−1 yr−1 in dry savanna and wet savanna,
respectively and 9.9 (±0.2) kgN ha−1 yr−1 over the forest.
Major sources of NH3 include bacterial decomposition from
urea in animal excreta and emissions by natural or fertilized
soils (Schlesinger and Hartley 1992). In Africa, another sig-
nificant source of ammonia is produced by savanna fires and
domestic fuelwood burning (Delmas et al 1995). Dry
deposition fluxes of HNO3 are very low compared to NO2 and
NH3 with values ranging between 0.7 (±0.01) and 1.0
(±0.01) kgN ha−1 yr−1 for all the ecosystems. This result is
correlated to very low HNO3 concentrations measured in all

the stations (Adon et al 2010). Total dry deposition fluxes of
gases (sum of the three dry deposition gases fluxes) are pre-
sented in table 1 and indicates a total of 4−5.3 kgN ha−1 yr−1

in dry savannas, 3.4−4.6 kgN ha−1 yr−1 in wet savannas to
11.2−11.8 kgN ha−1 yr−1 in forested ecosystems. The range is
based on the annual mean from 2000 to 2007 for the two
different sites regionally-representative of each ecosystem.

Dry deposition of nitrogen from particles was calculated
according to particulate ammonium (pNH4

+) and nitrate
(pNO3

−) concentrations determined in the water soluble con-
tent of the bulk aerosols sampling. The annual mean con-
centrations values were calculated for the period 1998–2000
(available data). To estimate nitrogenous dry deposition
fluxes of particles, a dry deposition velocity value of
0.1–0.2 cm s−1 was used according to Zhang et al (2009) and
Whelpdale et al (1996). The results of total dry deposition of
(pNH4

+) and (pNO3
−) were of the same order in all types of

ecosystems with relatively low values. For the mean
particle concentrations measured in Banizoumbou and Kati-
bougou, were pNH4

+ = 0.31 ± 0.02 ppb and pNO3
−= 0.16 ±

0.03 ppb in Banizoumbou, pNH4
+ = 0.17 ± 0.06 ppb and

pNO3
−= 0.23 ± 0.06 ppb in Katibougou (Galy-Lacaux et al

2014). However the concentrations of aerosol with gaseous
NH3 observed in the two dry savannas sites ranged from 2.9
to 10.4 ppb in Banizoumbou and 1.8 to 6.9 ppb in Katibougou
respectively which implied that particulate deposition were
negligible compared to gaseous dry deposition. The mean
annual particulate deposition fluxes (pNH4

+ + pNO3
−), in the

semi-arid, wet savanna ecosystems are around 0.07–0.16,
0.03–0.06 kgN ha−1 yr−1 respectively (table 1).

2. Emissions of nitrogenous compounds

Each potential source of N compound emission to the west
and central African atmosphere will be detailed in this para-
graph. Methods of calculation will be presented briefly, and
the reader is invited to refer to Delon et al (2010, 2012) for
more information. The assumptions made to estimate each
contribution will be explained, as well as all the uncertainties.

The N emission sources take into account simulated NO
biogenic emission from soils, NH3 emission by volatilization
estimated from the literature (merging measurements of N
content in animal excreta and statistic data on livestock
population) and NOx and NH3 emission from biomass burn-
ing and domestic fires, both estimated from satellite data of
burnt areas and existing data on emission factors.

2.1. NO biogenic emission from soils

Biogenic emissions from soils are derived from an artificial
neural network (ANN) approach. The resulting algorithm
provides on line biogenic NO emissions and has been
developed in Delon et al (2007). Fluxes depend on surface
water filled pore space (WFPS) and temperature, soil deep
temperature (20–30 cm), pH, sand percentage, fertilization
rate and wind speed. It has been fully coupled to the SVAT
model ISBA (Noilhan and Mahfouf 1996) to reproduce NO
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pulses in the Sahel region (Delon et al 2008), at the beginning
of the wet season. Indeed, Pulsed NO emissions occur when
very dry soil is wetted resulting in a reactivation of water-
stressed bacteria (Hudman et al 2012). This algorithm has
been adapted to reproduce NO biogenic emissions from soils
in the whole West African region. NO emissions from soils in
ISBA are obtained in a domain from −20 to 30°E, and from
−5 to 20°N, at a spatial resolution of 0.5° and a time reso-
lution of 3 h. In the following sections, NO fluxes are aver-
aged on a 3°/3°, window around each specific IDAF station.
The meteorological forcing used in the model has been
developed within ALMIP (AMMA Land surface Model
Intercomparison Project), from a data set based on the mer-
ging of ECMWF (European Centre of Medium Range-
Weather Forecast) atmospheric state variables, and TRMM-
3B42 3-hourly data for the precipitation. A more compre-
hensive description of ALMIP may be found in Boone
et al (2009).

We assume that the most important driving parameters
for our study are surface soil temperature and WFPS (calcu-
lated from soil moisture). Therefore, the uncertainty of the
biogenic NO flux is calculated from the fluctuation of these
two parameters and ranges from 3% to 45%.

The fertilization rate provided to the model is based on
the calculation of N released by organic fertilization (i.e.
cattle dung and manure), for each country. Indeed, data bases
of land use do not provide enough information concerning
synthetic fertilization. Galloway et al (2004) give an estimate
of 2.5 TgN yr−1 for the N input by fertilization production for
the whole African continent. Therefore, significant work was
done to develop our own data base for organic fertilization for
23 countries of West and Central Africa which are contained
in our simulation domain. The N quantity released by live-
stock is calculated from Schlecht et al (1998), in
gN head−1 day−1, for cows, sheep and goats. This estimate is
multiplied by the number of animals per km2 in each country.
The animal population is obtained in each region of each
country from the FAO (Food and Agriculture Organization)
Global Livestock Production and Health Atlas GLiPHA
(2009, http://kids.fao.org/glipha/). 70% of the resulting N
input is used to calculate NO emissions from soils (this value
constitutes one of the seven factors used to calculate biogenic
NO emission with a neural network approach), the rest (30%)
will be used for the calculation of NH3 volatilization. The
overall uncertainty applied on NH3 volatilization is 50%
(estimated from Bouwman et al 1997, taking into account N
release by livestock and animal population).

2.2. NH3 emission by volatilization

Ammonia is formed in soils from biological degradation of
organic compounds and ammonium and depends on soil
cation exchange reactions, soil moisture content and net
mineralization. The current annual NH3 emission in devel-
oping countries of 15 TgN accounts for 2/3 of the global
emissions from animal excreta. The fraction of the N excre-
tion that is lost as NH3 ranges from 10% to 36%, depending
on animal-waste management and animal category

(Bouwman and Van Der Hoek 1997, Bouwman et al 1997).
More recently, Bouwman et al (2002a) stated that 25%, 28%
and 33% of N use in Western Africa is released as NH3 in
intensive grasslands, upland crops and wetland rice, respec-
tively. The difficulty of obtaining reliable data concerning the
use of animal manure, and management practices in tropical
countries leads to uncertainties in estimating the NH3 loss.

As explained above, NH3 volatilization rate is 30% of the
N input by organic fertilization (N quantity contained in
animal excreta multiplied by the number of heads of livestock
in a given region). NH3 volatilization estimate is therefore 5.5
(±3) kgN ha−1 yr−1 in dry savanna, 2.4 (±0.1) kgN ha−1 yr−1 in
wet savanna and 0.6 (±0.5) kgN ha−1 yr−1 in forest.

Projected loss rates for 2025 (compared to 1990) for
developing region calculated in Bouwman et al (1997) show
an increase from 0.1 to 0.2 MtonsN yr−1. According to this
study, the scenarios of food production and associated NH3

emissions in developing countries show that the NH3 emis-
sions may increase significantly in the future, but less rapid
than food production, due to an increase in efficiency of
livestock and crop production.

2.3. NOx and NH3 emission from biomass burning

Global biomass burning inventories for gases and particles are
available from January 2005 to December 2006 on the
Laboratoire d’Aerologie website (http://www.aero.obs-mip.
fr:8001/). The available spatial resolution is 1 km. and the
time scale is daily. These global inventories use the L3JRC
burnt area product (Liousse et al 2010) based on the SPOT
−VGT vegetation satellite and Global Land Cover (GLC)
vegetation map, together with data on biomass densities and
burning efficiencies. Emission factors for gaseous species
(NO, NO2 and NH3) were chosen following Andreae and
Merlet (2001). In dry and wet savannas, monthly means and
averages of emissions from fires in a 5°/5° window around
each specific station (to ensure a sufficient sampling of fire
events) are used to evaluate the potential impact of biomass
fires at the local/regional scale. In forest, a larger window has
been used (6°/6°), to ensure a greater impact of fires in the
region of Africa where biomass burning is one of the most
active source of emission. The total uncertainty for both NH3

and NOx fluxes from biomass burning is 54%, calculated from
burned areas, biomass density, burning efficiency and emis-
sion factors. Emission of NOx and NH3 from biomass burning
fires is 1.51 (±0.27) kgN ha−1 yr−1 in dry savanna, 4.11
(±0.96) kgN ha−1 yr−1 in wet savanna and 6.13
(±1.61) kgN ha−1 yr−1 in forest.

2.4. NOx and NH3 emission from domestic fires

Combustion of biofuel is mainly used for cooking in West
and Central Africa. Biofuel use provides a constant emission
all year long and is a potential source of trace gases. In the
present study, NOx and NH3 emission from domestic fires
uses the methodology from Junker and Liousse (2008), for the
most recent existing year (2003). Reference NOx emission
factors values were given by Andreae and Merlet (2001), and
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on the two following websites: http://www.naei.org.uk/
reports.php, and http://www.transport.govt.nz/. NH3 emis-
sions factors are also given in Andreae and Merlet (2001).
Consumption data are given by the United Nations database.
Annual emissions are calculated country by country, and then
gridded at 25 km/25 km resolution (Assamoi and
Liousse 2010). The monthly input of nitrogen compounds is
therefore constant all year long, and is averaged over a 5°/5°
window around each specific station to consider the local/
regional impact of these emissions.

The uncertainty applied to domestic fires (mainly linked
to wood and charcoal consumption estimates from United
Nation database and the lack of knowledge of emission
factors as a function of countries, fuels, activity, technology
and norm combinations) is 60% for both compounds. Emis-
sion of NOx and NH3 from domestic fires are 0.39
(±0.11) kgN ha−1 yr−1 in dry savanna, 0.97 (±0.02) kgN ha−1

yr−1 in wet savanna and 0.22 (±0.27) kgN ha−1 yr−1 in forest,
showing a lower impact than every other source of N com-
pounds emission.

Anthropogenic emissions are not taken into account in
this study. Indeed, IDAF sites where the different estimates
are made remain far from large cities and from anthropogenic
emission influence. Emissions of gases and particles from the
combustion of fossil fuels and biofuels in Africa are expected
to increase significantly in the near future due to the rapid
growth of African cities and megacities, and the magnitude of
African anthropogenic emissions could be similar to African
biomass burning emissions around 2030 (Liousse
et al 2010, 2014).

3. Nitrogen deposition and emission budget

Dry deposition fluxes, estimated for the three African eco-
systems were combined with those associated with wet
deposition to provide an estimate of the annual nitrogen
atmospheric deposition (table 1). The total nitrogen deposi-
tion is estimated to be around 6.0−8.9 kgN ha−1 yr−1, 6.9
−10.0 kgN ha−1 yr−1 and 14.8−15.4 kgN ha−1 yr−1 respec-
tively over dry savanna, humid savanna and over the forests
(table 1). These values should be taken with caution and we
estimated the uncertainties on the budget to be around 30%.

Stoorvogel et al (1993) assumes that annual nitrogen
depletion rates averaged 22 kgN ha−1 over 30 years in 37 sub-
Saharan countries. Nitrogen deficiency is prevalent for
smallholder agriculture in SSA, with only an average appli-
cation of 8 kg of nutrients (not just nitrogen) per hectare in
comparison with 100 in the US and India and 220 in China
(UN Millennium Project Task Force on Hunger 2005). Our
results show that in the current situation, atmospheric N
deposition fluxes represent a significant nutrients input to the
African ecosystems. These results are important to be taken in
consideration for the agrosystems management, especially in
dry savannas where N deposition, estimated to be in the range
from 6 to 8.9 kgN ha−1 yr−1 is high compared to other eco-
systems. Moreover, it is important to note that N deposition
fluxes in the dry savannas are maximum and concentrated

during the wet season that lasts only few months at the yearly
scale (three to four months in the sahelian ecosystems
studied).

It is also important to mention that our budget does not
take into account all nitrogenous species, especially organic
nitrogen species. Africa is currently entirely missing from a
database for organic nitrogen, although substantial research
investment is needed. Some results suggest that organic
nitrogen accounts for a significant fraction of total atmo-
spheric nitrogen deposition (wet + dry deposition). (Cornell
et al 2003, and references therein). In China, Cui et al
(2014) indicates that manure application led to significant
DON wet deposition and further to the increase of total N
deposition.

The estimation of mean annual emissions including
biogenic NO from soils, NOx and NH3 from biomass burning
and domestic fires, and NH3 from volatilization are presented
in table 2 according to the three main types of ecosystems.
Dry savannas ecosystems are dominated by natural emissions
of NOx from soils and NH3 volatilization from animal excreta,
accounting for 17% and 62% respectively of the total emis-
sion. In wet savannas, contributions of natural and biomass
burning nitrogen compounds sources are in the same order of
magnitude (25% of the total for the volatilization of NH3,
22% for biogenic NO emission and 43% for biomass burning
emission of both NOx and NH3). In forested ecosystems,
biomass burning sources become dominant (72% of the total)
and NH3 from volatilization remains low (7% of the total
emission budget) (figure 2). Net NO emissions from soils are
calculated above canopy, a portion of NO2 (oxidation product
of NO) being deposited within the canopy. Biomass burning
emissions of NH3 and NOx increase along the latitudinal
transect dry savanna/wet savanna/forest.

Figure 2 presents the results of the annual emission/
deposition budget at the regional scale of the African eco-
systems including all the different estimated contributions. An
important result highlighted by this budget is the importance
of dry deposition processes in west and central Africa for
nitrogenous gaseous compounds. In dry savanna and forest,
the relative contribution of dry deposition is between 63% and
76%. In wet savanna the contribution is around 50%. In the
deposition part of the budget, the dry deposition of ammonia
is dominant for all the ecosystems representing 34−53% of
the total. In addition, we note that wet deposition of ammo-
nium represents the second predominant contribution for all
the ecosystems accounting for 14−36% of the total deposi-
tion. This deposition of reduced N compounds should be
mainly related to the emission through the volatilization of
NH3 that dominates in dry savannas with 62%, and represents
25% and 24% in wet savannas and forests, respectively. In
dry and wet savanna, the estimated contributions of oxidized
N compounds in the emission and deposition part of the
budget are in the same order of magnitude. The sum of
NO2 +HNO3 dry deposition and nitrate wet deposition
represents 32% in dry savanna and 30% in wet savanna
whereas total emissions of NOx from biomass burning and
NO from soils are 27% in dry savanna and 45% in wet
savanna. In the forest, the N oxidized deposition representing
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22% of total deposition is over balanced by emission of
oxidised N compounds which reaches 66% of the total
emission. Local sources of nitrogen oxidized emissions taken
into account in dry and wet savanna may balance the
deposition budget, which is not the case in the forest. We
suppose that long range transport of biomass burning emis-
sions from both hemispheres influence the forested studied
sites.

To illustrate the nitrogen emission/deposition budget,
figure 3 compares the total annual emission and deposition
fluxes. Figure 3 shows that emission sources of nitrogen
compounds are in equilibrium with deposition fluxes in dry
and wet savannas, with respectively 7.4 (±1.9) deposited and
9.01 (±3.44) kgN ha−1 yr−1 emitted in dry savanna, 8.38
(±2.04) kgN ha−1 yr−1 deposited and 9.60
(±0.69) kgN ha−1 yr−1 emitted in wet savanna. In forested
ecosystems, the nitrogen budget is dominated by wet + dry

deposition processes (14.75 ± 2.36 kgN ha−1 yr−1), compared
to emission processes (8.54 ± 0.50 kgN ha−1 yr−1). Equatorial
forests could be influenced by emissions coming from the
both hemispheres, especially by biomass burning emissions.
Indeed, Chen et al (2010) showed that the highest levels of
reactive N and N2 fire emissions occurred at about 7°N in the
northern hemisphere and about 10°S in the southern hemi-
sphere. Therefore, the N deposition over forests could be
affected by savanna fires emissions transported further
equator ward and reaching tropical forests. This equatorward
transport pattern was not unique to Africa and has been
retrieved in Southeast Asia and South America. This may be
explained more generally by a covariance between fire
emissions and relatively strong surface winds (toward the
ITCZ) associated with the winter hemisphere of a Hadley cell
(Plumb and Mahlman 1987). In addition, equatorial forests
are well known to be a strong sink of compounds in term of

Figure 2. Nitrogen Emission deposition budget for the three main type of ecosystems.

Table 2. Nitrogen emission budget in kgN ha−1 yr−1.

Site
Biogenic NO
(kgN ha−1 yr−1)

NOx BB
(kgN ha−1 yr−1)

NH3 BB
(kgN ha−1 yr−1)

NH3 volatiliza-
tion

(kgN ha−1 yr−1)

NH3°+°NOx

domestic fires
(kgN ha−1 yr−1)

Total emission
(kgN ha−1 yr−1)

Dry savannas 1.50–1.59 0.80–1.02 0.52–0.68 3.43–7.68 0.32–0.47 6.98–11.44
Wet savannas 1.98–2.26 1.91–2.48 1.51–2.30 2.34–2.47 0.96–0.99 9.12–10.09
Forest 1.37–1.76 3.48–4.70 1.51–2.57 0.22–1.02 0.03–0.41 7.80–9.27

Note: BB—biomass burning.
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dry deposition processes (Saunois et al (2009), Mari et al
(2011)). Wet deposition fluxes are also assumed to be large
considering the high amount of rain above this ecosystem.

Conclusion

In this study, we have taken into account the contribution of
major N compounds to establish and document the annual N
atmospheric budget at the regional scale for three main types
of ecosystems in West and Central Africa (dry savanna, wet
savanna and forest). This original budget relies on measure-
ments and/or calculations of N emissions and deposition
fluxes regionally representative of the main African ecosys-
tems. The approach combines both unique experimental data
based on the IDAF deposition program and modeling studies,
especially developed for SSA to estimate nitrogen atmo-
spheric exchanges.

NH3 remains the largest contributor to the total budget,
both for emission and deposition processes, in the three types
of ecosystem. Big differences however are to be noted in the
source of emission, largely dominated by NH3 volatilization
from animal excreta in dry savanna, and by biomass burning
in wet savanna and forests. The consequence on deposition is

that NH3 is the most important compound involved in
deposition processes. Models usually underestimate total
deposition of N in forests and savanna ecosystems, with an
underestimation of a factor 2 in dry savannas (Vet et al 2014).
Simulated wet deposition fluxes are quite in agreement with
measurements on the African continent; however modelled
dry deposition fluxes are more uncertain. Our results highlight
the significance of dry deposition processes in the total
deposition accounting for 60−70% of the total deposition
budget in dry savanna, and for 40–60% and 70% in wet
savanna and forests respectively.

Emission sources of nitrogen compounds are in equili-
brium with deposition fluxes in dry and wet savannas,
whereas in forested ecosystems, the nitrogen budget is
dominated by wet + dry deposition processes, influenced by
biomass burning emissions coming from savannas situated
northward and southward and transported over the Central
African forest.

This work brings a new insight in deposition and emis-
sion regional budgets in remote areas in Africa. Our results
show that in the current situation, atmospheric N deposition
fluxes represent a significant nutrients input to the African
ecosystems (from 8 to 14 kg ha−1 yr−1). However, a lot of
uncertainties remain, in particular concerning the importance
of organic compounds in wet deposition. As far as the authors
know, these compounds have been neither measured nor
calculated on African ecosystems,.

In the future, N emissions and deposition are likely to
decrease for certain compounds like NOx in temperate
regions, particularly in developed countries (Vet et al 2014),
but may increase more than predicted in the models for other
compounds like NH3 at the global scale (Lieven et al 2009).
In contrast, N emissions and deposition in tropical and sub-
tropical regions are likely to increase for all compounds.
(Dentener et al 2006, Galloway et al 2008, Lamarque
et al 2013, Liousse et al 2014). Therefore, it is important to
study present N levels and underlying processes, to be able in
the future to detect potential trends on N compounds
exchanges in SSA.

Dentener et al (2006) used the IDAF measurements to
validate deposition fluxes over the African continent in a
global modelling study showing that only 9.3% of the tropical
forests have N deposition rate greater than 10 kgN ha−1 yr−1, a
critical load over which the negative effect is evident, such as
an increase in ecosystem productivity with possible con-
sequences for the global carbon cycle, or possible saturation
in soil and biomass storage leading to losses to the atmo-
sphere and aquatic systems (Dentener et al 2006, Phoenix
et al 2006). Forests in ‘Too little N’ regions may be poorly
buffered against additional acidifying inputs, and may be
more prone to release of N species through gaseous losses and
leaching (Matson et al 1999). In ‘Too much N’ regions, N
accumulation is the main driver of changes to species com-
position and is a recognized threat to plant diversity (Bobbink
et al 2009)

Until now, agro-systems in West and Central Africa have
been managed using very few quantities of synthetic N fer-
tilizers (Bouwman et al 1997, Potter et al 2010). In the future,

Figure 3. N emission and deposition budget for the three major
ecosystems in west and Central Africa, wd: wet deposition, dd: dry
deposition, bio: biogenic emissions, BB: biomass burning emissions,
vol: volatilization.
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at least in wet savanna areas, land use change, through
intensive deforestation, will imply the use of larger quantities
of synthetic fertilizer, leading to high quantities of N released
to the atmosphere in the form of NO and NH3. There is a need
for a greater understanding of the long-term impacts from low
levels of nitrogen deposition in all systems, with particular
emphasis on understudied biomes and geographic areas such
as the Tropics, Asia, and Africa (Bobbink et al 2009, Clark
et al 2013). An important purpose would be to provide future
assessments and policies for Africa focused on a multi criteria
approach to meeting anthropogenic needs and rendering
ecosystems sustainable. Regional modelling of N emission
compounds with new fertilization rates needs to be done to
quantify the N release from soils in the near future. In addi-
tion, more detailed N emission measurements are needed to
better document and validate modelling studies of biogenic
emissions from soils in regions where data are seldom
available. Improvement of our understanding of atmospheric
N fluxes in tropical regions, as in Africa require long-term
measurements program to collect N deposition measurement
including wet and dry processes. Africa, with insufficient
access to nutrients, should be a priority for future global
assessment on the nitrogen cycle and the improvement in
nutrient use efficiency at the global scale. Our work on
atmospheric nitrogen budget, regionally representative of the
main African ecosystems, represents an important contribu-
tion for ‘low N input regions’, which could be taken (1) as a
baseline for quantities of N exchanged between the soil and
the atmosphere and (2) as a way to discriminate the impor-
tance of different sources of N depending on the type of
ecosystem (dry savanna, wet savanna or forest) in non per-
turbed ecosystems of Western Africa. This contribution
should be taken into consideration in future integrated nitro-
gen management system for Africa as a reference point before
possible anthropogenic perturbations such as substantial N
losses to the atmosphere and aquatic environments.
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