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ABSTRACT 

The study assesses the effect of climate and land use change on water resources and soil ero-

sion in the Dano catchment, Burkina Faso. Field measurements and derived process under-

standing are complemented by a physically based modeling approach that is also used to simu-

late the impact of land use and climate change. 

Extensive hydro-meteorological (e. g. precipitation, discharge), pedological (e. g. texture, bulk 

density) and soil erosion measurements (e. g. suspended sediment load) are investigated to 

gain knowledge on governing hydrological and soil erosion processes. Data from erosion plot 

measurements suggest statistically significant differences of runoff and soil erosion between 

differently used plots. 

The data and the retrieved understanding are used to setup and drive the physically based spa-

tially distributed hydrological and soil erosion model SHETRAN. Statistical performance 

measures (R², NSE, KGE) range between 0.66 and 0.8 for the calibration and validation of dis-

charge. Achieved quality measures of suspended sediment load are lower than for hydrology but 

comparable to other SHETRAN studies.  

The impact of land use and land cover (LULC) change on water resources and soil erosion is 

studied by applying observed and modeled land use maps to the period 1990 – 2030. The past 

LULC change is studied using land use maps of the years 1990, 2000, 2007 and 2013. Based 

on these maps future LULC scenarios were developed for the years 2019, 2025 and 2030. Ob-

served and modeled climate data cover the period 1990 – 2030. The observed past and mod-

eled future LULC maps are used to feed SHETRAN. The isolated and combined influence of 

LULC and climate change is investigated. The land use investigation from 1990 to 2013 sug-

gests a decrease of savanna at annual rates of 1.15% while cropland and settlement areas have 

increased. The simulations that assumed a constant climate and a changing LULC show in-

creasing water yield (3.9% – 77.5%) and mainly increasing specific sediment yield (-1.4% – 

115.78%). The simulations that assume constant LULC and climate as changing factor indicate 

increases in water yield of 24.5% to 46.7% and in sediment yield of 31.1% to 54.7%. The com-

bined application of LULC and climate change signals a clear increase in water yield (20.3% – 

73.4%) and specific sediment yield (24.7% to 90.1%). Actual evapotranspiration is estimated to 

change across all simulations by -6.8% to 3.35%. 

The predicted climate change signal is investigated in detail by comparing the future period 2021 

– 2050 with the historical period 1971 – 2000. Representative concentration pathways (RCP) 4.5 

and 8.5 of six datasets of the CORDEX framework were used to study the future change in tem-
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perature and precipitation. Most of the used climate models predict an increase of temperature 

between 0.9°C and 2.0°C. Large uncertainties among the climate models exist regarding the 

climate change signal of future precipitation. Some climate models predict an increase (5.9% – 

36.5%) others a decreased (6.4% – 10.9%) or a mixed signal. The application of the historical 

and future climate data to SHETRAN shows that future changes in discharge and specific sedi-

ment yield follow the predicted precipitation signal. Simulated future discharge change ranges 

from -43% to +207%. The future change in sediment yield is in the same order.  
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ZUSAMMENFASSUNG 

Diese Arbeit ermisst den Einfluss von Klima- und Landnutzungswandel auf Wasserressourcen 

und Bodenerosion im Dano-Einzugsgebiet in Burkina Faso. Messungen im Gelände und davon 

abgeleitetes Prozessverständnis werden durch einen physikalisch basierten Modelansatz er-

gänzt, der auch zur Simulation des Einflusses von Landnutzungs- und Klimawandel genutzt 

wird. 

Daten umfangreicher hydro-meteorologische (z.B. Niederschlag, Abfluss) und pedologische 

(z.B. Textur, Lagerungsdichte) Messungen sowie Messungen von Bodenerosion (z.B. Suspen-

sionsfracht) werden untersucht um Wissen über die herrschenden Prozesse zu gewinnen. Daten 

von Erosionsparzellen weisen statistisch signifikante Unterschiede von Oberflächenabfluss und 

Sedimentaustrag zwischen unterschiedlich genutzten Parzellen auf. 

Die Daten und das gewonnene Verständnis werden genutzt um das physikalisch basierte und 

räumlich verteilte Model SHETRAN zur Simulation von Hydrologie und Bodenerosion zu betrei-

ben. Statistische Gütemaße (R², NSE, KGE) lieben zwischen 0.8 und 0.66 für Kalibrierung und 

Validierung von Abfluss. Die erreichten Qualitätsmaße für die Suspensionsfracht sind niedriger 

als für den Abfluss aber vergleichbar mit anderen Studien, die SHETRAN genutzt haben. 

Die Auswirkungen des Landnutzungswandels werden untersucht, indem beobachtete und mo-

dellierte Landnutzungskarten auf die Periode 1990 – 2030 angewendet werden. Der vergangene 

Landnutzungswandel wird anhand von Karten aus den Jahren 1990, 2000, 2007 und 2013 un-

tersucht. Auf Basis dieser Karten werden zukünftige Landnutzungsszenarien für die Jahre 2019, 

2025 und 2030 entwickelt. Die beobachteten vergangenen und modellierten zukünftigen Land-

nutzungskarten werden als Eingangsdaten für das Model SHETRAN genutzt. Der isolierte und 

kombinierte Einfluss von Landnutzungs- und Klimawandel wird untersucht. Die Untersuchung 

der Landnutzung von 1990 bis 2013 weist auf eine Abnahme der Savanne mit jährlichen Raten 

von 1.15% hin während sich Ackerland und Siedlungen ausgedehnt haben. Die Simulationen, 

die eine konstante Landnutzung und sich ändernde Klimabedingungen annehmen, zeigen eine 

Zunahme des mittleren jährlichen Abflusses von 24.5% bis 46.7% und des mittleren jährlichen 

spezifischen Sedimentertrags von 31.1% bis 54.7%. Die kombinierte Anwendung von Landnut-

zungs- und Klimawandel signalisiert eine klare Zunahme des Abflusses (20.3% – 73.4%) und 

des spezifischen Sedimentertrags (24.7% – 90.1%).  

Das vorausgesagte Signal des Klimawandels wird im Detail untersucht, indem die zukünftige 

Periode 2021 – 2050 mit der historischen Periode 1971 – 2000 verglichen wird. Repräsentative 

Emissionspfade (RCP) 4.5 und 8.5 von sechs CORDEX-Datensätzen werden genutzt um die 
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zukünftige Entwicklung von Temperatur und Niederschlag zu untersuchen. Die meisten der ge-

nutzten Klimamodelle sagen einen Anstieg der Temperatur zwischen 0.9°C und 2.0°C vorher. 

Große Unsicherheiten existieren zwischen den Klimamodellen bezüglich des Signals für zukünf-

tige Niederschläge. Einige Modelle sagen einen Anstieg (5.9% – 36.5%), andere eine Abnahme 

(6.4% – 10.9%) oder ein gemischtes Signal vorher. Die Anwendung historischer und zukünftiger 

Klimadaten als Eingabedaten in SHETRAN zeigt, dass zukünftige Änderungen des Abflusses 

und des spezifischen Sedimentertrags dem Signal der vorhergesagten Niederschläge folgt. Si-

mulierte zukünftige Abflussänderungen reichen von -43% bis +207%. Die zukünftige Änderung 

des Sedimentertrags hat eine ähnliche Größenordnung. 
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1 GENERAL INTRODUCTION 

1.1 Problem statement  

In recent decades environmental degradation has attracted more and more public attention 

worldwide. Degradation processes like soil erosion and water pollution are directly or indirectly 

related to the vast population growth that mostly takes place in Asia and Africa (UNDP, 2016). 

The African population is predicted to increase by almost 50% till 2050 (UN DESA, 2015). The 

high population growth in Africa poses already a challenge to environmental resources such as 

soil and water and consequently increases the necessity for future planning and protection pro-

grams (UNEP, 2012). As most African societies are dependent on rain-fed agriculture, soil quali-

ty and a stable climate is the fundamental base for their livelihood. Accordingly, the African 

population is highly vulnerable to environmental changes (Niang et al., 2014).  

One problem of the fast population growth is the extension of agricultural areas at the expense 

of natural vegetation. As agricultural investments in Sub-Saharan Africa (SSA) are low an in-

crease in crop production is rather achieved by extension instead of intensification (Nkonya et 

al., 2012). The conversion of natural vegetation to cropland has adverse effects on water and 

soil resources (CILSS, 2016; Yira et al., 2016). Especially in countries with fragile ecosystems as 

well as with limited water and soil resources, changes in the hydrological cycle through land use 

and land cover (LULC) changes may lead to an increased flood and drought risk as well as ac-

celerated erosion rates. Understanding the effect of LULC change on water and soil resources is 

paramount especially in countries whose societies are highly dependent on rain-fed agriculture 

(UNEP, 2012; WWAP, 2015).  

Additional pressure on African ecosystems and societies is expected from climate change 

(UNEP, 2012). Hydrological and soil erosion processes are substantially driven by the atmos-

phere through rainfall and evapotranspiration. Rising temperatures are frequently predicted by 

regional (RCM) and global (GCM) climate models and are considered to intensify atmospheric 

processes which may change among others the rainfall pattern. Changing rainfall patterns and 

temperature have distinct effects on water resources and soil erosion (Field and Barros, 2014; 

Mullan et al., 2012; Nearing et al., 2004; Yira et al., 2017). 

Different studies have already contributed to the understanding of hydrological and soil erosion 

processes and investigated the impact of land use and climate change on water and soil re-

sources (e.g. Bossa et al., 2014; Giertz et al., 2005; Giertz and Diekkrüger, 2003; Hiepe, 2008; 

Mahé et al., 2005; Schmengler, 2010; Yira et al., 2017, 2016). Among these studies Schmengler 
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(2010) investigated soil erosion and reservoir sedimentation in three headwater catchments in 

the same area. She used Cs-137 measurements, bathymetric surveys and the erosion models 

WEPP and WATEM/SEDEM to investigate soil erosion and deposition at hillslope and catch-

ment scale. From her hillslope study she concluded that soil erosion is highly variable at smaller 

scales (slope length 240 – 380 m) and that it depends among others on the slope gradients and 

the land use. In general, she concluded, most of the study area is characterized by low erosion 

rates (< 1 t/ha/year). However, the number of samples did not allow a clear and representative 

validation of the model outcome and the disagreement between modeled sediment yield and 

measurements are possibly related to shortcomings of both methods. Furthermore, she focused 

on the past and present state of soil erosion and the impact of future LULC and climate change 

has not been investigated. Consequently, a clear knowledge gap regarding the influence of 

LULC and climate change on soil erosion for past and future periods exists and this study aims 

to provide new knowledge to fill this gap. 

From the studies conducted in the region two principle outcomes can be summarized:  

 Surface runoff and soil erosion rates are controlled by LULC change and both are in-

creased if natural vegetation is converted to cropland or settlement areas (e.g. Giertz et 

al., 2005; Schmengler, 2010; Yira et al., 2016). 

 The impact of climate change on discharge and soil erosion is unclear because large dif-

ferences in future climate are projected by the GCMs although they were driven by the 

same scenarios. The climate change signal is reflected by discharge and soil erosion 

change (e.g. Bossa et al., 2014; Yira et al., 2017).  

Studying the effect of LULC and climate change on water and soil resources requires the use of 

hydrological and soil erosion models as measurements on the required spatial and temporal 

scale are not possible. However, physically based and spatially distributed models such as 

SHETRAN (Ewen et al., 2000), which is used in the present study, require information that is 

mostly not available in data scarce region such as West Africa. Therefore, the collection of pri-

mary data in the field was necessary. The analyses of the collected data and observations from 

the field considerably improved the understanding of hydrological and erosion processes. This 

knowledge is a prerequisite for the application of environmental models as it allows to adequate-

ly represent the environmental conditions. An entire understanding of the catchment sediment 

system is hampered by the complexity of the interacting processes and factors and therefore 

requires a multi-method approach combining advantages of several research methods. The 

novelty of this study includes therefore the combination of different measurement methods on 
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multiple scales with the application of a physically based spatially distributed hydrological and 

soil erosion model that has not been used so far in Africa. 

1.2 Research questions  

According to the problems stated in the previous section, this study aims to find answers to the 

following research questions: 

1. How do different land use types affect surface runoff and soil erosion on the plot 

scale? This research question is treated using data derived from erosion plots with dif-

ferent land use covers (cotton, sorghum, fallow) that were installed during 2013 - 2015. 

The effect of different land use types on surface runoff and soil erosion as well as on 

rainfall-runoff and runoff-erosion relations is studied. 

2. Is the hydrological and soil erosion model SHETRAN able to simulate discharge 

and soil erosion on the catchment scale? SHETRAN is calibrated and validated in the 

study area using turbidity derived suspended sediment loads and erosion plot measure-

ments. The retrieved outputs are subject to uncertainty that is related to the simplification 

of the model, the uncertainty of the model parameter and the measurement uncertainty. 

A quantification of the measurement and parameter uncertainty is necessary to contex-

tualize the quality of the modeled output. 

3. How does the predicted precipitation and temperature trend of the future period 

2021 – 2050 affect water resources and soil erosion compared to the historical pe-

riod (1971 – 2000)? Increasing temperatures over West Africa are frequently predicted 

by Regional and Global Climate Models (RCM-GCM) while the climate change signal of 

precipitation is unclear for the mid 21st century. This unclear trend has implications for 

climate change adaption strategies as it is reflected by future discharge and soil erosion 

predictions.  

4. How does LULC and climate change affects hydrology and soil erosion on the 

catchment scale? The extension of cropland due to population growth is frequently ob-

served in West Africa with adverse effects on hydrology and soil erosion. Isolated and 

combined impacts of LULC and climate change on water and soil resources are investi-

gated to answer the third research question.  
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1.3 Objectives 

The principle aim of the study is to improve knowledge on the impact of LULC and climate 

change on water resources and soil erosion in the West African region in order to enable deci-

sion makers to plan future adaption strategies. The geographical focus is set to the Dano catch-

ment in Burkina Faso which is one of 3 focal research catchments of the West African Science 

Service Centre on Climate Change and Adapted Land Use (WASCAL). According to the stated 

problems and the corresponding research questions this study aims to: 

1. use measured data to complement existing knowledge on the effect of different 

land use types on soil erosion on the plot scale, 

2. calibrate and validate the hydrological and soil erosion model SHETRAN for the 

Dano catchment and assess the related uncertainties, 

3. investigate the impact of climate change on the development of water resources 

and soil erosion for the period 2021 – 2050, 

4. study the effect of LULC and climate change on hydrology and soil erosion on the 

catchment scale. 

1.4 Structure of the thesis 

The thesis starts with a general introduction. The remaining chapters can be structured in two 

principle parts: Part 1 (chapters 2, and 3) treat the applied methods, the collected data and their 

analyses. In part 2 (chapters 4, 5, 6, and 7) the modeling approach and the simulated impact of 

LULC and climate change on hydrology and soil erosion is discussed. 
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2 STUDY AREA 

2.1 Location 

The field study was conducted in the south-western region of Burkina Faso within a catchment 

(126 km²) surrounding the city of Dano, the capital city of Ioba province. The study area is a sub-

catchment of the Dano-catchment (195 km²) which is one of three catchments operated by the 

research project WASCAL (West African Science Service Centre on Climate Change and 

Adapted Land Use, www.wascal.org). Figure 2-1 shows the location of the study area.  

 

Figure 2-1: Location map of the Dano catchment: (a) location of the catchment and Burkina 

Faso in West Africa; (b) location of the catchment in the agro-ecological zones; (c) model 

catchment. 
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2.2 Climate 

The climate in Burkina Faso is influenced by the Hadley cell, a model explaining the atmospheric 

circulation pattern between the Sahara and the Equator. High solar radiation along the Equator 

leads to the warming and lifting of moist air masses generating a permanent low pressure zone 

called the Innertropical Convergence Zone (ITCZ). The ITCZ follows the annual position of the 

sun. It moves northward in the northern summer and brings monsoonal rainfall to the northern 

countries of West Africa (Lauer and Bendix, 2006). The unimodal rainy season starts in May and 

ends in October in southern Burkina Faso. After the rainy season, the ITCZ moves towards the 

south leaving West African countries under the influence of the northeast trade winds locally 

known as Harmattan. It brings hot and dusty air from the Sahara to the south. The dry season in 

Burkina lasts from November to May (Badini et al., 1997; Sivakumar and Gnoumou, 1987; 

Yahmed, 2005).  

The atmospheric circulation results in a distinct agro-ecological north-south gradient in West 

Africa. Four different agro-ecological zones are specified based on climatic criteria (see Figure 

2-1b)). The southern part of Burkina Faso is situated in the southern Sudano zone with annual 

rainfall between 900 and 1200 mm. Figure 2-2a shows the average monthly rainfall and temper-

atures in Dano. The mean annual precipitation in Dano (1990 – 2015) amounts to 899 mm with a 

mono-modal distribution and a mean of about 226 mm in August. The onset of the rainy season 

is variable and starts between mid to end of May and ends in October. The remaining months 

are dry (Schmengler, 2010). The region is characterized by a remarkable interannual variability 

of the rainfall as shown by the Standardized Precipitation (SPI) and Standardized Precipitation-

Evaporation Index (SPEI) in Figure 2-2b. Climate variability is considered to be an important 

factor influencing the food security. This became evident in the 1970s and 1980s when the Afri-

can continent experienced a pronounced period of drought which resulted in famines and migra-

tion (Callo-Concha et al., 2012).  
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Figure 2-2: a) Monthly rainfall and temperature time series in the Dano catchment for the pe-

riod 1981 – 2015. Error bars refer to the standard deviation. b) Standardized precipitation 

Index (SPI) (McKee et al., 1993) and Standardized Precipitation and Evaporation Index 

(SPEI) (Vicente-Serrano et al., 2010). Data sources: WASCAL, DGM (Direction Générale de 

la Météorologie du Burkina).  

2.3 Vegetation and land use 

The general appearance of the vegetation in the Sudano savanna is dominated by open forests 

and scrubby grassland areas (CILSS, 2016). Common tree species are the Karité tree (Vitellaria 

paradoxa), the Néré tree (Parkia biglobosa), the Baobab (Adansonia digitata) and Anogeissus 
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leiocarpus. Perennial grass species, for instance Adropogon gayamus and Cymbopogon ssp. 

form a more or less continuous vegetation cover during the rainy season. Gallery forests located 

along the rivers are composed of for instance Berlinia grandiflora (Yahmed, 2005). The natural 

vegetation in this region is threatened since the growing population cultivates the former un-

touched areas and uses the trees for firewood production (Schmengler, 2010; Yira et al., 2016). 

Agricultural land use is the most important land use category in the region (Forkuor, 2014; 

Gleisberg-Gerber, 2012; Yira et al., 2016). The farming system has been changing since dec-

ades because of the growing demographic pressure. The former shifting cultivation system has 

gradually been replaced by permanent cultivation. This process is accompanied by reduced fal-

low periods and the expansion of agriculture to marginal land areas with adverse effects on the 

soil fertility (Bationo et al., 2007; Callo-Concha et al., 2012). Farming takes place on a small 

scale and is mostly rain-fed and subsistence-oriented (Callo-Concha et al., 2012; Gleisberg-

Gerber, 2012). Furthermore, it is characterized by low investments with regards to fertilizer and 

machines. Animal power is sometimes used for cultivation as shown in Figure 2-3a). The main 

staple food crops cultivated in the region are sorghum, millet, maize and rice. Vegetables like 

tomato and aubergine are cultivated in smaller areas close to rivers and are sold on the local 

market as are legumes like groundnut and cowpea which are often intercropped. Cotton repre-

sents the most important cash crop for the local farmers. 

  

Figure 2-3: a) Animal drawn cultivation and b) view from the western border of the catchment 

2.4 Geology and geomorphology 

The geology of Burkina Faso is dominated by the African craton which consists of mostly crystal-

line (plutonic and methamorphic) basement rocks formed during the Precambrium (Kaloga, 

1966). The geology of the research area is composed of rocks from the Birimian. Kaloga (1966) 

a) 
b) 
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distinguishes three principal Birimian rock formations: schists of different composition, neutral 

(metamorphosed diorites and andesites) and basic (gabbros, dolerites, amphibolites) orthom-

etamorphites. In the course of the geologic history, the basement rocks have been subject to 

erosion and intensive chemical weathering. Although this long lasting exposure has led to a flat 

and rolling landscape (Figure 2-3b)) with an altitude between 269 and 504 m above sea level, 

the relief is interrupted by inselbergs and mountain chains often protected from erosion by stable 

petroplinthitic crusts or by the intrinsic resilience of the forming rock type (Boulet, 1970; Ker, 

1995).  

The major part of the underground of the study area is formed by Birimian metavolcanites. 

These basement rocks cut the surface in the hilly terrain in the western part of the catchment. 

However, geologic formations were rarely seen in the field since they are covered by (often sev-

eral meters) thick petroplinthite that is often mined (see Figure 3-4). Figure 2-3b) shows a pho-

tograph taken from the summit of the hills forming the western boarder of the catchment. It un-

derlines the flat to slightly undulating character of the landscape. The average slope gradient is 

1.6° but some slopes, especially in the western part, exhibit inclinations of more than 10°. 

2.5 Population 

As in many other African countries the population in Burkina Faso is growing at comparatively 

high rates. Since 1980 the population has almost tripled from 7 Mio to 18 Mio in 2015. The an-

nual population growth rate of Burkina Faso increased from 2.8% (1997) to 3% (2015) (The 

World Bank, 2017). A distinct urbanization takes place (The World Bank, 2017). The agricultural 

sector dominates the employment structure as 85% of the citizens are employed here (FAO-

STAT, 2017). In 2006 the total population of the Dano district amounted to 46 469 inhabitants 

(Ministere de l’Economie et des Finances, 2008).  
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3 INSTRUMENTATION AND DATA AVAILABILITY 

Environmental process understanding is achieved by field observations, the analyses of envi-

ronmental data and the application of physically based models. Consequently, data are needed 

for analyses, to run, calibrate and validate the model. Environmental data sets are rare in the 

study area and had to be complemented by measurements of climate, discharge soil and ero-

sion data. Measuring environmental variables is frequently hampered by the scale (temporal and 

spatial) on which the measurement is possible. The measurement scales are often very small in 

time and space (Beven, 2008). Therefore, most probes are measuring on the point scale (e.g. 

precipitation, temperature, radiation, soil data). However, the collected data are assumed to be 

representative for a larger area. In the present study the differentiation between measurements 

conducted on the catchment and the plot scale is based on the scale on which these data were 

used and analyzed. One major aim of this study is to observe hydrological and soil erosion pro-

cesses on different scales. Hydro-meteorological measurements, the soil survey and the collec-

tion of SSL data were mainly conducted on the catchment scale and are presented in chapter 

3.1. Measured data from the plot scale are used to estimate the effect of land use change on 

surface runoff and soil erosion (chapter 3.2). 

Table 3-1 shows the data sets that were available at the start of the work. To complement these 

data sets, an instrumentation design was developed and implemented consisting of climate sta-

tions, discharge and turbidity stations as well as erosion plots.  An overview over the instrumen-

tation is given in Figure 3-1. Additionally, measurements of soil physical and chemical properties 

were conducted at the point scale distributed over the study area.  

Table 3-1: Available data sets for the study catchment 

Data set Resolution/scale Source 

Topography  90 m SRTM (Jarvis et al., 2008) 

Soil 1:500 000 Kaloga et al. (1973) 

Land use map 5 to 250 m 
Forkuor (2014), Landmann et al. 
(2007) 

Climate Daily 
DGM (observed), CORDEX-
Africa project 
(http://www.cordex.org/) 
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3.1 Catchment scale 

3.1.1 Introduction 

Hydro-meteorological measurements are needed in an acceptable spatial and temporal resolu-

tion to drive hydrological and soil erosion models. However, the instrumentation is a compromise 

between the available budget and personnel and the required resolutions. The measurement of 

meteorological variables and water level/water discharge was done on the catchment scale with 

a sub-daily resolution.  

Soil data of high quality are necessary for the simulation of environmental processes. As the soil 

properties controls principle hydrological and erosion processes the analyses of soil data and 

the parameterization of the model to reflect these properties is of great importance for the mod-

eling approach. Soil data that meet these requirements are rare in the region of West Africa 

(Forkuor et al., 2017). Therefore, basic research was necessary to obtain information on soil 

properties required by the model and to create a soil map.  

The measurement of soil hydrological properties was harmonized with the soil survey planned 

by Hounkpatin (2017). Based on topography, land use, geology and soil information representa-

tive transects were chosen along which soil pits were dug to describe the soils according to the 

WRB (IUSS Working Group, 2006) and to sample the soil regarding soil physical (Ksat, bulk den-

sity, texture etc.) and chemical properties (SOC, CEC, base saturation etc.). The following sec-

tions focus on the soil properties that were most important for the work. 
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Figure 3-1: Instrumentation of the investigated catchment as used in this study. The erosion 

plots are outside of the catchment (between station 4 and 5). 

3.1.2 Methods 

3.1.2.1 Hydro-meteorological measurements 

Five automatic climate stations of different types were installed in the study catchment (CR200, 

CR800 and CR1000, Campbell Scientific INC.). Rainfall, air temperature, relative humidity, solar 

radiation, wind speed and direction were recorded in 10-minute intervals from which the different 

time steps required for the different model purposes were calculated. The installation locations 

were chosen based on elevation, the representativeness of the environment in terms of land use 

and morphology and the safety and accessibility as recommended by the World Meteorological 

Organization (WMO, 1993). However, as the land use in the catchment is characterized by a 

quite patchy structure with mixed and alternating use, topography, spatial coverage, accessibility 

and safety were the major selection criteria. Climate data from the DGM, the national meteoro-

logical service, was available on a daily basis covering the period 1971 – 2011. These data were 

used for the land use and climate change impact studies. 

The location of the discharge gauging station was selected according to guidelines by the WMO 

(WMO, 2010). Special attention was given to the straightness of the course and the absence of 

vegetation, the technical requirements for installation and protection and the accessibility. A wa-

ter level sensor (EcoLog 500, OTT Hydromet GmbH) was installed to record the water pressure 

(10 minutes interval) which was corrected for the atmospheric pressure. A rating curve was cre-

ated by pairing the measured water level with several discharge measurements at differing water 
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levels using a digital acoustic current meter (ADC, OTT Hydromet GmbH). This was done under 

the consideration of ISO 1100-2:2010 (ISO, 2010). 

3.1.2.2 Turbidity and suspended sediment concentration  

Turbidity as a surrogate measurement for suspended sediment concentration (SSC) in rivers is 

frequently used to overcome the disadvantages of conventional sediment measurement tech-

niques regarding temporal resolution and continuity. Water turbidity is the optical property of 

water that leads to scattering and absorption of light rays. The turbidity of water samples is 

caused by particles (clay, silt, organic matter) that scatter and absorb the light. Consequently, a 

relationship between turbidity and suspended solids can be assumed (Gippel, 1995, 1989; Ras-

mussen et al., 2009). The use of turbidity measurements requires a close correlation between 

turbidity and SSC. Daily in situ measurements of SSC manually collected close to the turbidity 

sensor and the corresponding turbidity readings are used to obtain the site-specific calibration 

curve. A nephelometric turbidity sensor (type 6136, YSI Inc.) was used to measure turbidity at 15 

minutes interval. The SSC was measured using filter papers (MN 1640 de ¼, Macherey-Nagel 

GmbH & Co. KG) following the procedure described in ISO 4365 (ISO 2005). 

  

Figure 3-2: a) Discharge and turbidity station b) and climate station (Nr. 4 in Figure 3-1)  

a) b) 
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3.1.2.3 Soil texture 

The texture analysis was done according to the method proposed by van Reeuwijk (2002). The 

destruction of sesquioxides prior to analysis as advised in this work was not applied as it was 

very time consuming.  

3.1.2.4 Soil organic carbon 

The samples were ground to fine powder and weighted in tin capsules. The determination of 

elemental C and N was done using an elemental analyser (Fisons NA 2000 elemental analyser, 

Fisons Instruments, Rodao, Italy).  

3.1.2.5 Saturated hydraulic conductivity 

Standardized sample rings with known volume (250 cm³) and a dead blow hammer were used to 

obtain three undisturbed soil samples (repetitions) of each soil horizon. The surfaces at each 

end were leveled to guarantee the right soil volume and enable the further processing. The cyl-

inder samples were gradually saturated for 24 hours. Air inclusions were minimized by the pro-

gressive filling of the saturation vessel up to the edge of the soil cylinder. The Ksat was measured 

using a constant-head laboratory permeameter (Eijkelkamp Soil & Water). The percolated water 

volume per time was measured and Ksat was calculated using Darcy’s equation for saturated 

conditions (Eq. 3-1): 

ksat=
Q L

h A
 Eq. 3-1 

 Where Ksat is the saturated hydraulic conductivity [cm/d], Q the water volume percolating 

through the soil per time  [cm³/d], L the length of the soil sample [cm], h the water level differ-

ences outside and inside the ringholder [cm] and A the surface area of the sample [cm²]. 

The soil properties required by physically based spatially distributed hydrological and soil ero-

sion models are difficult to measure in situ due to temporal, personal and financial efforts neces-

sary to retrieve these information. Pedotransfer functions (PTFs) use basic soil information (tex-

ture, SOC, coarse particle content) to obtain principle hydrological soil properties (Ksat, θres, θsat) 

(Wösten et al., 2001). A variety of PTFs exists for different regions and they may be tested 

against measured data to validate their applicability in the study area (Cornelis et al., 2001; 

Young et al., 1999). Another approach is to obtain parameter ranges from different PTFs and 

use these ranges to find an optimal parameter setting (Yira et al., 2016). The laboratory meas-

urement of Ksat were complemented by estimates derived from several PTFs (Brakensiek and 
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Rawls, 1994; Cosby et al., 1984; Saxton et al., 1986; Saxton and Rawls, 2006; Schaap et al., 

2001; Vereecken et al., 1990). 

3.1.2.6 van Genuchten parameters 

The saturated water content (θsat), the residual water content (θsat), the inverse of the air entry 

suction (α) and the pore size distribution (n), commonly designated as the van Genuchten pa-

rameters after van Genuchten (1980), were calculated based on soil texture and organic matter 

content following Rawls and Brakensiek (1985). 

3.1.2.7 Bulk density 

The bulk density was measured using the samples used to determine Ksat. The dry bulk density 

was measured according to ISO 11272 (ISO, 1998). 

3.1.2.8 Soil map 

The available soil map (Kaloga et al., 1973) covers the entire state territory of Burkina Faso and 

its scale of 1:500 000 is considered too coarse to reflect the local variability of soils in the study 

catchments as this map only designates 4 different soils. Therefore, a soil mapping campaign 

was started in 2012 (Hounkpatin, 2017). Extensive soil augering and the chemical and physical 

analyses (texture, bulk density, Ksat, soil organic carbon, pH, cation exchange capacity) of soil 

samples from profile pits following van Reeuwijk (2002) were done to capture the spatial hetero-

geneity of soils. The soils were classified according to the WRB (IUSS Working Group, 2006). 

The Soil and Terrain Digital Database (SOTER) approach was used to create a soil map for the 

study area. This approach delineates soil units based on landform units with common terrain 

characteristics (slope, surface form), geology and soils (Engelen and Ting-Tian, 1995).  

3.1.3 Results and discussion 

Results of hydro-meteorological measurements are discussed in detail in chapter 5.3. The same 

chapter also includes a discussion of the measured turbidity and the calculated suspended sed-

iment concentration. To avoid repetitions, these results are not presented here. 

3.1.3.1 Soil texture 

The textural classes vary between soil types, landscape position and vertically in the different 

soil reference groups. Vertical translocation of clay from the topsoil to the subsoil is observed in 

all soil groups. The proportion of sand and silt is higher in the topsoil as they are relatively en-

riched. The soil texture has distinct effects on hydrological soil parameter as Ksat and water con-
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tent. Ksat is reported to decrease with decreasing grain size as a result of the reduction of pore 

diameter (Blume et al., 2010). As grains size and pore diameter decrease with depth Ksat also 

decreases. Furthermore, texture affects soil erodibility among others through its inherent proper-

ties (density, cohesion etc.) its influence on the formation of aggregates (Le Bissonnais, 1996; 

Wischmeier and Mannering, 1969). 

3.1.3.2 Soil organic carbon 

Soil organic carbon (SOC) content is relatively low (≤ 1.5 %) in all soils and decreases with 

depth. Post et al. (1982) compared the C densities of different life zones and conclude, that C 

stocks are comparatively lower in regions influenced by a distinct seasonality with repeated wet-

ting and drying. The reason for this is the activity of decomposers at water potentials that are far 

too low for plant growth. Consequently, microbial decomposition reacts less sensitively to water 

shortage than plant growth does, which finally leads to equilibrium on a lower level of SOC con-

tents. SOC has effects on hydrological parameters (Ksat, porosity, water retention) (Rawls et al., 

2004) and erodibility (Guerra, 1994). In general, soils whose SOC content is high are character-

ized by a better soil structure and increased biological activity which has positive effects on soil 

water movement and soil resistance against erosion (Blume et al., 2010; Guerra, 1994; Léonard 

et al., 2004). 
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Figure 3-3: Mean soil groups properties. Ksat values are measured (adopted from Yira (2016))
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Figure 3-4: Active petroplinthite mine in Dano 

3.1.3.3 Saturated hydraulic conductivity 

As described before (section 3.1.2.5), saturated hydraulic conductivity was measured and esti-

mated based using the PTF of Brakensiek and Rawls (1994). Regardless of the applied method 

Ksat decrease with increasing soil depth as a result of the changing soil properties. Consequent-

ly, it is highest in the topsoils (263 ≤ Ksat ≤ 1037 cm/d) and decrease in the subsoil (11 ≤ Ksat ≤ 

778 cm/d) as shown in Figure 3-3. Ksat controls water movement in soils. High Ksat values 

throughout the profiles indicate the preference of vertical flow. Nevertheless, the reduction of Ksat 

with soil depth and the occurrence of petroplinthite lead to lateral flow (interflow) which is also 

confirmed by observations from soil pits.  

The widespread occurrence of petroplinthite strongly affects Ksat and water movement in the 

catchment. Hydrological properties of the petroplinthite seem to vary depending on the degree of 

cementation and the presence of macropores. However, measurements have not been conduct-

ed due to the difficulties regarding sampling and measuring (Yira, 2016). 

The measured Ksat values are high compared to measurements in the same region and for the 

same soil groups (Giertz et al., 2010; Azuka et al., 2015) and compared to Ksat as estimated us-

ing the PTF (Brakensiek and Rawls, 1994). Ksat derived from the PTF ranges from 2 cm/d to 8 

cm/d for topsoils. This large difference is explained by problems regarding the measurement of 

Ksat and the calculation by the chosen PTF. Soils of the study catchment may contain a high 
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proportion of coarse particles in the form of Fe and Mn concretions which hampers the meas-

urement of Ksat by the method described in section 3.1.2.5. Large artificial pores may occur be-

tween the cylinder wall and the soil matrix which leads to extremely high measured Ksat values, a 

phenomenon called “sidewall leakage” (Bowders et al., 2002; Mohanty et al., 1994). This effect 

is difficult to avoid especially regarding soils that are characterized by a high coarse particle con-

tent. On the other hand, the PTF derived Ksat is calculated mainly based on texture and therefore 

ignores soil structure and especially biopores which can dominate the hydraulic properties of 

soils.  

Both determination methods were used as input into SHETRAN and the corresponding model 

responses were compared. The simulations with measured Ksat were discarded as the simulated 

water table rose above the ground surface causing saturated runoff only which does not fit to 

observed runoff processes. Ksat values derived from several PTFs (Brakensiek and Rawls, 1994; 

Cosby et al., 1984; Saxton et al., 1986; Saxton and Rawls, 2006; Schaap et al., 2001; Vereeck-

en et al., 1990) were also used as input into SHETRAN among which the one by Brakensiek and 

Rawls (1994) was used. This PTF considers soil texture, coarse particle content and organic 

matter content. Using the range of estimated Ksat values by the different PTFs for the calibration 

of SHETRAN would be a better approach but the runtime of SHETRAN limits the calibration pa-

rameters and focus was put to the calibration of the surface runoff. 

3.1.3.4 Soil map and soil reference groups 

Figure 3-5a shows the maps of the six reference soil groups (RSG) with qualifiers as derived 

from the soil map provided by Hounkpatin (2017). The initial soil map was reclassified in order to 

meet the model requirements concerning the maximum number of soils (9). The reclassified 

map is shown in Figure 3-5b. The reclassification was done based on the RSG, common physi-

cal properties and the spatial dominance. In order to avoid the smoothing and averaging of soil 

properties and the corresponding creation of artificial soil types, the properties of the major RSG 

were assigned to the reclassified soils. 

A typical transect in the southern part of the catchment and the corresponding soil profiles are 

given in detail in Figure 3-6. Both figures support the dominance of Plinthosols. Almost 72% of 

the area is covered by Plinthosols followed by Gleysols (10%), Cambisols (7%), Leptosol (5%) 

and Lixisols (4%).  
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Figure 3-5: a) Soil map of the study catchment with the initial 19 soils (Hounkpatin, 2017) and 

b) reclassified soil map with 9 soil groups 

Plinthosols 

Figure 3-3 shows average values of soil properties calculated using data from all soil groups. 

Therefore, the data in Figure 3-3 are rather hypothetical and reflect mean soil properties. The 

transect shown in Figure 3-6 shows shallow Plinthosols at the summit and shoulder positions 

and limited by the occurrence of a petroplinthitic horizon (Bmv), which is expressed in the WRB 

by the prefix qualifier (“endo-”, “epi-“) “petric”. The occurrence of shallow petroplinthite is fre-

quently a result of erosion processes that have transported the overlying soil material in the past. 

The petroplinthite is frequently mined and used as construction material (Figure 3-4). 

From Figure 3-3 (Plinthosols) it can be observed that Plinthosols are characterized by a high 

content of nodules often above 30% by volume in the topsoil. Apart from plinthisation the trans-

location of clay is an important soil forming process indicated in each soil by a sharp increase in 
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clay with depth and decreasing sand and silt contents. This has also implications on Ksat which 

decreases with depth as a result of the increasing clay content and the decreasing pore size. 

Gleysols 

Gleysols are hydromorphic soils and strongly influenced by groundwater. Consequently, they are 

located along rivers and cover the valley bottom (see Figure 3-5 and Figure 3-6). The long peri-

ods of saturation lead to a characteristic gleyic color pattern. Figure 3-3 (Gleysols) shows clay 

translocation from the topsoil to the subsoil while the content of silt and sand decreases. Ksat is 

markedly lower in all horizons compared with Plinthosols. 

Cambisols 

Cambisols predominantly occur at the footslope of the Ioba mountain chain as a result of weath-

ering and translocation processes taking place in this area. In contrast to Plinthosols where the 

parent material is not identifiable anymore, Cambisols are formed through the weathering of the 

parent material and characterized as moderately developed soils. Because of this and the pro-

cedure of exclusion used in the WRB (IUSS Working Group WRB, 2007) a clear identification of 

horizon boundaries is sometimes challenging as Cambisols are characterized by quite variable 

properties and soil forming processes. This is also reflected by the properties given in Figure 3-3 

(Cambisols) which do not follow the already observed pattern regarding clay and SOC.  

Leptosols 

Leptosols occur in the western part of the catchment where the basement rocks of the Ioba 

mountains cut the surface. They are characterized by a shallow depth over continuous rock and 

have often a high percentage of coarse rock fragments. This is also reflected by the data in Fig-

ure 3-3 which are only available for the topsoil.  

Lixisols 

The occurrence of Lixisols is scattered as shown in Figure 3-5. As a consequence of vertical 

clay translocation the subsoil is enriched with clay compared to the topsoil (argic horizon). This 

is also shown by the data in Figure 3-3. Clay content increases with depth whereas Ksat de-

creases.  

Stagnosols 

Stagnosols are rare in the catchment and do not follow a clear pattern. This hydromorphic soil is 

influenced by a perched water table leading to seasonal water saturation and the development 
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of redoximorphic features in the soil matrix. Water stagnation may be a result of low permeable 

or impermeable soil or rock layers.  

3.1.4 Conclusion 

Information from field work and laboratory measurements of physical and chemical soil proper-

ties and their combination to create the soil map allow the parameterization of the hydrological 

and soil erosion model SHETRAN (see chapter 5). 

The soil map (Hounkpatin, 2017) shows that the soil diversity is higher than the initially available 

map suggests. Plinthosols, Gleysols, Cambisols, Lixisols, Leptosols and Stagnosols were identi-

fied. The analyses of soil properties revealed differences between soil groups and vertical 

changes. A decrease in grain size and Ksat is observed with increasing depth. Measured Ksat is 

extremely high compared to measurements from the same region and compared to Ksat derived 

from PTFs. The large differences can be explained by shortcomings of the measurement meth-

od and the ignorance of large biopores by the PTFs. The range of Ksat values derived from the 

different PTFs cannot be used for the model calibration due to the long runtime which limits the 

number of calibration parameters. 
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Figure 3-6: Schematic figure of a typical transect in the Dano catchment with horizon description in cm. 
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3.2 Plot scale: The effect of land use on surface runoff and soil erosion in the sudano 

savanna of Burkina Faso 

3.2.1 Introduction 

Population and economic growth are considered to be the most important drivers of land degra-

dation. Human induced land use and land cover (LULC) changes influence the hydrological cy-

cle and intensifies land degradation through soil erosion and nutrient depletion (UNEP, 2012). 

Especially in countries with fragile ecosystems and limited water and soil resources, changes in 

the hydrological cycle through LULC may lead to an increased flood and drought risk as well as 

accelerated erosion rates. Understanding and quantifying the effect of LULC on hydrological 

processes and soil resources is paramount especially in countries whose societies are highly 

dependent on agriculture. Water and soil erosion are closely linked and among others controlled 

by LULC. Therefore, a combined consideration is necessary (Diekkrüger, 2010). Conversion of 

natural and semi-natural vegetation to cropland presents an important problem in the study area 

as reported by Yira et al. (2016). They studied LULC maps from different years and found out 

that the savanna area has decreased since 1990 by a mean annual rate of 2%. This is mostly 

attributed to an increasing population (3% growth rate) and the resulting demand for food lead-

ing to an extension of agricultural fields.  

The effect of land use on surface runoff and soil erosion has been investigated by previous ex-

perimental studies in this region (e.g. Giertz et al., 2005; Kiepe and de Graaff, 2001; Roose and 

Sarrailh, 1989; Roose, 1977; Valentin et al., 2004; Yira, 2016). The general conclusion from 

most studies relates increasing runoff and soil erosion to the conversion of natural/semi-natural 

to cropland. The present study presents detailed analyses of the mentioned effects of LULC 

change on runoff and erosion under the consideration of the data variability. It may provide new 

impulses for the discussion whether data obtained from plot studies can be used to verify hydro-

logical and soil erosion models. Therefore, the objectives of the present study are: 

(i) to present and test a new autonomously collecting device designed to measure the 

full range of surface runoff and soil erosion events from experimental plots; 

(ii) to assess the measurement and natural variability of the collected data; 

(iii) to present the effect of land use on surface runoff and soil erosion by comparing the 

data and regression coefficients from different regression models. 
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3.2.2 Material and methods 

3.2.2.1 Measurement of surface runoff and soil erosion 

In order to assess the effect of land use on surface runoff and soil erosion, three measurement 

sites were chosen in comparable topographical positions on a representative slope (2°) and soil 

type (plithosol). Each site has three erosion plots (replicates) of 40 m² (length 20 m, width 2 m) 

with the same land use. Following studies on land use conducted in the catchment (Forkuor, 

2014; Landmann et al., 2007; Schmengler, 2010) and personal observations from the field cot-

ton, sorghum and fallow were selected as most representative land use types. The experimental 

design is shown in Figure 3-7. Figure 3-7a) schematically shows the experimental design as 

implemented in the field. Sediment and surface runoff is measured independently 3 times for 

each land use type. To allow comparisons between plots of the same treatment and between 

plots of different treatments, the distance between the plots was kept as small as possible. How-

ever, the distance between the fallow plots and the others is slightly larger (70 – 100 m) than 

between cotton and sorghum (30 m). Figure 3-7b) shows schematic diagram of a measurement 

unit. A measurement unit is enclosed by a plot border to prevent surface runoff to enter the plot. 

It is made of corrugated sheets which are 20 cm high (above ground). The sheets are buried in 

the soil (10 cm) and mounted by pegs. Surface runoff and eroded sediment is collected at the 

lower end of the plot by a simple collector made of steel. A pipe conveys the water-sediment 

mixture to the sample splitter. Surface runoff and sediment concentration was measured using 

six specially designed multi-slot sample splitters and simple plastic barrels of 300l capacity 

(Figure 3-7d) and e)). The sample splitter was designed in a way that the measurement of the 

full range of runoff and erosion events is possible through the splitting of collected water by 40 

slots. Excess surface runoff that can’t be stored in the principle tank (315l) was collected in two 

additional tanks of different storage volumes (20l, 300l) per splitter.  

The data were collected once a day by measuring the water volume and taking sediment sam-

ples. The rainfall was measured in 5 minute intervals by a climate station installed nearby. Rain-

fall characteristics of a measured event were determined from the period since the last data col-

lection (≤ 24 hours). Sediment was measured using filter papers following the procedure de-

scribed in ISO4365 (ISO, 2005).  
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Figure 3-7: a) Simplified diagram of the experimental design, b) simplified diagram of an erosion plot, c) photo of three repetitions drain-

ing into the sample splitter in the sampling pit d) and e) blueprint of the sample splitter. 
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3.2.2.2 Measurement variability 

Measurement variability refers to the errors related to the chain of the measurement processes 

that starts with the sample collection and ends with the weighing of sediment samples (Hudson, 

1993).  

The measurement error of the multi-slot sample splitter used here was determined by a number 

of experiments. Different intensities of water flow (0.06 – 1.46l/s) were applied to the device and 

the measured total applied water volume was compared to the one calculated by the split sam-

ples. 

The measurement error related to the filtering and weighing of samples is difficult to quantify. 

Very small sediment masses are difficult to weigh since air humidity influences the filter weight 

although a desiccator was used to avoid this problem. The increase of measurement error with 

decreasing sample volume or mass was also discussed by Rode and Suhr (2007).  

The measurement error associated with the collection of water samples to define the eroded 

sediment was assessed by comparing two samples of 1.5l each. 

3.2.2.3 Natural variability 

Natural variability can be assessed by comparing plot replicates under the assumption that the 

measurement errors between repetitions remain equal. In the present study, at each site two 

different collectors (sample splitter and simple barrels) were used to measure surface runoff and 

soil erosion from the plots. To achieve comparability, events with a total runoff volume ≤ 300l 

were used for comparison because below this threshold the sample splitter acts as a simple bar-

rel without sample splitting. For the investigation of the natural variability, complete cases were 

considered only. Events with incomplete measurement of repetitions were not considered.  

3.2.2.4 Statistical analyses 

3.2.2.4.1 Land use effects on runoff and erosion 

The three erosion sites were compared by using the full number of available samples (n = 225) 

including replicates. Runoff, erosion and rainfall data were log-transformed to achieve normal 

distribution and homoscedasticity. Analysis of variance (ANOVA) was performed to test for dif-

ferences between the three groups. The t-test (Holm adjustment method) was used to do a pair-

wise comparison. 
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3.2.2.4.2 Rainfall-runoff-erosion relations 

The effect of rainfall and three vegetation types on runoff and soil erosion is studied using simple 

linear regression equation of log-transformed data: 

log y =a log x +b Eq. 3-2 

Where y is the dependent variable (runoff, soil erosion), x the independent variable (rainfall, run-

off), a the slope and b the intercept. A bootstrapping sampling with n=1000 was used to be able 

to compare regression coefficients of the different land use types. The t-test (Holm adjustment 

method) was used to prove differences between land use types regarding slope and intercept 

(Hoffmann et al., 2013). 

3.2.3 Results 

3.2.3.1 Measurement variability 

The accuracy of the sample splitter was assessed by comparing measured and calculated water 

volumes. Figure 3-8a shows the deviation in % between measured and calculated water vol-

umes as a function of different applied intensities. At higher intensities (> 0.25l/s, green points) 

measured water volume is underestimated but the deviations are rather low. At lower intensities 

(< 0.2l/s, red points), the deviation between measured and calculated volume increases drasti-

cally. Reasons for this pattern are certainly to be found in effects that are difficult to control as 

the varying start of water flow through the slots due to water tension effects and wavelets. 

Possible errors regarding sediment samples were assessed by comparing replicate samples. 

Figure 3-7b) shows a scatter plot of the two replicate water samples. The regression line shows 

a small deviation from the line of equality with a slope of 0.76. 

3.2.3.2 Natural variability 

The natural variability was assessed by comparing the replicates of each treatment (intra-

replicate). Coefficients of variation for runoff range from 8.9% to 98% with a median of 49%. For 

soil erosion intra-replicate variability is larger and ranges from 16.2% to 127.3% with a median of 

61.6%. Factors between minimum and maximum values of three replicates range from 1 to 15 

for measured runoff and 1 to 32 for soil erosion. 
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Figure 3-8: Scatter plot showing (a) the deviation between measured and calculated water vol-

ume as a function of water flux and (b) the scatter plot of replicated measured sediment samples 

and the regression line. n equals 85. 

3.2.3.3 Land use effects on runoff  

Results obtained from the comparison of the log-transformed runoff coefficients of each site 

show that there are statistically significant (p < 0.05) differences between each of the three land 

use types (see Figure 3-9a) and b)). The median runoff coefficient of the cotton field is highest 

(15.7%) followed by the fallow (6.6%) and sorghum plots (4.2%). 

3.2.3.4 Land use effects on soil erosion 

The statistical analyses of the log-transformed erosion data show significant differences between 

the pairs cotton-sorghum and cotton-fallow. Median soil erosion on the cotton plots is with 0.98 

g/m² almost five times higher than on fallow fields (0.2 g/m²) and 2.8 times higher than observed 

on the sorghum plots (0.34 g/m²) (Figure 3-9c and d). 
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Figure 3-9: a) Box plots of untransformed and b) log-transformed runoff coefficients and c) of 

untransformed and d) log-transformed soil erosion on cotton, sorghum and fallow. n = 225.  

3.2.3.5 Land use effects on rainfall-runoff relations  

Surface runoff is controlled by soil physical properties, rainfall characteristics and the vegetation. 

The effect of rainfall and land use on surface runoff is studied in this section. Rainfall runoff rela-

tions of each land use type are shown in Figure 3-10a. Runoff is positively correlated with the 

total event rainfall on all land uses. Slopes of the regression equations (see Table 3-2) indicate 

that 1% change in the total event rainfall leads to an increase in runoff of 1.5% for sorghum, 

1.8% for fallow and 2.1% for cotton. Figure 3-11 shows that bootstrapped coefficients approach 

a normal distribution. The probability areas are almost congruent for sorghum and fallow for both 

coefficients. However, the pairwise t test shows significant differences between slopes and inter-

cepts of all land use types. 
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Figure 3-10: a) Log-Log regression model of rainfall and runoff and b) runoff coefficient and soil 

erosion for each land use. n = 225. 

 

Table 3-2: Regression coefficients including their standard deviations (SD). 

Land use Slope a aSD Intercept b bSD R² 

Rainfall-runoff 

Cotton 2.1 0.26 -5.2 0.79 0.60 

Sorghum 1.5 0.15 -4.7 0.44 0.49 

Fallow 1.8 0.23 -5.02 0.73 0.52 

Runoff-erosion 

Cotton 0.9 0.1 -2.4 0.3 0.49 

Sorghum 1.4 0.14 -3.3 0.25 0.65 

Fallow 1.04 0.2 -3.9 0.5 0.36 
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Figure 3-11: Histograms of bootstrapped a) slope and b) intercept from the rainfall-runoff re-

gression. Dashed vertical lines show location of original regression coefficients. A = Cotton, B = 

Sorghum, C = Fallow. 

3.2.3.6 Land use effects on runoff-erosion relations 

Soil erosion is among others influenced by rainfall, runoff, soil and vegetation properties. The 

effect of land use on the relation between runoff and erosion is studied by comparing three re-

gression models. Figure 3-10b shows that soil erosion is positively correlated with the runoff 

coefficients in all three cases. An increase of the runoff coefficient of 1% leads to an increase in 

soil loss of 0.9% for cotton, 1.04% for fallow and 1.4% for sorghum (Table 3-2). Figure 3-12 

shows that bootstrapped coefficients approach a normal distribution. The probability areas are 

rather different for both coefficients. The pairwise t test shows significant differences between 

slopes and intercepts of all land use types. 

a) b) 
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Figure 3-12: Histograms of bootstrapped a) slope and b) intercept from the runoff coefficient-

erosion regression. Dashed vertical lines show location of original regression coefficients. A = 

Cotton, B = Sorghum, C = Fallow. 

3.2.4 Discussion 

3.2.4.1 Data variability 

The use of runoff and erosion plots has been harshly criticized by Hudson (1993) since they are 

“expensive and usually ineffective, and usually the vast majority of plots have produced little or 

no usable or worthwhile information” (Hudson, 1993, p. 25). And in fact, some of the mistakes he 

lists in his “catalogue of disasters” (Hudson, 1993, p. 26) also happened during this study. One 

major problem was the flooding of the sampling pits by interflow which results in the floating of 

the sample splitters and loss of data in 2014. This was solved by draining the sampling pit. Inde-

pendently of the technical problems encountered, the collected data are valid for the measured 

area only and can’t be transferred to larger areas. However, plot measurement of erosion is in-

evitable to (i) assess its magnitude and (ii) to study controlling factors as land use (Nearing et 

a) b) 
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al., 1999). The drawbacks of plot data may be partly overcome by clearly describing the meth-

ods used and discussing the encountered problems such as data variability. A number of au-

thors strengthen the high variability related to runoff and soil erosion observations from plots 

(Bagarello and Ferro, 2004; Boix-Fayos et al., 2007, 2006; Kirkby, 2010; Nearing, 2000; Nearing 

et al., 1999). Measurement and natural variability can theoretically be distinguished whereby 

natural variability is much more difficult to quantify and remains often unexplained since it re-

quires a very high number of replicates (Wendt et al., 1986).  

The measurement variability was assessed by studying the performance of the newly designed 

multi-slot sample splitter and by comparing replicate samples of sediment concentration. Sam-

ples taken by the sample splitter show low variabilities at high intensities (deviation of -3%) and 

high variabilities at low intensities (deviation of +30%). This general trend was also observed by 

Pinson et al. (2003) although they stated less deviation at low intensities. Unfortunately, the ex-

perimental design set up to assess the performance of the sample splitter does not allow to 

transfer uncertainty thresholds to the measured runoff and erosion since the temporal scale 

used in the experiment (minute-scale) differ substantially from the measured one (event-scale). 

However, despite the imprecision at low intensities which is difficult to correct, the sample splitter 

worked well and was able to measure a maximum runoff of 67 mm per event. The comparison of 

replicated samples of sediment concentration only shows a small deviation. However, to avoid 

unrealistic high erosion rates, samples with a concentration difference of factor ≥ 2 were re-

moved from the data set.  

The natural variability was evaluated by comparing the intra-plot measurement differences per 

event. The variability differs widely for both runoff and erosion for all events. High intra-replicate 

variabilities are also reported by other studies (Bagarello and Ferro, 2004; Nearing et al., 1999; 

Wendt et al., 1986). Reasons may be found in the highly variable hydraulic conductivity as re-

ported by Ajayi (2004) or Giertz et al. (2005). The frequently observed increasing variability with 

decreasing event magnitude was not observed here. Nearing (1998) states that some reasons 

for variabilities are theoretically definable and measurable but in practice these measurement 

are difficult. Some others, he concludes, are unexplainable. 

3.2.4.2 The effect of land use change on surface runoff and soil erosion 

The frequently reported effect of cultivation on hydrological processes and soil erosion is also 

observed in this study. Our analyses show that land use has statistically significant effects on 

runoff and soil erosion. Runoff on cotton plots may be up to 4 times higher than on plots covered 

by natural/semi-natural vegetation. This effect is also observed regarding soil erosion which may 
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be up to 5 times higher on cotton plots. The results are partly confirmed by findings from previ-

ous studies in the same region (Descroix et al., 2009; Giertz et al., 2005; Hauchart, 2008; Junge, 

2004; Kiepe and de Graaff, 2001; Zougmore et al., 2003). An increased surface runoff on culti-

vated fields is a result of reduced hydraulic conductivities following a reduction of macropores 

due to disturbed soil biological activity (Giertz et al., 2005; Léonard et al., 2004; Valentin et al., 

2004; Yira, 2016). The higher runoff measured on the fallow site may be explained by the soil 

properties which are dependent on the position in the landscape. As described in section 3.2.2.1 

the fallow plots were installed in a larger distance to the others due to practical reasons. Directly 

upslope of these plots appears a petroplinthic soil layer on the surface and exfiltration of sub-

surface lateral fluxes was observed. Although the plots are enclosed to prevent surface water 

from outside to enter the plot, subsurface fluxes may increase subsurface soil moisture within 

the plots which may lead to faster and higher surface runoff. The cited authors underline the 

importance of their findings in the context of increasing cropland areas in Africa. Different studies 

report a substantial land use change from natural/semi-natural vegetation to cropland in different 

parts of West Africa (Descroix et al., 2009; Gray, 1999; Mahé et al., 2005; Ramankutty, 2004; 

Yira et al., 2016; Zoungrana et al., 2015). This extension of cropland is driven by socio-economic 

factors such as population growth and political and private decisions to increase monetary in-

come. Cotton is the most important cash crop in the studied catchment. Its production has been 

tripled in Burkina Faso in the last 20 years making it to the largest producer and exporter within 

Africa (Kaminski, 2011). This increase has positive effects for small-scale farmers since it gen-

erates monetary income and also higher yields of the subsequent crop due to residual effects of 

mineral fertilizer applied to the cotton crops. However, negative effects of cotton cultivation on 

biodiversity (Baudron et al., 2009) and soil erosion (Giertz et al., 2005; Junge, 2004) are the oth-

er side of the coin. The adverse effect of cotton on soil erosion is highlighted by previous studies 

conducted in the region (Giertz et al., 2005; Hauchart, 2008; Junge, 2004). Junge (2004), for 

example, observed erosion rates between 0.008 g/m² and 9 g/m² on a cotton field and between 

0.003 g/m² and 24.6 g/m² on savanna in Benin. The erosion rates measured on the cotton plots 

(0.08 – 16.3 g/m²) and on the fallow plots (0.007 – 11.8 g/m²) are of the same order. Roose 

(1977) summarize results from different studies and reports annual erosion rates between 0.6 

and 8 g/m² for cropland and from 0.2 to 5 g/m² for natural vegetation. Both studies refer to the 

higher surface runoff (see section 3.2.3.3) on cultivated areas as one important reason. Fur-

thermore, differences in extent and temporal development of the vegetation covers protecting 

the soil against splash erosion may explain the differences between the land use types (Morgan, 

2005).  
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3.2.5 Conclusion 

This study presented results from surface runoff and soil erosion measurement from experi-

mental plots in southwestern Burkina Faso. Our specific conclusions are as follows: 

i) The new multi-slot sample splitter was successfully tested and was able to measure 

the full range of runoff and soil erosion events.  

ii) The measurement variability of the sampling device was acceptable for larger runoff 

intensities and in line with other devices. Unfortunately, the measured uncertainty 

caused by the sample splitter could not be transferred to the real runoff measure-

ment. Differences between replicate sediment concentration samples were small. 

However, a difference with a factor of ≥ 2 was considered to be erroneous and the 

measurement was removed. Intra-plot variabilities are large for surface runoff and 

even larger for erosion. This is frequently observed when using experimental plots as 

shown by the comparison with previous studies.  

iii) A statistical significant influence of three representative land use types on surface 

runoff and soil erosion was confirmed by this study. An unexpected higher surface 

runoff on the fallow plots in comparison with sorghum could be explained by the local 

scale differences in soil properties. Measured soil erosion was almost threefold high-

er on cotton fields as compared to fallow. Regression analyses and comparisons 

showed that rainfall-runoff relations were statistically different for each land use. The 

regression of cotton shows a significantly higher slope which results in a quicker run-

off response to rainfall. The effect of the runoff coefficients on soil erosion significant-

ly differs for each land use type. The unexpected low slope of the cotton regression 

equation in comparison with the other land uses remains unexplained. 

The construction and maintenance of experimental plots is time-consuming and expensive but 

inevitable to quantify the influence of land use on runoff and erosion. These investigations may 

allow us to better assess how the commonly observed LULC change will influence hydrological 

processes and soil resources. However, to provide data of better quality, measurements should 

be taken over a sufficient long duration. This will give insights in possible intra-annual variability. 

Further investigation should also incorporate additional measurement of e.g. vegetation and 

coarse particle cover. 
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4 MODELING HYDROLOGICAL AND SOIL EROSION PROCESSES: THE SHETRAN 

MODELING SYSTEM 

The modeling of hydrological and erosion processes was done using the physically based, spa-

tially distributed model SHETRAN (Ewen et al., 2000; Wicks and Bathurst, 1996). SHETRAN is 

based on SHE (Système Hydrologique Européen) which was jointly developed by the British 

Institute of Hydrology, the Danish Hydraulic Institute and the French consulting company 

SOGREAH (Abbott et al., 1986). During the thirty years of successful application, SHETRAN has 

been continuously improved and equipped with new components as e. g. the sediment compo-

nent (Wicks, 1988; Wicks and Bathurst, 1996) and a fully 3d subsurface water flow component 

(Parkin, 1996). The model was already applied with various objectives (Birkinshaw, 2008; Birkin-

shaw and Bathurst, 2006; Birkinshaw and Webb, 2010; Tripkovic, 2014; Zhang, 2015) and in 

different regions (Bathurst et al., 2011; Birkinshaw et al., 2010a, 2017; de Figueiredo and Bath-

urst, 2007; Đukić and Radić, 2014; Lukey et al., 1995).  

4.1 Simulation of processes 

4.1.1 Hydrology 

4.1.1.1 Evapotranspiration 

Potential evapotranspiration (ETp) refers to the transpiration and evaporation of a reference sur-

face that is covered by a grass crop and whose water supply is unlimited (Shuttleworth, 1993). 

Timeseries of ETp were calculated externally based on the Penman-Monteith equation (Mon-

teith, 1975):  

 

λE=
Δ∙(Hnet-G)+p

air
∙Cp∙

(es -ea)
ra

Δ+γ∙ (1+ 
rc
ra

)
 

where 

Eq. 4-1 

λE latent heat flux density  [MJ/m²/h] 

E depth rate of evaporation [mm/h] 

Δ slope of the saturation vapour pressure-
temperature curve 

[kPa/°C] 

Hnet net radtion  [MJ/m²/h] 

G soil heat flux [MJ/m²/h] 
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p
air

 air density [kg/m³] 

Cp the specific heat at constant pressure [MJ/kg/C°] 

e𝑠  the saturation vapour pressure of air  [kPa] 

e𝑎  The actual saturation vapour pressure of air  [kPa] 

γ psychometric constant [kPa/°C] 

rc plant canopy resistance [s/m] 

ra aerodynamic resistance [s/m] 

 

Actual evapotranspiration (ETa) is calculated by the model based on the approach by Feddes et 

al. (1976) which estimates ETa based on soil moisture tension. In SHETRAN, the ratio of 

ETa/ETp at field capacity is the parameter that controls the reduction of ETa based on the soil 

moisture tension (Figure 4-1). In the given example ETa equals ETp at field capacity. If soil 

moisture tension drops below field capacity ETa is reduced based on the increasing soil mois-

ture tension. The different points (a-g) shown on the blue line are proportionally calculated based 

on the equations given under Eq. 4-2. 

 

Figure 4-1: Schematic graph showing the reduction of ETa with increasing pF as calculated by 

SHETRAN with the ratio ETa/ETp at field capacity = 1. Dashed red line indicates maximum 

ETa. 
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a =
ETa/ETp

1
 b =

ETa/ETp

1
 

Eq. 4-2 c =
ETa/ETp

1.25
 d =

ETa/ETp

2
 

e=
ETa/ETp

5
 f=

ETa/ETp

20
 

4.1.1.2 Interception 

Interception refers to the temporary storage of precipitation by vegetation (Shuttleworth, 1993). 

This is implemented in SHETRAN by a bucket approach following Rutter et al. (1975, 1972). The 

interception storage is filled by precipitation and emptied by evaporation based on equation Eq. 

4-3. 

∂C

∂t
=Q-ke

b(C-S)
 

where 

Eq. 4-3 

C Depth of water on the canopy [mm] 

Q Net rainfall supply to canopy [mm/h] 

S Canopy storage capacity [mm] 

k,b Drainage parameters 

t Time [hour] 

 

4.1.1.3 Infiltration 

The infiltration process is calculated using the Richards’ equation. The model distinguishes be-

tween two conditions: 

1. Flux controlled/unsaturated condition: Under conditions when ponded surface water is 

absent, infiltration is calculated based on Eq. 4-4:  

kz(θ) (
∂ψ

∂z
+1) = q

p
 - E 

where 

Eq. 4-4 
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kz(θ) 

Vertical unsaturated hydraulic conductivi-
ty [m/d] 

θ Volumetric water content [m³/m³] 

z Elevation above datum [m] 

ψ Pressure potential [m] 

q
p
 Net precipitation at ground surface 

[mm/h] 

E Evaporation rate at ground surface 
[mm/h] 

2. Soil controlled/saturated conditions: Under conditions when ponded surface water exists, 

infiltration is calculated based on Eq. 4-5. 

I=-kz,sat (
∂ψ

∂z
+1) 

where 

Eq. 4-5 

I Infiltration rate [m/d] 

kz,sat Vertical saturated hydraulic conductivity 
[m/d] 

 

Based on the two conditions the model is able to simulate infiltration and saturation excess over-

land flow.  

4.1.1.4 Overland flow 

Overland flow is represented by the diffusive wave approximations of the Saint-Venant equa-

tions and involves the mass and momentum conservation equations and the calculation of fric-

tion slopes based on Manning-type law. The equations are given in detail in Zhang (2015). 

Combining these equations water flow between two grid cells is calculated by Eq. 4-6 

Qx=-
Kst,x w h

5
3⁄
 

L
1

2⁄
 (zu -zd )

1
2⁄
 

where 

Eq. 4-6 

Qx Water flow in the x direction [m³/s] 
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Kst,x Strickler coefficient in the x direction [m1/3/s] 

w Cell width [m] 

h Depth of surface water [m] 

L Distance between the centers of neighboring 
grid cells [m] 

zu  Water surface elevations in the upstream 
element [m] 

zd  Water surface elevations in the downstream 
element [m] 

4.1.1.5 Variably saturated subsurface  

The subsurface flow of water under saturated and unsaturated condition is described by fully 3D 

Richards’ equation (see Eq. 4-7) (Parkin, 1996). A detailed description of the vertical and lateral 

interactions between grid cells and channel links is given in Parkin (1996). The relationship be-

tween soil moisture and pressure potential (θ(ψ)) is called retention curve and is provided as 

tabulated values. 

η
∂ψ

∂t
=

∂

∂x
[kx(θ)

∂ψ

∂x
] +

∂

∂y
[ky(θ)

∂ψ

∂y
] +

∂

∂z
[kz(θ)

∂ψ

∂z
] +

∂(kz(θ))

∂z
-q 

where 

Eq. 4-7 

η=
θ∙Ss

n
+

dθ

dψ
 

Storage coefficient [m-1] 

ψ Pressure potential [m] 

kx(θ), ky(θ), kz(θ) Hydraulic conductivity in x, y, z direction [m/s] 

q Specific volumetric flow rate out of the medi-
um, e.g. root water uptake [s-1] 

t time 

4.1.2 Soil erosion 

A short summary of erosion processes simulated by SHETRAN is given below:  

Soil detachment is accounted for by three separate equations describing detachment by 

raindrop/leaf drip (Eq. 4-8) (Wicks et al., 1988), by overland flow (Eq. 4-9) (Ariathurai and Arula-

nandan, 1978) and by channel flow (Eq. 4-10) (Osman and Thorne, 1988): 

Dr=krFw(1-Cg-Cr)(Mr+Md) Eq. 4-8 
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where Dr is the rate of soil detachment [kg/m²/s], Fw [-] accounts for the protection against drop 

detachment by surface water, kr is the raindrop impact erodibility coefficient [J-1], Cg is the pro-

portion of ground covered by near ground vegetation [%], Cr is the rock cover [-], Mr/Md is the 

momentum squared of raindrops/leaf drips reaching the ground per unit time and area [kg²/s³],  

Dq= {
kf(1-Cr) [

τ

τec

-1]  if τ> τec

0                                     otherwise

 Eq. 4-9 

where Dq is the rate of soil detachment per unit area [kg/m²/s], kf is the overland flow erodibility 

coefficient [kg/m²/s], Cr is the proportion of ground shielded by rock cover [-], τ is the shear 

stress exerted by overland flow [N/m²], τec is the critical shear stress for the initiation of motion 

[N/m²], 

Eb= {
BKB [

τb

τbc

-1]  if τb> τbc

0                                     otherwise

 Eq. 4-10 

where Eb is the detachment rate of bank material per unit area [kg/m²/s], BKB is the bank erodi-

bility coefficient [kg/m²/s], τbc is the critical shear stress for the initiation of motion of bank materi-

al [N/m²] and τb is the shear stress acting on the bank [N/m²]. 

Sediment is transported based on the transport capacity of overland (Eq. 4-11) (Yalin, 1963) and 

channel flow (Eq. 4-12) (Ackers and White, 1973):  

Gtot=0.635√
τ

p
 lD50δ [1-

1

aδ
ln(1+aδ)]   Eq. 4-11 

where Gtot is the transport capacity rate for overland flow [m³/s], τ is the shear stress [N/m²], p is 

the water density [kg/m³], l is the width of flow [m], Q is the water discharge [m³/s], D50 is the me-

dian sediment diameter, δ and a are parameters, 

Gi=Q
Di

H
 (

U

u*

)
ni

Ggr,i Eq. 4-12 

where Gi is the transport capacity rate of particle size in group i [m³/s], Di is the particle diameter 

in size group i [m], H is the water flow depth [m], U is the mean water flow velocity [m/s], 𝑢∗ is 

the shear velocity [m/s], Ggr,i is the dimensionless sediment transport rate for sediment size 

group i. 

Further details are given in Morgan and Nearing (2011) and Wicks (1988). 
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4.1.2.1 Soil detachment 

Eq. 5-1 given in section 5.2.3 describes the detachment rate Dr of soil particles by the impact 

energy of raindrops and leaf drips (Wicks, 1988). In the following some terms are graphically 

explained. The values used in the graphical examples below are not necessary reasonable as 

the examples should only demonstrate how the model internally works. 

Fw represents the water correction factor and considers the protective effect of surface water 

regarding the impact of drops. Figure 4-2a shows how the detachment rate (Dr) is corrected by 

Fw. The greater the water heights the higher will be the reduction of Dr.  

Mr is the squared raindrop momentum and controls basically the impact force of raindrops as a 

function of drop diameter and rainfall intensity. Figure 4-2b shows that increasing rainfall intensi-

ty leads to an increasing Mr. 

Similarly to Mr Md is the squared momentum of leaf drops. It depends among others on the 

amount of water draining from the leaves, the plant heights and the drop diameter. Figure 4-2c 

shows the effect of increasing drop diameter on the Md.  

  

 

Figure 4-2: a) Surface water heights (h) against 

water heights correction factor (Fw), b) rainfall 

intensity against squared momentum of 

raindrop and c) drop diameter against squared 

momentum of leaf drop. 
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4.1.2.2 Overland flow erosion 

Eq. 4-9 describes the detachment rate Dq of soil particles by the impact energy of surface runoff 

on hillslopes  (Wicks, 1988). In the following some terms are graphically explained. The values 

used in the graphical examples below are not necessary reasonable as the examples should 

only demonstrate how the model internally works. 

The shear stress τ reflects the force water flow exerts on the soil mass. It depends on the water 

density, the acceleration due to gravity, the surface water depth and the slope in the flow direc-

tion. Figure 4-3a) shows that the shear stress increases with water heights and surface water 

slope. 

The critical shear stress for particle movement τec is calculated based on the approach by 

Shields (1936) extended by Mantz (1977) for small particles. It depends among others on the 

particle diameter, its density and Reynolds number and water viscosity. Figure 4-3b) shows how 

τec is affected by the grain size. Sudden changes are explained by the non-continuous shift of 

equation parameters to account for the reduction of cohesion forces between the particles. In 

general critical shear stress necessary for the initiation of particle movement increases with grain 

size. Figure 4-3c) shows the change from stable conditions (no detachment) where the shear 

stress is less than the critical shear stress to conditions where the shear stress dominates the 

critical shear stress (detachment) as a result of increasing surface water heights and consecu-

tive flow. 
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Figure 4-3: a) surface water heights (h) against shear stress (τ), b) grain size against critical 

shear stress (τec), c) change from stable conditions (no detachment, Dq ≤ 0) to unstable condi-

tions (detachment, Dq > 0). 

4.1.2.3 Channel erosion 

Channel bank erosion (Eq. 4-10) is calculated based on the assumption, that the shear stress 

exerted on the channel bank (τb) can be related to the shear stress on the channel bed involving 

the ratio of channel width (B) to flow depth (H) and some additional coefficients. This is imple-

mented by a proportional constant K by which the shear stress on the channel bed is multiplied 

to give τb. Figure 4-4 shows that the K value increases with increasing ratio B/H suggesting that 

the larger the higher the water level the higher will be K and τb. Bank erosion is also controlled 

by the bank erodobility coefficient BKB which is usually a calibration parameter. 
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Figure 4-4: The relation between the ratio of 

channel width (B) to water flow heights (H) and 

the constant K. 

 

4.1.2.4 Transport capacity  

The transport capacity Gtot is estimated based on Eq. 4-11 (Yalin, 1963) and depends among 

others on the width of the flow, the particle size and the shear stress. Figure 4-5 shows the rela-

tion between Gtot, the shear stress (τ), the critical shear stress (τec) and the grain size. Gtot de-

creases as τec increases with increasing grain size and becomes 0 as τec is higher than τ. At this 

point the transport capacity of surface water is saturated. 

 

Figure 4-5: Relation between the transport 

capacity (Gtot), the shear stress (τ), the 

critical shear stress (τec) under the consid-

eration of a changing grain size. 
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SHETRAN requires spatial information on elevation, soils, vegetation and the spatial assignment 

of used climate stations in ASCII-format. A pre-processing software (Birkinshaw, 2010; Birkin-
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system and geometry and a map of surface roughness. Five climate stations were used and the 

respective covered area was defined using Thiessen polygons. 

4.2.2 Temporal data 

SHETRAN accepts time series of precipitation and potential evapotranspiration in different tem-

poral resolutions depending on the study objective and data availability. For calibration and vali-

dation, an hourly resolution was used and for long time simulation daily values were applied. 

Time series data are given in table form were each column contains data of one climate station. 

Discharge data and suspended sediment loads are required to calibrate and validate the simu-

lated output. 
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5 APPLYING SHETRAN IN A TROPICAL WEST AFRICAN CATCHMENT (DANO, BURKI-

NA FASO) - CALIBRATION, VALIDATION, UNCERTAINTY ASSESSMENT1 

Abstract 

This study presents the calibration and validation of the physically based spatially distributed 

hydrological and soil erosion model SHETRAN for the Dano catchment, Burkina Faso. A sensi-

tivity analysis of six model parameters was performed to assess the model response and to re-

duce the number of parameters for calibration. The hydrological component was calibrated and 

validated using observed discharge data of two years. Statistical quality measures (R², NSE, 

KGE) ranged from 0.79 to 0.66 during calibration and validation. The calibrated hydrological 

component was used to feed the erosion modeling. The simulated suspended sediment load 

(SSL) was compared with turbidity-based measurements of SSL of two years. Achieved quality 

measures are comparable to other SHETRAN studies. Uncertainties of measured discharge and 

suspended sediment concentration were determined to assess the propagated uncertainty of 

SSL. The comparison of measurement uncertainties of discharge and SSL with parameter un-

certainty of the corresponding model output showed that simulated discharge and SSL were 

frequently outside the large measured uncertainty bands. A modified NSE was used to incorpo-

rate measurement and parameter uncertainty into the efficiency evaluation of the model. The 

analyses of simulated erosion sources and spatial patterns showed the importance of river ero-

sion contributing more than 60% to the total simulated sediment loss.  

5.1 Introduction 

Soil degradation by water-related soil erosion is a major environmental problem threatening food 

security, income and environmental health especially in tropical and subtropical countries (Ba-

tiono et al., 2007; Lal, 2001; Toy et al., 2002; UNEP, 2012). On the one hand, systemic and nat-

ural reasons such as unfavorable climatic conditions and the structural instability of soils result-

ing from low soil organic carbon (SOC) content are responsible for a high erosion risk in these 

regions (Bationo et al., 2007). On the other hand, socio-economic factors contribute to the prob-

lem and are often responsible for the severity of soil erosion. Among those factors, increased 

pressure on land resources through population growth is highlighted as a major reason for ac-

celerated soil erosion (Morgan, 2005; Okou et al., 2016; Smith et al., 2016; UNEP, 2012). 

                                                
1
 Published as: Op de Hipt, F., Diekkrüger, B., Steup, G., Yira, Y., Hoffmann, T., Rode, M., 2017. Applying 

SHETRAN in a Tropical West African Catchment (Dano, Burkina Faso)—Calibration, Validation, Uncer-
tainty Assessment. Water 9, 101. doi:10.3390/w9020101 
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Soil erosion strongly varies in space and time. Thus measuring soil erosion requires a large per-

sonnel and financial effort and despite advances in measurement technology it is often impossi-

ble to perform measurements over the required spatial and temporal scales. This especially ap-

plies to data scarce regions such as West Africa. To overcome these drawbacks soil erosion 

models have been frequently used (de Vente et al., 2013; Pandey et al., 2016). Erosion models 

have also been implemented to predict the effect of land use and climate change on soil erosion 

and to identify areas where erosion control measures are necessary (Pandey et al., 2016). In 

general, three types of erosion models are differentiated: Empirical erosion models, conceptual 

models and physically based erosion models. Physically based erosion models are based on 

physical principles such as the conservation of mass and momentum (Lal, 1994). After an eval-

uation of the available erosion models the physically based spatially distributed soil erosion 

model SHETRAN (Ewen et al., 2000) was chosen to simulate hydrological and soil erosion pro-

cesses in a tropical West African catchment. The two main reasons for using SHETRAN in this 

study are its ability to simulate the dominant erosion processes (Birkinshaw and Bathurst, 2006; 

Wicks and Bathurst, 1996) and the continuity in simulation necessary for the prediction of land 

use and climate change. The study considers soil erosion by surface runoff. 

Physically based models, such as SHETRAN, need to be calibrated and validated. Although 

parameters of physically based models theoretically do not need calibration, adjustments are 

necessary to account for an unrealistic representation of environmental properties such as grid 

size or channel geometry. In the present context, calibration is therefore considered as the ad-

justment of parameter values to overcome the unrealistic representation of environmental prop-

erties. The calibration process requires knowledge on the sensitivity of results to model parame-

ters i) to better assess the model response, ii) to reduce the number of parameters for calibration 

and iii) to define the parameter uncertainty (Đukić and Radić, 2016; Ewen et al., 2006). Outputs 

of environmental models are subject to uncertainty that is related to the simplification of the 

model, the uncertainty of the model parameter and the measurement uncertainty (Beven and 

Freer, 2001; de Vente et al., 2013; Rompaey and Govers, 2002). Measurement uncertainty re-

fers to the uncertainty of measured data used as input (e.g. precipitation) and to calibrate and 

validate the model. Studying the uncertainty associated with the modeling output is important 

since decision making is often based on the output of environmental models (Harmel and Smith, 

2007). The present study focuses on the assessment of two sources of uncertainty in environ-

mental modeling, the parameter and the measurement uncertainty. Information on and meas-

urements of the required model parameters are difficult if possible at all and often not available 

for the study area or on the required spatial or temporal scale. Quantifying parameter uncertainty 
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is necessary for the interpretation of model outcomes and its application in environmental plan-

ning (Ewen et al., 2006; Pandey et al., 2016).  

Measured variables, such as water discharge and suspended sediment concentration (SSC), 

are subject to uncertainties. These uncertainties are propagated if different measurements are 

combined to calculate variables that are used to calibrate and validate the model (Harmel and 

Smith, 2007; Navratil et al., 2011; Rasmussen et al., 2009; Rode and Suhr, 2007). For instance, 

the suspended sediment load (SSL), which is frequently used to validate erosion models, is cal-

culated using the SSC and water discharge. Defining ranges of measured uncertainties is im-

portant to contextualize the simulated output.  

Studies on soil erosion in West Africa often use USLE-based modelling approaches since data 

required to run and validate complex, physically based and spatially distributed hydrological soil 

erosion models are rarely available (see Table 5-1). Empirically based erosion models are rela-

tively easy to use and only a few input data sets are required to run these models. However, 

their process representation and applicability to complex conditions of land use and climate 

change is limited (Pandey et al., 2016). Most of the studies listed in Table 5-1 are not compara-

ble with the present study since they use different modeling approaches regarding catchment 

size, continuity and considered output. Despite numerous studies that applied SHETRAN in dif-

ferent regions and with multiple objectives (see Table 5-2) the model hasn’t been tested in the 

West African environment. The environmental properties of the study catchment such as the low 

slope angles and the peculiar rainfall pattern may provide a new challenge to SHETRAN. There-

fore, the present study may also serve as a model test of the particular environmental conditions 

found in the study region. Furthermore, the present study can also be considered as an inde-

pendent check on the ease of use of the model as most of the studies that used SHETRAN be-

fore were conducted by members of the team that developed the model. Thus, this study aims 

to: 

1. assess the uncertainty of measured discharge and SSL used to calibrate and validate the 

hydrological and erosion components of SHETRAN; 

2. perform a detailed sensitivity analysis to define parameter ranges and to reduce the 

number of calibration parameters; 

3. use a Latin Hypercube Sampling approach to calibrate the model and to define uncer-

tainty bounds of simulated discharge and SSL; 

4. evaluate model performance considering the uncertainty of measured data used to com-

pare the model output and parameter uncertainty. 
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Table 5-1: Selected studies on soil erosion modelling in West Africa. NSE is the Nash-

Sutcliff efficiency. 

Study Model Location 

Spatial/ 

temporal  

resolution 

Catchment/plot 

size 

Performance 

Discharge 
Sediment 

yield 

Kusimi et al. 

(2016) 
RUSLE Ghana 30 m/annual 23,188 km² - - 

Bossa et al. 

(2014) 
SWAT Benin 

90 m, 250 

m/daily (contin-

uous) 

6,980 km² 0.6 ≤ NSE ≤ 0.9 
0.6 ≤ NSE ≤ 

0.64 

Obeta and 

Adewumi 

(2013) 

WEPP/ 

EUROSEM 
Nigeria - 24 m² - - 

Schmengler 

(2010) 
WEPP Burkina Faso - - - - 

Schmengler 

(2010) 
WATEM Burkina Faso 20 m/annual 7.9 - 23.6  km² - - 

Hiepe 

(2008) 
SWAT Benin 

90 m/daily, 

weekly (contin-

uous) 

586 - 2324 km² 
0.81 ≤ NSE ≤ 

0.85 

0.68 ≤ NSE ≤ 

0.7 

Visser et al. 

(2005) 
EUROSEM Burkina Faso - 1 m², 20 m² 0.7 ≤ R² ≤ 0.9 - 

Karambiri 

and Ribolzi 

(2005) 

KINEROS2 Burkina Faso - 0.014 km² - - 

Mati and 

Veihe 

(2001) 

USLE Ghana - 900 km² - - 

Igwe and 

Mbagwu 

(1999) 

SLEMSA Nigeria 13 km² 17,500 km² - - 

Roose 

(1977) 
USLE West Africa - 100 – 500 m² - - 

 

  



Applying SHETRAN in a tropical West African catchment (Dano, Burkina Faso) - calibration, validation, uncertainty assessment 

52 
 

Table 5-2: Selected studies using SHETRAN for water flow and/or sediment flow simulations 

Study Location 

Spatial/ 

temporal  

resolution 

Catchment/plot 

size 

Performance 

Discharge Sediment yield 

Present 

study 
Burkina Faso 

200m/hourly 

(continuous) 
126 km² 

0.65 ≤ NSE  ≤ 

0.7 
0.2 ≤ NSE ≤ 0.4 

Ðukic and 

Radic 

(2016, 

2014) 

Serbia 
25 m/hourly 

(event) 
114 km² 0.8 ≤ R² ≤ 0.9  

Zhang 

(2015) 
Portugal 

2 km/hourly 

(event) 
705 km² 0.7 ≤ NSE ≤0.8 NSE = 0.56 

Mourato et 

al. (2015) 
Portugal 

- /daily (contin-

uous) 
61 - 834 km² 0.5 ≤ NSE ≤0.7 - 

Naseela et 

al. (2015) 
India 

- /daily (contin-

uous) 
69,425 km² 0.8 ≤ R² ≤0.9 - 

Birkinshaw 

(2014) 
UK 

50 m/hourly 

(continuous) 
1.5 km² 0.8 ≤ NSE ≤ 0.9 - 

Tripkovic 

(2014) 
UK 

10 m,100 

m/hourly (con-

tinuous, event) 

0.09km², 9.2 

km² 
0.5 ≤ NSE ≤ 0.9 - 

Elliott et al. 

(2011) 
New Zealand 

20 m/15 

minutes (event) 
1.46 - 167 km² 0.6 ≤ NSE ≤ 0.9 -2.1 ≤ NSE ≤ 0.8 

Bathurst et 

al. (2011) 

Middle/ 

South America 

50 - 500 

m/hourly, daily 

(continuous) 

0.35 - 131 km² 0.8 ≤ NSE ≤ 0.9 - 

Birkinshaw 

et al. 

(2010a) 

Chile 
50 m/hourly 

(continuous) 
0.35 km² 0.8 ≤ NSE ≤ 0.9  

de Figueire-

do and 

Bathurst 

(2007) 

Brazil 

5 m - 2 km/daily 

- monthly (con-

tinuous) 

100 m² - 137 

km² 
0.3 ≤ R² ≤ 0.9 0.34 ≤ R² ≤ 0.98 

5.2 Materials and Methods 

5.2.1 Study area 

The investigated Dano catchment in the Ioba province covers an area of 126 km² and is located 

in the Southwest of Burkina Faso (Figure 5-1). The study area is in a focal catchment of the 

WASCAL program (West African Science Service Centre on Climate Change and Adapted Land 
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Use, www.wascal.org). The multidisciplinary program is designed to study the influence of cli-

mate and land use / land cover change on human and environmental systems and to enhance 

their resilience.  

Agricultural land use is the most important land use category in the region (Figure 5-1d)). The 

agricultural area has expanded in recent decades due to a growing demographic pressure indi-

cated by an annual population growth of 3%. It has gradually been intensified accompanied by 

reduced fallow periods and expansion to marginal land areas with adverse effects on soil fertility 

(Callo-Concha et al., 2012; 2016; Gleisberg-Gerber, 2012; 2012; Yira et al., 2016). Since 1990 

each year on average 2% of the savanna in the study area was converted to agricultural land 

(Yira et al., 2016). The general appearance of the vegetation in the Sudano savannah is domi-

nated by open forests and wide arborous and shrubby areas. The main staple food crops culti-

vated in the region are sorghum (Sorghum bicolor), millet (Pennisetum glaucum), maize (Zea 

mays), cowpeas (Vigna unguiculata) and groundnut (Arachidis hypogaea). Cotton (Gossypium 

hirsutum) is the most important cash crop. During the rainy season between 40% and 70% of 

the soil is covered by vegetation. 

The catchment is dominated by a flat and slightly undulating landscape characterized by low 

slope gradients (average and maximum gradients are 3.1% and 38%, respectively, Figure 5-1b)) 

and an elevation ranging from 236 to 565 m above sea level (masl). The annual mean tempera-

ture is 28.6°C and annual precipitation ranges from 800 to 1200 mm/a for the period 1951-2005 

(Schmengler and Vlek, 2015). The rainfall pattern is uni-modal and characterized by a distinct 

rainy season from May to October and a dry season from November to April. 80% of the rain 

falls between July and September with high rainfall intensities. As an example from the Dano 

catchment, 60 mm/h were measured as maximum in 2014. The flow regime is ephemeral and 

the channel geometry is divers ranging from strongly incised (3 – 4m) clearly defined channels to 

broader inland valleys. Information on the ranges of measured parameters is given in Table 5-3. 

Most of the soils (73%) are plinthosols according to the World Reference Base for soil resources 

(WRB) (IUSS Working Group, 2006) characterized by a high content of coarse particles and a 

plinthitic subsurface layer in the first meter of the profile. Other soils that were formed in the re-

gion are gleysols, cambisols, lixisols, leptosols and stagnosols (Figure 5-1e)). 

5.2.2 Data sources 

In order to calibrate and validate SHETRAN, multiple data sets are required (Table 5-4). Existing 

data were complemented by a measurement network consisting of 5 automatic climate stations 

and pluviometers (tipping bucket type) and one discharge and turbidity station. Additionally, 
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physical and chemical analyses of soil samples were done to retrieve necessary soil parameters 

for the erosion model (Table 5-4).  

Table 5-3: Range of the measured parameters for the years 2014 and 2015. SSC refers to 

suspended sediment concentration and SSL to suspended sediment load. 

Parameter Station number Measured range 

2014 2015 

Rainfall (mm/h) 1 0 – 25 0 – 48.6 

 2 0 – 40.4 0 – 51.5 

 3 0 – 60.1 0 – 46 

 4 0 – 42.8 0 – 37.7 

 5 0 – 43.1 0 – 35.2 

Average daily discharge (m³/s)  0 – 16.8 0 – 26.2 

Average daily SSC (kg/m³)  0.01 – 0.3 0.009 – 0.47 

Average daily SSL (kg/s)  0.001 – 1.9 0.001 – 4.7 

 

Table 5-4: Applied datasets and required inputs for SHETRAN 

Data set Resolution/time scale Source Required parameters 

Topography  90 m SRTM (Jarvis et al., 2008)  

Soil 1:25 000 Soil survey 

Soil hydrological parameters 

(α, n
1)
, Ksat

2)
, θsat

3)
, 

θres
4)
)texture etc. 

Land use map 5 to 250 m Forkuor (2014) Land use type distribution 

Land use characteristic  Literature 
LAI

5)
, Strickler coefficient, 

ETa/ETp ratio
6)
 

Climate Hourly, Daily Instrumentation WASCAL 

Rainfall, temperature, humid-

ity, solar radiation, wind 

speed 

Discharge Hourly Instrumentation WASCAL Discharge 

Erosion Hourly, Event Instrumentation WASCAL 
Suspended sediment load, 

soil erosion rate 

1)
α and n are van Genuchten empirical parameters,

 2)
 Ksat refers to the saturated hydraulic conductivity, 

3)
 θsat to the saturated 

water content, 
4)
 θres to the residual water content, 

5)
 LAI to the leaf area index and 

6) 
ETp/ETa ratio to the ratio of potential evapo-

transpiration to actual evapotranspiration. 
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Figure 5-1: Location map of the Dano catchment: (a) location of the catchment and Burkina 

Faso in West Africa; (b) slope of the catchment; (c) model catchment; (d) land use map 

(Forkuor, 2014); (e) soil map (data base: soil survey done by Ozias Hounkpatin, University of 

Bonn, Institute of Crop Science and Resource Conservation, Soil Science and Soil Ecology). 

5.2.3 Model description 

Modeling of hydrological and erosion processes was performed using the physically based, spa-

tially distributed and raster-based model SHETRAN (Ewen et al., 2000; Wicks and Bathurst, 

1996). SHETRAN is based on SHE (Système Hydrologique Europeen) which was jointly devel-

oped by the British Institute of Hydrology, the Danish Hydraulic Institute and the French consult-

ing company SOGREAH (Abbott et al., 1986). During the last thirty years SHETRAN has been 

continuously improved and equipped with new components that include e.g. the sediment com-
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ponent (Wicks, 1988; Wicks and Bathurst, 1996) and a fully 3D subsurface water flow compo-

nent (Parkin, 1996). A summary of SHETRAN applications with various objectives and in differ-

ent regions is given in Table 5-2.  

Detailed information about the model is given in Bathurst [86]. A short overview of the most im-

portant hydrological process descriptions of the model is summarized in the following list: 

 Fully 3D subsurface flow simulation based on Richards´ equation. 

 Infiltration is calculated using Richards´ equation. 

 Overland and channel flow is calculated using the diffusive wave approximations of the 

full Saint-Venant equation. 

 Potential evapotranspiration (ETp): Potential plant transpiration, evaporation from inter-

cepting surfaces and from bare soil as well as water bodies was calculated externally 

based on the Penman-Monteith equation (Monteith, 1975) and added as input into 

SHETRAN.  

 Actual evapotranspiration (ETa) is estimated based on the approach introduced by Fed-

des et al. (1976) where the ratio ETa/ETp is a function of soil moisture tension. The ratio 

ETa/ETp at field capacity is the input parameter and the reduction of ETa with decreas-

ing soil moisture tension is calculated based on this parameter. 

 Interception is calculated based on the approach by Rutter et al. (1975, 1972) who re-

lates interception to the leaf area index, the vegetation cover and the maximum depth of 

water on leaves. 

The parameterization and calibration of land use and soil properties was done based on data 

obtained from literature and measurements (see Table 5-4 and Table 5-5). The parameters (sat, 

res, α, n) used to describe the soil water retention curve after van Genuchten (1980) were de-

termined from soil texture and organic matter content following Rawls and Brakensiek (1985). 

Measured saturated hydraulic conductivity (Ksat) was used for the top soil horizon. For the re-

maining horizons Ksat was calculated using soil texture and organic matter content following 

Brakensiek and Rawls (1994). 

SHETRAN requires different types of input data. Spatially distributed data, including digital ele-

vation model (DEM), the soil and land use map, were used in a raster format with a grid resolu-

tion of 200 m x 200 m. The applied resolution is relatively coarse compared with other applica-

tions of SHETRAN with resolutions typically below 100 m (Table 5-2). Nevertheless, the topog-

raphy of the study area is characterized by long straight slopes which are well represented in 
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this resolution. Zhang (2015) applied a resolution of 2 km to a larger catchment (705 km²) and 

compared it with resolutions of 0.5 and 1 km. The performance measure using the Nash-Sutcliff-

Efficiency (NSE) decreased by 3.7% with decreasing resolution (from 1 to 2km) as a result of 

information loss as land use and soil type maps become coarser. 

Precipitation and potential evapotranspiration (ETp) are given as time series over two years for 

each of the five stations considered in the modeled catchment. The area that is represented by 

each station is determined by Thiessen polygons. A pre-processing software uses the DEM to 

determine the river geometry and produces the input files (Birkinshaw, 2010). The temporal 

resolution of 1 hour used here is the standard timestep of SHETRAN and commonly used in 

other studies (see Table 5-2). The precipitation input has an hourly timestep.  

A short summary of erosion processes simulated by SHETRAN is given below:  

Soil detachment is accounted for by three separate equations describing detachment by 

raindrop/leaf drip (Eq. 5-1) (Wicks et al., 1988), by overland flow (Eq. 5-2) (Ariathurai and Arula-

nandan, 1978) and by channel flow (Eq. 5-3) (Osman and Thorne, 1988): 

Dr=krFw(1-Cg-Cr)(Mr+Md) Eq. 5-1 

where Dr is the rate of soil detachment [kg/m²/s], Fw [-] accounts for the protection against drop 

detachment by surface water, kr is the raindrop impact erodibility coefficient [J-1], Cg is the pro-

portion of ground covered by near ground vegetation [%], Cr is the rock cover [-], Mr/Md is the 

momentum squared of raindrops/leaf drips reaching the ground per unit time and area [kg²/s³],  

Dq= {
kf(1-Cr) [

τ

τec

-1]  if τ> τec

0                                     otherwise

 Eq. 5-2 

where Dq is the rate of soil detachment per unit area [kg/m²/s], kf is the overland flow erodibility 

coefficient [kg/m²/s], Cr is the proportion of ground shielded by rock cover [-], τ is the shear 

stress exerted by overland flow [N/m²], τec is the critical shear stress for the initiation of motion 

[N/m²], 

Eb= {
BKB [

τb

τbc

-1]  if τb> τbc

0                                     otherwise

 Eq. 5-3 

where Eb is the detachment rate of bank material per unit area [kg/m²/s], BKB is the bank erodi-

bility coefficient [kg/m²/s], τbc is the critical shear stress for the initiation of motion of bank materi-

al [N/m²] and τb is the shear stress acting on the bank [N/m²]. 
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Sediment is transported based on the transport capacity of overland (Eq. 5-4) (Engelund and 

Hansen, 1967) and channel flow (Eq. 5-5) (Ackers and White, 1973):  

Gtot=0.635√
τ

p
 lD50δ [1-

1

aδ
ln(1+aδ)]   Eq. 5-4 

where Gtot is the transport capacity rate for overland flow [m³/s], τ is the shear stress [N/m²], p is 

the water density [kg/m³], l is the width of flow [m], Q is the water discharge [m³/s], D50 is the me-

dian sediment diameter, δ and a are parameters, 

Gi=Q
Di

H
 (

U

u*

)
ni

Ggr,i Eq. 5-5 

where Gi is the transport capacity rate of particle size in group i [m³/s], Di is the particle diameter 

in size group i [m], H is the water flow depth [m], U is the mean water flow velocity [m/s], 𝑢∗ is 

the shear velocity [m/s], Ggr,i is the dimensionless sediment transport rate for sediment size 

group i. 

Further details are given in Morgan and Nearing (2011) and Wicks (1988). 

5.2.4 Model sensitivity, calibration and validation 

Several parameters of SHETRAN need to be calibrated by comparing simulated and observed 

variables. Prior to the calibration parameters to which the model output is most sensitive and the 

corresponding initial values were identified based on previous studies that used SHETRAN and 

based on sensitivity analyses. The sensitivity analyses were done based on the “one factor at a 

time” (OFAT) method using Eq. 5-6 (de Roo, 1993):   

SI90 =
|O90 − O−90|

O0
 Eq. 5-6 

where SI90 is the sensitivity index, O90 and O-90 the model output resulting from a parameter val-

ue increased or decreased by 90% and O0 the model output from the base run. 

A list of parameters to which the model output responds sensitively and the corresponding cali-

bration ranges used in this study is given in Table 5-5. The parameter range of kf is quite low 

compared with what has been indicated in literature. However, as this parameter is considered 

to be a calibration parameter (Wicks, 1988), we assume that the range is representative for the 

soil properties in the study area.  

The Latin Hypercube Sampling (LHS) (McKay et al., 1979) was used to generate 300 parameter 

sets within the defined value ranges. This is considered as a reasonable compromise between 
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the necessary model executions which is dependent on the number of parameters used and the 

run time. The hydrological component of SHETRAN was calibrated based on the observed hy-

drograph in 2014. The soil erosion component was calibrated based on the observed SSL in 

2014. The model performance was statistically evaluated by the coefficient of determination (R²), 

the Nash-Sutcliff efficiency (NSE) (Nash and Sutcliffe, 1970) and the Kling-Gupta efficiency 

(KGE) (Gupta et al., 2009; Kling et al., 2012). The model was validated using data from the year 

2015. 
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Table 5-5: Soil, land use and erosion parameters in SHETRAN 

Parameter Description Unit Parameter range Source 

Hydrology 

ETa/ETp at field 

capacity (varies 

with land use type) 

Ratio of actual evapo-

transpiration to poten-

tial evapotranspiration 

at field capacity 

- 0.01 – 1.99 Shuttleworth (1993) 

KSTR (varies with 

land use type) 

Strickler roughness 

coefficient 
m

1/3
 s

-1
 0.3 – 9.9 

Mohamoud (1992), 

Shen and Julien 

(1993) 

Soil erosion 

kf (soil invariant) 

 

Overland flow soil 

erodibility 

 

kg m
-2
 s

-1
 

2.54 x 10
-11

 –4.68 x 10
-

10
 

Calibration 

kr (varies with 

texture) 

Raindrop soil erodibility 

coefficient  
J

-1
 0.19 – 7.9 

Adams and Elliott 

(2006), Birkinshaw et 

al. (2010a), de 

Figueiredo and Bath-

urst (2007), Elliott et 

al. (2011), Lukey et al.  

(2000, 1995), Norouzi 

Banis et al. (2004), 

Wicks and Bathurst 

(1996) 

BKB (soil invari-

ant) 

Channel bank erodibil-

ity coefficient 
kg m

-2
 s

-1
 1 x 10

-6
 – 3 x 10

-6
 Calibration 

DLSMAX 
Threshold depth of 

loose sediment 
mm 1 x 10

-6
 – 9.9 x 10

-6
 Calibration 

5.2.5 Uncertainty analyses 

5.2.5.1 Measurement uncertainty 

A power regression model was used to describe the relation between measured water level and 

water discharge. The relation between measured suspended sediment concentration (SSC) and 

turbidity was defined by a linear regression model. Polynomial and power regression equations 

of confidence intervals calculated by Eq. 5-7 (Helsel and Hirsch, 2002) were used to express the 

measured uncertainty of both regression models. 
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∆Xi= Yi ± tα SE √
1

DF
 + 

(Xi- Xm)2

SSxx

  Eq. 5-7 

where ΔXi is the confidence interval of the predictor, Yi is the response variable, tα is the t-value 

at α = 0.05 significance level, SE is the standard error, DF are the degrees of freedom, Xm is the 

mean of X and SSxx is the sum of squared differences. 

The uncertainty of water discharge and the combined uncertainty of SSL were compared with 

the simulated discharge and SSL through visual inspection and the calculation of R- and P-

factors.  The P-factor gives the proportion of the variable in question which is within the corre-

sponding uncertainty bands in percent. The R-factor is defined as the mean width of the uncer-

tainty band divided by the standard deviation of the variable in question (Abbaspour et al., 

2009). 

Uncertainties related to field measurements of discharge and SSC sampling as well as laborato-

ry work were not explicitly accounted for in this study. 

5.2.5.2 Parameter uncertainty 

The ten best simulations were chosen out of the 300 parameter sets based on the sum of NSE, 

R² and KGE calculated separately for discharge and SSL. The ten best hydrological simulations 

were combined with the ten best sediment simulations to define the parameter uncertainty 

bounds. Among these, the parameter set with the highest sum of performance measures and 

reasonable parameter values is considered to give the best representation of measured dis-

charge and SSL. 

5.2.5.3 Uncertainty based modification of the NSE 

Based on the work by Harmel and Smith (2007) and Harmel et al. (2010) a modified error term ei 

(Oi – Pi) was incorporated into the traditional calculation of the NSE that considers the uncertain-

ty of both measured and parameter uncertainty at each observation. A correction factor (CFi) is 

calculated based on the degree of overlap of the assumed distributions of the observed and 

predicted values (see Eq. 5-8). In the present study measured and predicted values are as-

sumed to be normally distributed. 

CFi ranges from 0 (total overlap) to 1 (no overlap): 

CFi=1- {[prob(oi < Pimax)-prob(oi< Pimin)]× [prob(p
i
 < Oimax)-prob(p

i
< Oimin)]} Eq. 5-8 

where prob(oi < Pimax) and prob(oi < Pimin) are the probability distributions of the observed value oi 

limited by the maximum (Pimax) and minimum (Pimin) predicted value and prob(pi < Oimax) and 
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prob(pi < Oimin) are the probability distributions of the predicted value pi limited by the maximum 

(Oimax) and minimum (Oimin) observed 95%-uncertainty bounds. 

The error term ei (Oi – Pi) is then multiplied by CFi and substituted into the NSE to get the modi-

fied NSEm (Eq. 5-9).  

NSEm=1- (
∑ CFi(Oi-Pi)

2T
t=1

∑ (Oi-O̅)T
t=1

) Eq. 5-9 

5.3 Results and Discussion 

5.3.1 Measurement uncertainty 

Figure 5-2a and Figure 5-2b show the stage-discharge regression line and the corresponding 

uncertainty ranges of the years 2014 and 2015. Two different rating curves were used in order to 

consider the changes of channel morphology and the human intervention in the channel system. 

However, data collection in the focus area is challenging and the limited number of observations 

is also reflected in the uncertainty bands. Uncertainties increase with increasing water level and 

discharge due to the chosen power regression equation and the sample properties. Overbank 

flow was observed following intense rainfall events but could not be measured due to inaccessi-

bility. Therefore, extrapolation beyond the measured range was done despite the increasing un-

certainties during peak flows.  

Figure 5-2c shows the linear regression line and the uncertainty band of suspended sediment 

concentration (SSC) and turbidity. The uncertainty ranges are almost parallel due to the linear 

regression equation. As a result from the error propagation the combined uncertainty of SSL is 

quite large. 
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Figure 5-2: Scatter plots of recorded water level and measured water discharge for a) 2014 (n = 

6) and b) 2015 (n = 10) and of c) the recorded turbidity and measured suspended sediment 

concentration (SSC) (n = 57). 

5.3.2 Model sensitivity 

Figure 5-3 shows the model sensitivity to the investigated soil, land use and erosion parameters 

(Table 5-5) following the OFAT method. Total and maximum water discharge as well as sus-

pended sediment load is used for comparison. 

Changing parameter values of the ratio ETa/ETp (Figure 5-3a) specified for each land use 

strongly influence total runoff which is indicated by a relatively high SI90 of 1.8. As this parameter 

directly affects the actual evapotranspiration (ETa), an increase of e.g. 90% leads to 60% less 

surface runoff due to higher ETa.  
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The roughness coefficient KSTR (Figure 5-3b) is given for each land use type and controls the 

surface roughness. Larger KSTR results in faster surface runoff and therefore especially influ-

ences the maximum runoff. However, interactions between surface roughness, infiltration and 

evapotranspiration also lead to a change of total catchment runoff. The total runoff responds less 

sensitively (SI90 = 0.4). An increase of 90% results in 6% higher total runoff but increases the 

maximum runoff by 52%. The higher sensitivity of the maximum discharge is also shown by 

SI90max of 1.2. 

Figure 5-3c and Figure 5-3d show the effect of the changing erodibility coefficients kf and kr on 

the sediment yield respectively. An increase leads to higher erosion in both cases. However, the 

results are more sensitive to kr in comparison with kf as indicated by the higher SI90. An increase 

of kr by 90% leads to 10% higher total sediment yield while an increase of kf by 90% results in 

only 2.8% higher sediment yield. 

Figure 5-3e shows the model’s response to a changing river bank erodibility coefficient (BKB). 

The SI90 is the highest in comparison with the other parameter indicating the importance of bank 

erosion for the catchment sediment yield. An increase of 90% leads to a 40% higher sediment 

yield. 

DLSMAX can be considered as maximum sediment storage depth above which the soil is pro-

tected against erosion (Zhang, 2015). In other words, the soil material that can’t be transported 

due to an insufficient transport capacity is considered to be available and stored as loose sedi-

ment till it reaches DLSMAX. Figure 5-3f shows that a 90% increase of DLSMAX leads to a 

14.5% higher SSL since more soil material can be stored as available sediment. 
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Figure 5-3: Scatter plots showing the sensitivity of water discharge Q to the ratio of actual to 

potential evapotranspiration (ETa/ETp) (a) and surface roughness (KSTR) (b) and the sensitivi-

ty of the catchment suspended sediment load (SSL) to the raindrop erodibility coefficient (kr) 

(c), the overland flow erodibility (kf) (d), the bank erodibility (BKB) (e) and the depth of loose 

sediment (DLSMAX) (f). Red dashed lines indicate the base run used for comparison. SI90max 

indicates the SI90 for the maximum discharge. 
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5.3.3 Calibration and validation 

5.3.3.1 Hydrological modelling 

Two parameters (ETa/ETp, KSTR) of SHETRAN to which the results are sensitive were used to 

calibrate the hydrological component. Although other parameters such as Ksat or soil hydrologi-

cal parameters are reported to be important, a choice was made based on previous studies 

(Bathurst et al., 2011, 2004; Birkinshaw et al., 2010a; Mourato et al., 2015; Parkin et al., 1996) in 

order to limit run time. Based on the sum of R², KGE and NSE, several parameter sets gave 

satisfactory to good quality measures according to the equifinality concept introduced by Beven 

and Freer (2001). The hydrograph of the simulation having the highest sum of the performance 

indices and a reasonable parameter setting is shown in Figure 5-4. For the calibration period the 

parameter uncertainty is based on the ten best parameter sets.  

The calculated NSE for the best hydrological simulation is 0.7 and 0.66, the KGE 0.79 and 0.76 

and the R² 0.72 and 0.7 for calibration (2014) and validation (2015) respectively. The model per-

formance is good and in the range of other studies that used SHETRAN (see Table 5-2). Among 

these studies R² and NSE values above 0.5 are frequently reported.  

Measurement uncertainty, as presented by the 95%-confidence interval, is large for discharge 

especially during peak flows. The maximum uncertainty ranges from 17.3 to 40.3 m³/s. However, 

P-factors show that the model is often not able to simulate discharge within the measured uncer-

tainty bounds even if the bounds are wide (Figure 5-4). This is supported by the small difference 

between NSE and NSEm. A higher NSEm would signify a greater overlap between the simulated 

and observed distributions. However, overlapping areas are observed only during peak flows 

and that does not change the NSEm substantially. Figure 5-4c shows in more detail that the ris-

ing base flow during the rainy season is not well represented by the model. The simulated low 

flow is frequently below the measured uncertainty band. During base flow conditions even the 

parameter uncertainty range does not overlap with the measured uncertainty range. This is not 

surprising since low flow was not in the focus of this study and therefore parameters that control 

low flow were not considered in the calibration process. The comparison of the hyetographs from 

all climate stations suggests that overestimated peaks during the rainy season are attributed to 

the spatial assignment of climate stations which was done using Thiessen polygons. As the pol-

ygon sizes are unevenly distributed (range from 0.3 to 82 km²) this method may not be appropri-

ate to account for localized precipitation events. Hence, local precipitation events may result in 

errors if this method is applied. Other interpolation methods as inverse distance are not imple-

mented in the model code. 
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Figure 5-4: Observed and simulated daily discharge (Q) over the calibration and validation peri-

od (a) and over a selected period for the calibration (b) and validation (c) period. The measured 

95%-confidence interval is given for both periods, simulated parameter uncertainty only for the 

calibration year. 

5.3.3.2 Erosion modelling 

The total simulated suspended sediment load responds sensitively to four model parameters (kf, 

kr, BKB and DLSMAX) that were included in the LHS. 

Figure 5-5 shows the simulated SSL having the highest sum of the performance indices for the 

calibration and validation period. The NSE is 0.4 and 0.2, the KGE 0.3 and 0.01 and the R² is 
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0.47 and 0.37 for calibration and validation respectively. The NSE is in the range of other 

SHETRAN studies (see Table 5-2). However, few studies used the erosion component and if so 

performance indices are sometimes not reported. Other physically based erosion models may 

perform worse or better (-0.75 ≤ NSE ≤ 0.94) as shown by model comparison studies of de 

Vente et al. (2013) and Pandey et al. (2016) but a comparison with other models is difficult due 

to differences regarding the model setup (spatial/temporal scale) and the chosen output variable 

(de Vente et al., 2013). Given the various sources of measurement uncertainty a NSE of larger 

than 0.7 can not be expected (de Vente et al., 2013). Nevertheless, it has to be noted that espe-

cially for the validation period, quality measures are not satisfactory. This may be related to the 

large differences between 2014 and 2015 regarding the observed SSL. The measured annual 

erosion rate in 2015 is almost three times higher than in 2014 whereas the simulated erosion 

rate is only 1.6 times higher in 2015. The simulated and measured annual sediment yield is 700 t 

and 970 t for 2014 and 1045 t and 2725 t for 2015. Reasons for the differences between simu-

lated and observed SSL may be the setting of the erosion parameters as some values are 

markedly different from what has been found in literature. However, an adjustment of erosion 

parameters to different conditions as discussed by Bathurst (2010) is not possible during contin-

uous simulations. Another reason may be the hourly timestep of the precipitation input which 

may be too long since erosion often occurs on sub-hourly periods.  

Parameter and measurement uncertainty are shown in Figure 5-5b. The assessment of the 

measured uncertainties of discharge and SSC results in relatively large combined uncertainty 

bands of SSL especially during peak flow periods. Possible measurement errors may be at-

tributed to the discharge rating curve that does not cover the full range of recorded water levels 

and the calibration of the turbidity sensor that is also subject to uncertainty as shown in section 

5.3.1 (Minella et al., 2008; Rode and Suhr, 2007). The large measured uncertainty is also re-

flected in higher R-factors and results in higher P-factors since simulated SSL and its uncertainty 

band are more often within the large measured uncertainty. This is also supported by the NSEm 

which is higher than the classical version.  
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Figure 5-5: Observed and simulated daily suspended sediment load (SSL) over the calibration 

and validation period (a) and a selected period for the calibration (b) and validation (c) period. 

Measurement uncertainty is given for both periods, parameter uncertainty only for the calibra-

tion. 
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controlled by the parameterization. Among the sediment sources listed in Table 5-6 water con-

tributes up to 1% to the sediment yield of the catchment. As the erosion parameters in 

SHETRAN are linked to the soil types an additional soil type would have been necessary to ac-

count for the conditions of areas covered by water. The number of soil types is limited in 

SHETRAN. Therefore, an additional soil type could not be implemented. 

The simulated range of river erosion (including bank erosion and incision) dominates contribu-

tions from hillslope erosion. Between 68% and 89% of the simulated sediment loss are supplied 

from river erosion whereas 11% to 32% is eroded on the hillslopes. Simulated erosion rates for 

the calibration period range from 0.008 to 0.081 t/ha/year for the entire catchment. The simulat-

ed values are low but in the range of the measured SSL (0.04 – 0.13 t/ha for 2014). However, 

the parameterization of a model to well simulate very small erosion rates is also challenging as 

discussed by Nearing (1998). Hillslope erosion rates derived from 137Cs measurement on 

hillslopes in the same area (Schmengler, 2010) are three orders of magnitude higher compared 

with the simulated hillslope erosion rates (0.005 – 0.022 t/ha). In the study by Roose (1977) soil 

erosion rates measured under different experimental conditions in West Africa range from 0.01 

to 90 t/ha/year. Walling et al. (2001) assessed the sediment budget of a catchment in Zambia 

and measured 0.2 t/ha/year. The same study assessed the channel bank and gully contribution 

by using the fingerprint method to be in the order of 17%. Data collected in 2015 from plot 

measurements close to the study site indicate a range between 0.05 and 0.6 t/ha/year. Based on 

the comparison with measured ranges, hillslope erosion seems to be underestimated whereas 

the contribution of river bank and bed erosion is overestimated by the model. Knowledge on the 

relative contribution of hillslopes and rivers to the total catchment erosion is limited. The link be-

tween the sediment mobilization in the source area and the sediment yield measured at the out-

let is difficult to study due to a lack of knowledge regarding the magnitude and residence time of 

sediment in storage (Hoffmann, 2015; Walling et al., 2001). Additionally, information on the erod-

ibility parameters of SHETRAN is often obtained from previous studies and has rarely been vali-

dated against measured plot data. Hence, setting the parameter range in order to reflect the 

catchment conditions is difficult and mainly based on the modelers’ perception of the main ero-

sion processes taking place in the catchment. 
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Table 5-6: Relative contribution and specific sediment yield of the different erosion sources 

as simulated by the best SHETRAN run for the year 2014 (calibration) and 2015 (validation). 

Min. and max. indicate the ranges of the ten considered simulations. 

Erosion source Relative contribution [%] Specific sediment yield [t/ha/year] 

 2014 (Min – Max) 2015 2014 (Min – Max) 2015 

Catchment 100 100 0.056 (0.008 – 0.081) 0.08 

Hillslope 32 (11 – 32) 27 0.018 (0.005 – 0.022) 0.023 

Cropland 15 (3 – 15) 12 0.023 (0.003 – 0.025) 0.03 

Settlement 14 (2 – 14) 11 0.155 (0.015 – 0.155) 0.004 

Savanna 2 (2 – 12) 3 0.002 (0.002 – 0.016) 0.181 

Water 1 (0 – 1) 1 0.14 (0.012 – 0.14) 0.196 

River 68 (68 – 89) 73 0.038 (0.034 – 0.065)
1)
 0.063 

1)
 River bank and bed erosion rates are calculated in reference to the total catchment size. 

Catchment distributed erosion 

Figure 5-6 shows the spatial pattern of soil erosion and deposition on hillslopes as simulated by 

the best SHETRAN simulation for the calibration period. Erosion ranges from 1.6 to almost 0 

t/ha/year and deposition from 0 to 1.8 t/ha/year. Regarding erosion 55% of the grid cells are 

within the range of -0.03 to < 0 t/ha/year. However, given the spatial heterogeneity of the control-

ling factors that are considered (slope, land use, soil properties, hydrological conditions) and the 

complex model approach it is difficult to clearly identify erosion hot spots and to explicitly attrib-

ute these hot spots to a single factor or reason. One example in this context is the hilly area in 

the western part of the catchment: We assumed the highest erosion rates would be found here 

due to the steep slopes and the partly practised agriculture but simulated erosion is not especial-

ly high compared with other parts of the catchment. The small erosion rates are attributed to the 

low simulated surface runoff due to a small drainage area of these cells. Hence, rain drop de-

tachment may be high but surface runoff is insufficient to transport the available sediment. High 

erosion rates simulated close to the river channel are a result of higher surface runoff simulated 

in cells close to the valley bottoms as a result of larger drainage areas and overbank flow. Field 

observations confirm overbank flow during large events but the areas are rather characterized 

by deposition of fine material and not necessarily by erosion as simulated. To get a more realis-

tic representation of the vegetation close to the rivers (gallery forests), a fifth land use type with 

the same properties as savannah vegetation was introduced around the river links. Though this 
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led to lower erosion rates, it negatively affected the performance of the simulated hydrograph 

and was therefore discarded.  

 

Figure 5-6: Annual soil erosion (-) and deposition rate (+) on hillslopes as simulated for the cali-

bration period. 

5.4 Conclusions 

This study applied the hydrological soil erosion model SHETRAN in a tropical West African 

catchment and investigates measurement and parameter uncertainty. From the investigations 

we draw the following conclusions: 

1. The performed uncertainty analyses of observed discharge reveals large uncertainty 

bands especially during peak flows (max. uncertainty from 17.3 (-34.1% of measured 

value) to 40.3 m³/s (+53.1% of measured value)) which was attributed on the one hand to 

the power law chosen for the rating curves and on the other hand to the sample proper-

ties. As a result of the intrinsic measurement errors and the error propagation the com-

bined uncertainty of SSL is quite large (max. uncertainty from 2.8 to 8 kg/s).  
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2. Two hydrological parameters were tested regarding the sensitivity of the model re-

sponse. Whereas the ratio ETa/ETp affects total catchment runoff, the roughness coeffi-

cient KSTR has greater effect on the maximum runoff. Among the four tested erosion re-

lated model parameters the river bank erodibility coefficient BKR had the largest impact 

on the model response. Parameter ranges of the overland flow erodibility coefficient kf 

and DLSMAX were quite low which was explained by the higher soil erodibility of the 

soils found in the study area.  

3. The performance indices of simulated discharge are good (≥ 0.66) and comparable with 

other studies that used SHETRAN. Among these studies R² and NSE values above 0.5 

are frequently reported. However, SHETRAN often underestimates base flow which 

could be explained by the missing calibration of hydrological subsurface parameters. 

Some peaks were not well represented due to the differences between real and model 

spatial representation of rainfall. The performance indices of the simulated SSL are com-

parable with the few studies that used SHETRAN to simulate soil erosion and that indi-

cated model performance. As the calculation of SSC is based on the relation between 

turbidity and sediment concentration, input of organic material into the river following the 

burning of crop residues and grassland may lead to high turbidity readings although the 

measured weight is low (Gippel, 1989, 1995). Thus, the mismatch between observed and 

simulated SSL at the start of the rainy season may also be explained by the method used 

to obtain the sedigraph. 

4. The combined uncertainty assessment of measured and simulated discharge showed 

that SHETRAN frequently underestimates base flow despite large measured uncertainty 

bounds. The modified NSEm used to include both uncertainties in the quality assessment 

showed that the overlapping areas of distributions are rarely observed and small. As a 

result of the large uncertainty of observed SSL the model uncertainty is almost always 

within the range of measured uncertainty bounds. This is also reflected by a slightly 

higher NSEm in comparison with the traditional NSE. The erosion sources simulated by 

SHETRAN do not correspond with the sources reported in the literature. The contribution 

of river bank and bed erosion may be too high and the erosion on hillslopes too low. 

However, knowledge on this point is limited. Results from fingerprint analyses may help 

to validate the simulated output.  

We showed that the physically based spatially distributed erosion model SHETRAN offers 

chances and challenges. SHETRAN provides a better representation of erosion processes, es-

pecially in environments that are characterized by low frequency and high magnitude erosion 
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events, than low-complexity models that focuses on mean annual erosion rates (such as the 

USLE). So far, the application to larger river catchments is limited due to the incomplete 

knowledge on the model parameters and the limited availability of model input data at large 

scales and with appropriate resolution. Yet, the modeling results obtained here help to improve 

the parameterization of large-scale, low-complexity erosion models and to improve the represen-

tation of the strong temporal variability of erosion rates in the Sudano savanna zone of Africa. 

Consequently, modeling erosion on small scales is needed to optimize parameter estimation and 

process understanding which in turn helps to improve large scale modeling (2016). Erosion 

modeling with SHETRAN should therefore focus on better and broader knowledge on the ero-

sion parameters, including the definition of parameter ranges for different environmental condi-

tions. The application of SHETRAN to erosion plots may be an opportunity to better assess 

these parameter values. 
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6 MODELING THE IMPACT OF CLIMATE CHANGE ON WATER RESOURCES AND SOIL 

EROSION IN A TROPICAL CATCHMENT IN BURKINA FASO, WEST AFRICA 

Abstract 

Soil erosion is recognized as one main reason for soil degradation in West Africa. However, pre-

dictions on the impact of climate change on soil erosion are rare for most West African countries 

including Burkina Faso. 

This study assesses the impact of climate change on water resources and soil erosion in a small 

catchment (126 km²) in southwestern Burkina Faso. Climate data from an ensemble of six re-

gional (RCM) and global (GCM) climate models were used to run the physically based spatially 

distributed hydrological and soil erosion model SHETRAN. The Representative Concentration 

Pathways (RCPs) 4.5 and 8.5 were selected as future climate scenarios.   

Bias corrected precipitation and temperature required for the calculation of potential evapotran-

spiration were used as input for the SHETRAN model to simulate total discharge and specific 

suspended sediment yield (SSY). Discharge and SSY from simulations run with climate data 

were able to reproduce discharge and SSY from a simulation that used observed precipitation 

and temperature from the historical period (1971 – 2000).  

The impact of climate change on hydrology and soil erosion was assessed by comparing the 

historical period with the future climate scenarios (2021 – 2050). Most of the used climate mod-

els predict an increase of temperature between 0.9°C and 2.0°C. The bias correction did not 

alter the climate change signal of temperature. Large uncertainties among the RCMs-GCMs 

exist regarding the climate change signal of future precipitation. Some climate models predict an 

increased (5.9% – 36.5%) others a decreased (6.4% – 10.9%) or mixed signal. The applied bias 

correction did not reverse the climate change signal in most cases but it influenced magnitude 

and timing of precipitation. The ensemble mean suggests an increased discharge between 

27.1% and 59.8% and an increased SSY of the same order. In general, the climate change sig-

nal and the corresponding discharge and SSY predictions are afflicted with large uncertainties. 

These uncertainties impede direct conclusions regarding future development of discharge and 

erosion. As a consequence of the mixed signals, potential increase and decrease of future dis-

charge and soil erosion have to be incorporated in climate change adaption strategies. 

6.1 Introduction 

Hydrological and soil erosion processes are substantially driven by the atmosphere through rain-

fall and evapotranspiration. Rising temperatures are frequently predicted by regional (RCM) and 
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global (GCM) climate models and are considered to change spatial and temporal rainfall pattern. 

Changing rainfall patterns and temperature have distinct effects on water resources and soil 

erosion (Field and Barros, 2014; Mullan et al., 2012; Nearing et al., 2004). The West African 

region is severely exposed to the effect of climate change due to the high vulnerability of the 

predominantly agricultural societies (Serdeczny et al., 2016). Analyzing the impact of climate 

change on hydrological and soil erosion processes is hampered by the lack of adequate data in 

terms of spatial and temporal resolution especially in a data scarce region as West Africa. Hy-

drological and soil erosion models are necessary to estimate past, present, and future develop-

ment of water and soil resources. The modeled output can be used to provide guidance to deci-

sion makers regarding the implementation of climate change adaptation strategies (Beven, 

2008; de Vente et al., 2013; Pandey et al., 2016). However, adaptation strategies necessary to 

mitigate the possible effects of climate change on hydrology, soil erosion and accordingly agri-

culture are challenging in the context of uncertain future climate change signals (Muerth et al., 

2013).  

The impact of climate change on the rainfall pattern and temperature in West Africa is difficult to 

assess due to differences between climate models regarding amplitude and direction of chang-

ing temperature and precipitation (Kasei et al., 2010; Niang et al., 2014). This is mainly attributed 

to the difficulties of simulating convective rainfalls and the rainfalls generated by the West Afri-

can Monsoon (WAM) which is attributed to the incomplete knowledge of the involved processes, 

a lack of observations and the natural climate variability in the region (Cook, 2008; Druyan et al., 

2010; Field and Barros, 2014; Klein et al., 2015; Niang et al., 2014). Consequently, climate 

model comparison studies report a large spread of rainfall projections (Table 6-1). A trend to-

wards the increase of frequency and magnitude of extreme precipitation events is debated and 

differs from region to region (Aguilar et al., 2009; Hounkpè et al., 2016; Mouhamed et al., 2013; 

New et al., 2006; Sylla et al., 2016b).  

The effect of climate change on hydrology and soil erosion is difficult to assess using RCMs and 

GCMs due to their large uncertainty and biases regarding predicted rainfall patterns (Ehret et al., 

2012; Hagemann et al., 2011; Muerth et al., 2013). Therefore, precipitation is frequently bias 

corrected to avoid unrealistic simulations and to enable correct impact assessment (Johnson 

and Sharma, 2015; Teutschbein and Seibert, 2012). Nevertheless, the application of bias correc-

tion is criticized because some assumptions of climate models are violated and the climate 

change signal may be changed (Ehret et al., 2012; Muerth et al., 2013). Because of this, a clear 

presentation and discussion of used data, differences between bias corrected and uncorrected 

results are necessary (Ehret et al., 2012). To account for the uncertainty in climate model predic-
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tions it is recommended to perform a multi-model assessment (Field and Barros, 2014). There-

fore, in this study an ensemble of six RCMs-GCMs from the Coordinated Regional climate 

Downscaling Experiment project (CORDEX-Africa, http://www.cordex.org/) were used to evalu-

ate the impact of climate change on hydrology and soil erosion in the Dano catchment.  

Most of the available studies that used climate predictions for environmental models are focused 

on hydrological simulations. Studies that used climate change predictions of a multi-model en-

semble as input to simulate the impact on hydrology and soil erosion are rare for the West Afri-

can region (Li and Fang, 2016; Walling, 2009) but necessary as the effect of climate change on 

hydrology and soil erosion in this region is quite unclear (Niang et al., 2014). Mixed signals of 

discharge change are frequently reported by different studies in the region and may be attributed 

to the high uncertainty of precipitation projections for West Africa (Niang et al., 2014; Yira et al., 

2017). A negative signal is reported to range from -80% to -11% (Table 6-1) for different climate 

models. Hiepe (2008) and Bossa (2014) report negative signals for discharge in the Ouémé 

catchment in Benin as well as Ruelland et al. (2012) for the Bani catchment in Mali. Further neg-

ative discharge trends were found out by Mbaye et al. (2015) and Cornelissen et al. (2013). A 

positive trend is indicated by Ardoin-Bardin et al. (2009) for the discharge of the Sassandra 

catchment in Ivory Coast.  

Among the listed studies only two deal with the impact of climate change on soil erosion. Both 

studies used the SWAT modeling system which is semi distributed and whose erosion module is 

based on the empirical MUSLE approach which does not consider gully and river bank erosion 

(Neitsch et al., 2011). Furthermore, the cited studies were conducted on a much larger scale (≥ 

2344 km²). 
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Table 6-1: Selected studies on the impact of climate change on water resources in West 

Africa (changed after Yira (2016)) 

Study 
Loca-

tion/seize 
GCM/RCM Scenario 

Reference 

period 

Future 

period 

Precipita-

tion change 

(%) 

Discharge 

change (%) 

SSY 

change 

(%) 

Hiepe 
(2008) 

Upper 
Oueme/ 
14500 km² 

REMO-
ECHAM5/M
PI-OM 

A1B, B1 1960 - 2000 2001 - 2050 -3 to -8 -6 to -23 
-5 to -
27 

Itiveh 
and 
Bigg 
(2008) 
 

Niger/1471 
000 km² 

HadCM3, 
PCM, 
CGCM, 
CSIRO 

A1, A2, B1, 
B2 

1950 - 2000 2070s Mixed trend -15 to +20 - 

Kunst-
mann et 
al. 
(2008) 

Volta Ba-
sin/94 000 
km² 

ECHAM4 IS92a 1991 - 2000 2030 - 2039 -20 to +50 -10< to >+20   - 

Ardoin-
Bardin 
et al. 
(2009) 

Sassandra, 
Ivory Coast/ 
62173 Km² 

HadCM3-A2 - 1971-1995 2036-2065 11.4 38 - 

Kasei 
(2010) 

Volta Ba-
sin/400000 
km² 

MM5WRF 
and REMO-
ECHAM5/M
PI-OM 

B1 
1991-2000 
and 1961-
2000 

2030-2039 
and 2001-
2050 

+12 and -6 +40 and -5 - 

Ruel-
land et 
al. 
(2012) 

Bani catch-
ment, Ma-
li/100 000 
km² 

MadCM3 
and MPI-M 

A2 1961-1990 2041-2070 -2 to -10 -30 to -46 - 

Ogun-
tunde 
and 
Abiodun 
(2013) 

Niger/2.27 
Mio km² 

RegCM3 A1B 1980 - 2000 2030 - 2050 -13 to +32.6 -33 to +35 - 

Cornel-
issen et 
al. 
(2013) 

Térou 
Catchment, 
Benin/2344 
km² 

REMO-
ECHAM5/M
PI-OM 

B1 2001-2010 2031-2049 -11 -11 - 

Aich et 
al. 
(2014) 

Niger Basin/ 
2156000 
Km² 

HadGEM2-
ES, IPSL-5 
CM5A-LR, 
MIROC-
ESM-CHEM, 
GFDL-
ESM2M, 
NorESM1-M 

RCP8.5 1970-1999 2070-2099 mixed trend -50 to +50 - 

Bossa 
et al. 
(2014) 

Ouémé 
catchment, 
Benin/ 
49256 Km² 

REMO-
ECHAM5/M
PI-OM 

A1B 2000-2009 2010-2029 -10 -18 0 

Mbaye 
et al. 
(2015) 

Upper 
Senegal 
Basin, 
Senegal-
Mali-
Maurita-
nia/218000 
km² 

REMO-MPI-
ESM-LR 

RCP4.5 and 
RCP8.5 

1971-2000 2071-2100 
negative 
trend 

up to -80 - 
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Based on the described challenges, we aim to provide additional knowledge on the future impact 

of climate change on water and soil resources in West Africa with a focus on the Dano catch-

ment in Burkina Faso. In this study we use the physically based spatially distributed hydrological 

and soil erosion model SHETRAN for the simulation of catchment discharge and soil erosion. 

SHETRAN was already tested in the Dano catchment (Op de Hipt et al., 2017) and was used to 

study the climate change impact on hydrology and soil erosion in other regions (e.g. Bathurst, 

2010; Birkinshaw et al., 2017; Zhang, 2015).  

Based on the importance of knowledge on the future impact of climate change on water and soil 

resources for a society, which is highly dependent on rain-fed agriculture, the present study has 

the following objectives: 

1) Compare bias corrected and uncorrected precipitation and temperature data of six cli-

mate models with measured data; 

2) Analyze the climate change signal of temperature, mean and extreme precipitation; 

3) Use observed and modeled historical precipitation and temperature as input to run 

SHETRAN and compare the corresponding simulated discharge and specific suspended 

sediment yield; 

4) Assess the impact of climate change on discharge and specific suspended sediment 

yield by comparing the reference period (1971 – 2000) with the future period (2021 – 

2050) and discuss the uncertainty related to the output of the different climate models. 

6.2 Material and methods 

6.2.1 Study area 

The study catchment is located in the southern part of Burkina Faso, West Africa (Figure 6-1a). 

The biggest settlement in the catchment is Dano after which it is named. The catchment covers 

an area of 126 km² and is one of three focal watersheds of the West African Science Service 

Center on Climate Change and Adapted land use (WASCAL, www.wascal.org).  

The catchment lies in the sudano savanna zone of West Africa whose natural vegetation is 

characterized by wooded and shrubby plant associations and abundant annual grasses. The 

natural vegetation is extensively converted to cropland and settlement as shown by Yira et al. 

(2016) for the Dano catchment and by CILSS (2016) on the national level. The cropland is used 

to produce food crops such as sorghum (Sorghum bicolor), millet (Pennisetum glaucum), maize 
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(Zea mays), cowpeas (Vigna unguiculata) and groundnut (Arachidis hypogaea). The most im-

portant cash crop in the area is cotton (Gossypium hirsutum). 

Large parts of the study catchment are characterized by a flat topography with gentle slope gra-

dients (average and maximum gradients are 1.8° and 20°, respectively). The flat landscape is 

interrupted by the Ioba mountain chain that covers the western part of the catchment (Figure 

6-1b). The elevation ranges from 269 m to 504 m above sea level.  

The annual rainfall ranged from 800 – 1200 mm for the period 1951 – 2005 (Schmengler, 2010). 

The rainfall pattern is characterized by a distinct seasonality through the West African monsoon. 

The rainy season starts in July and ends in September. 65% of the mean annual precipitation 

falls in these months. The dry season ranges from October to June.  

Soils are dominated by plinthosols (73%) which are characterized by high content of coarse par-

ticles and a plinthic subsurface layer. Soils of the valley bottoms are mainly gleysols. Other soils 

formed in the region are cambisols, lixisols, leptosols and stagnosols (Figure 6-1e). 

6.2.2 Climate data 

Daily precipitation and mean daily temperature were available from a station operated by the 

national meteorological service (Direction Générale de la Météorologie du Burkina, DGM) for the 

period from 1971 to 2000 (see Figure 6-1c).  

Historical precipitation and temperature data for the same period (1971 – 2000) were retrieved 

from an ensemble of six RCM-GCMs (see Table 6-2). The RCM-GCM simulations were run in 

the framework of the Coordinated Regional climate Downscaling Experiment (CORDEX-Africa, 

www.cordex.org). The three RCMs (CCLM4-8: Climate Limited-area Modelling Community, 

Germany; HIRHAM5: Alfred Wegener Institute, Germany; RACMO22: Royal Netherlands Mete-

orological Institute, Netherlands) use the atmospheric boundary condition of four GCMs (CNRM-

CM5: National Centre for Meteorological Research, France; EC-EARTH: consortium of 27 Euro-

pean members; ESM-LR: Max-Planck-Institute for Meteorology, Germany; NorESM1-M: Re-

search Council of Norway, Norway). 

Future temperature and precipitation projections for the period 2021 – 2050 were retrieved from 

the same RCM-GCM combinations. The Representative Concentration Pathways RCP 4.5 and 

RCP 8.5 (Moss et al., 2010) were used as future scenarios.  

Datasets of the extent of 3 x 3 nodes surrounding the catchment were compared to investigate 

the rainfall variability in the region. However, due to the run time of SHETRAN and the small 

differences between the nodes as revealed in section 6.3.1.1, the closest node was used only 
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(see Figure 6-1c) although different studies recommend the use of more nodes to account for 

climate variability (e.g. Villani et al., 2014).  

  

Figure 6-1: Location map of the Dano catchment: (a) location of the catchment and Burkina 

Faso in West Africa, (b) slope of the catchment, (c) model catchment, (d) land use map 

(Forkuor, 2014), (e) soil map (data base: soil survey done by Ozias Hounkpatin, Institute of 

Crop Science and Resource Conservation, University Bonn). 
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Table 6-2: RCM-GCM products and labels 

Regional Climate Model Driving Global Climate model RCM Centre/Institute Labels 

CCLM4-8 CNRM-CM5 CCLMcom CCLM-CNRM 

CCLM4-8 EC-EARTH CCLMcom CCLM-EARTH 

CCLM4-8 ESM-LR CCLMcom CCLM-ESM 

HIRHAM5 NorESM1-M DMI HIRHAM-NorESM 

HIRHAM5 EC-EARTH DMI HIRHAM-EARTH 

RACMO22 EC-EARTH KNMI RACMO-EARTH 

6.2.2.1 Bias correction of precipitation and temperature data 

Historical precipitation and temperature data from six climate models were compared with their 

observed counterparts for the period 1971 – 2000 to control if the modeled output is in agree-

ment with the observation. The modeled temperature shows a negative deviation for most mod-

els (see section 6.3.1.1). As temperature is used to calculate potential evapotranspiration and 

has therefore strong effects on catchment hydrology, it was bias corrected using the delta 

change approach described in Haddeland et al. (2012).   

A bias correction method was used to correct the historical and future rainfall data derived from 

the six climate models. The non-parametric quantile mapping approach introduced by Gud-

mundsson et al. (2012) was applied. This approach derives monthly transfer functions from cu-

mulative distribution functions of observed and modeled historical precipitation data and applies 

this transfer function to past and future modeled precipitation. Further details are given in Boé et 

al. (2007). 

6.2.2.2 Analysis of extreme rainfall events 

The determination of extreme values is done using the annual maxima series (AMS) method. 

AMS uses the annual precipitation maxima and is consequently limited to the number of years 

used for the study. Generalized Extreme Value (GEV) distributions were used to fit the empirical 

precipitation distributions. Monthly precipitation data of the reference period 1971 – 2000 were 

separated in two groups reflecting the characteristics of the seasons: Group 1 comprises the 

starting and the ending rainy season (April, May, October) and group 2 the rainy season (June, 

July, August, September). The GEV was fitted to the data of each group separately and the dis-

tribution parameters were estimated using the Generalized Maximum Likelihood Estimator (Gil-

leland and Katz, 2016). The fitted distribution was used to retrieve precipitation magnitude with 

return periods of 2-, 5-, 10-, 20-, 25- and 50-years for each group. Bias corrected rainfall data 

from the projected scenarios (RCP 4.5 and RCP 8.5) of each RCM-GCM were analyzed based 
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on the same approach. Finally, the percentage change Di of the rainfall intensity (Ii) at the cho-

sen return period (i) was calculated between the modeled historical data (A) and the future sce-

narios (B) by using equation Eq. 6-1 (Hounkpè et al., 2016):  

𝐷𝑖 =
(𝐼𝑖(𝐵) − 𝐼𝑖(𝐴))

𝐼𝑖(𝐵)
 Eq. 6-1 

where Ii (A) is the i-th intensity computed for the historical data and Ii (B) is the i-th intensity cal-

culated for the future scenario data. The paired sample t-test and the Wilcoxon test were used to 

test for significant differences between the historical and future return levels. A change is con-

sidered as significant if both tests agree (Hounkpè et al., 2016). 

6.2.3 Hydrological and soil erosion modeling 

Observed and modeled precipitation and temperature data were used as climate input into the 

hydrological and soil erosion model SHETRAN (Birkinshaw, 2010; Ewen et al., 2000). 

SHETRAN is a physically based spatially distributed hydrological soil erosion model. It is a de-

rivative of SHE (Système Hydrologique Européen), which was jointly developed by the British 

Institute of Hydrology, the Danish Hydraulic Institute and the French consulting company 

SOGREAH (Abbott et al., 1986). SHETRAN has been refined and complemented by new com-

ponents as e.g. the fully 3D simulation of subsurface water flow (Parkin, 1996) and sediment 

transport (Wicks, 1988; Wicks and Bathurst, 1996). Detailed information is available online 

(http://research.ncl.ac.uk/shetran/). The model was already calibrated and validated in the Dano 

catchment. Detailed information on the parameterization can be found in Op de Hipt et al. 

(2017). The model was set up based on a 200 m x 200 m horizontal resolution and by using cli-

mate, discharge and suspended sediment load (SSL) data from the years 2013 and 2014 for 

calibration and validation respectively. Different performance measures (Nash Sutcliffe Efficien-

cy (Nash and Sutcliffe, 1970), Kling-Gupta efficiency (Gupta et al., 2009; Kling et al., 2012) and 

R²) for discharge are in the range of 0.7 and 0.79 for calibration and between 0.66 and 0.76 for 

validation. These measures are in the range of other studies that used SHETRAN (e.g. Birkin-

shaw et al., 2014; Đukić and Radić, 2016, 2014; Mourato et al., 2015; Naseela et al., 2015; Trip-

kovic, 2014; Zhang, 2015). Among these studies R² and NSE values above 0.5 are frequently 

observed. The calibration and validation of the erosion component showed NSE of 0.4 and 0.2 

and R² of 0.47 and 0.37 for calibration and validation of SSL, respectively. These performance 

measures are in agreement with results of other studies (de Figueiredo and Bathurst, 2007; El-

liott et al., 2011; Zhang, 2015) and comparable with other erosion models (de Vente et al., 2013; 

Jetten et al., 1999).  
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As hydrological and soil erosion data do not exist for the reference period the expected climate 

change impact on hydrology and soil erosion is estimated by studying the differences between 

the simulated hydrological and soil erosion variables of the reference period (1971 – 2000) and 

the future period (2021 – 2050).  

The present study differentiates between suspended sediment load (SSL in kg/s) and suspend-

ed specific sediment yield (SSY in t/ha/year). 

6.2.4 Time step sensitivity 

The long term historical and future climate data was only available on a daily basis. This is criti-

cal since results of dynamic models such as SHETRAN respond sensitively to the chosen simu-

lation time step (Bruneau et al., 1995; Hessel, 2005; Yira, 2016; Zhang, 2015) and consequently 

the discussion of time and spatial scales is fundamental in hydrological modeling (Blöschl and 

Sivapalan, 1995). Yira (2016) reports a decreasing modeled discharge with longer time step. 

This can be explained by the information loss during aggregation of rainfall data from sub-daily 

to daily resolution: It reduces the maximum precipitation intensities and therefore leads to an 

underestimation of overland flow due to infiltration excess. Consequently, simulated discharge 

and hence sediment yield may be underestimated by the model. Figure 6-2a shows that ex-

ceedance probabilities for both hourly and daily suspended sediment loads are rather small. 

Figure 6-2b shows that there exists a statistically significant positive relation between hourly and 

daily suspended sediment loads. Interestingly, highest differences occur at both extremes of the 

data. The Wilcoxon signed rank test was applied to prove that the hourly and daily values are 

identical populations (H0: hourly and daily suspended sediment loads come from an identical 

population). To satisfy the assumption of the test that the paired values observations are ran-

domly and independently drawn it was applied to a random set of paired values (Hogg et al., 

2015). The test indicated that hourly and daily suspended sediment loads have similar popula-

tions (p-value = 0.2467). The limitations related to a daily timestep cannot be avoided for the 

long-term simulations as no hourly data are available. Furthermore, our results are comparable 

to other SHETRAN studies that also used a daily timestep (Birkinshaw et al., 2017; de Figueire-

do and Bathurst, 2007; Mourato et al., 2015). 
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Figure 6-2: a) Exceedance probability of hourly and daily suspended sediment load, b) scatter 

plot of hourly and daily suspended sediment load. LOG10 scale is used. 

6.2.5 Assessment criteria 

Different performance measures were used to investigate the RCM-GCM driven historical simu-

lations and to compare observed and modeled climate data. 

i. P-factor: It measures the proportion of observed climate data that is covered by the 

range of RCM-GCM derived climate data. 

ii. R-factor: It expresses ratio between the range of minimum and maximum RCM-GCM 

for precipitation and temperature and the standard deviation of observed counter-

parts. Consequently, the R-factor indicates how wide the range of the modeled varia-

ble is, compared to the observed standard deviation: 

 

 

W

where Var is the climate variable, n the observation data points, Simin and Simax the 

minimum and maximum value of the RCM-GCM ensemble and σ the standard devia-

tion.  

iii. The normalized root mean square deviation (NRMSD), NSE (Nash and Sutcliffe, 
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Eq. 6-2 
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based discharge and SSY simulations agree with the simulations run based on ob-

served climate data. 

6.3 Results and Discussion 

6.3.1 Climate data 

6.3.1.1 Bias correction 

The output of climate models necessary for hydrological and soil erosion modeling is frequently 

biased over the scale it is needed (Haddeland et al., 2012; Hagemann et al., 2011; Maraun et 

al., 2010; Randall et al., 2007). Therefore, the use of bias correction methods is frequently con-

sidered as inevitable although it is also debatable (Ehret et al., 2012). The lack of a physical jus-

tification and the possible violation of climate model assumptions by bias correction are criti-

cized. Furthermore, bias correction may have a large influence on the climate change signal in 

terms of magnitude (Ehret et al., 2012). However, these disadvantages are often neglected due 

to the advantages of bias correction. The assessment of climate change impact on hydrology 

and hydrologically driven processes such as soil erosion is only useful for environmental plan-

ning, if the input data (especially precipitation) are realistic in term of magnitude and distribution 

(Muerth et al., 2013; Piani et al., 2010; Sharma et al., 2007; Teutschbein and Seibert, 2012).  

The ability of uncorrected precipitation and temperature from the RCM-GCM ensemble to reflect 

observed data is expressed by the coefficient of determination and the normalized root mean 

square deviation (NRMSD). All climate models clearly differ from the observed data. The ob-

served temperature is better represented by the modeled data as shown by correlation coeffi-

cients between 0.57 and 0.78 compared to precipitation with values between 0.4 and 0.68. The 

best correlation coefficients are achieved by HIRHAM-EARTH for precipitation (0.68) and tem-

perature (0.78). Especially precipitation data show a high deviation with NRMSD values of high-

er than 0.73. The deviation of temperature is smaller with a minimum NRMSD of 0.2 (CCLM-

ESM).  

Figure 6-3a shows that the observed mean monthly temperature is within the temperature range 

as simulated by the ensemble of climate models. However, mean monthly observed temperature 

is frequently higher than temperature derived from the climate models. Temperature is used to 

calculate potential evapotranspiration (ETp) using the Hamon equation (Oudin et al., 2005a). 

Therefore, temperature indirectly influences discharge and soil erosion by controlling ETp 

(Chaplot, 2007; Li and Fang, 2016). To avoid inconsistencies between observed and modeled 

potential evapotranspiration, temperature was bias corrected. The bias correction led to an 
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overall agreement between observed and modeled temperature as shown in Figure 6-3b. Due to 

the small differences data from climate models are masked by the observed temperature. 

 

 

Figure 6-3: Observed, uncorrected (a) and bias corrected (b) mean monthly temperature data 

for the reference period 1971-2000. Due to the small differences data from climate models are 

graphically masked by the observed temperature. 

The question of how many nodes to include in climate change studies to account for the spatial 

climatic variability is frequently discussed (e.g. Villani et al., 2014). Yira et al. (2017) for example 

used 9 nodes for a larger watershed of the same river system and did the hydrological modeling 

for each of these nodes. We compared uncorrected and bias corrected rainfall data of each cli-

mate model from a rectangular grid of 3 x 3 nodes surrounding the catchment. Figure 6-4 shows 

the exceedance probability of the modeled rainfall from 9 nodes from HIRHAM-EARTH and the 

observed rainfall data. The inter-node deviation and the deviation between the uncorrected data 

and the observed are quite large as shown in Figure 6-4a and Figure 6-4c. After the bias correc-

tion (Figure 6-4b and d) the deviation between modeled and observed as well as the inter-node 

deviation is negligible. A similar pattern was also observed for the remaining five climate models 
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(data not shown). Based on the small difference between the nodes data from the closest node 

were used only. 

  

  

Figure 6-4: (a) Exceedance probability of uncorrected modeled rainfall data and the observed 

rainfall data (magenta line) from each node (9) for the reference period 1971-2000, (b) exceed-

ance probability of bias corrected modeled rainfall data and the observed rainfall data from each 

node (9), (c) exceedance probability of uncorrected modeled rainfall data and the observed rain-

fall data from each node (9) with a threshold of >40 mm/d, (d) exceedance probability of bias 

corrected modeled rainfall data and the observed rainfall data from each node (9) with a thresh-

old of >40 mm/d. All data are from HIRHAM-EARTH. 

Figure 6-5a shows that uncorrected precipitation of most RCMs-GCMs overestimate magnitude 

of mean monthly precipitation compared to the observed rainfall. Furthermore, the timing of the 

rainy season partly disagrees with the observed pattern. The differences between mean monthly 

precipitation from all climate models and the observed precipitation are considerably reduced 

after bias correction (Figure 6-5b). Bias corrected mean monthly precipitation reflects well timing 

and magnitude of the rainy season. Figure 6-5c shows that annual precipitation is frequently 

a) b) 

c) d) 
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overestimated by uncorrected data from all climate models. Despite the large spread (R-factor = 

4.8) only 60% of observed rainfall falls within the modeled precipitation range. As result of the 

applied bias correction (Figure 6-5c) the P-factor increases (P-factor = 86%) while the R-factor 

decreases (R-factor = 3.6). The modeled precipitation range captures the observed precipitation.  

 

  

  

Figure 6-5: Historical mean monthly (a,b) and mean annual (c,d) precipitation for the reference 

period 1971-2000.  
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The ability of the six selected RCMs-GCMs to reproduce the West African climate has already 

been proven in previous studies (Cook and Vizy, 2006; Dosio et al., 2015; Gbobaniyi et al., 

2014; Paeth et al., 2011; Yira et al., 2017). Furthermore, as already shown by Yira et al. (2017), 

the selected RCM-GCM give a quite large range of the possible impact of climate change on 

hydrology in this region. The overestimation and misrepresentation of the timing of the rainy 

season, that rectifies the bias correction of precipitation, is also reported by other authors for 

sub-Saharan Africa  (Nikulin et al., 2012; N’Tcha M’Po et al., 2016; Oyerinde et al., 2017; Paeth 

et al., 2011).  

6.3.1.2 Climate change signal  

A comparison of the uncorrected and bias corrected historical temperature with the future tem-

perature shows a clear increase for most climate models and scenarios. An exception is RCP4.5 

of HIRHAM-EARTH which projects a decrease in temperature (Table 6-3). The bias corrected 

ensembles show a mean increase of 3.4% (RCP4.5) and 5.4% (RCP8.5), which is slightly lower 

than the uncorrected temperature increase. The bias correction did not change the climate sig-

nal of the uncorrected data. Increasing temperatures over West Africa were already observed for 

the last 50 years and different studies suggest that this trend will continue in the future (Niang et 

al., 2014; Waongo, 2015). Rising temperatures are observed by all multi-model ensemble stud-

ies conducted in the region (Field and Barros, 2014). 

Table 6-3: Relative temperature change of RCP4.5 and RCP8.5 (2021 – 2050) compared to 

the reference period (1971 – 2000). 

  Uncorrected  Bias corrected 

RCM-GCM 
Mean histori-
cal tempera-
ture (°C) 

Temperature 
change RCP 
4.5 (%) 

Temperature 
change RCP 
8.5 (%) 

 

Historical 
tempera-
ture (mm) 

Temperature 
change RCP 
4.5 (%) 

Temperature 
change RCP 
8.5 (%) 

HIRHAM_EARTH 27.5 -2.8 5.6  28.2 -2.7 5.5 

CCLM_ESM 25.5 6.6 7.7  28.2 5.9 6.9 

RACMO_EARTH 22.9 6.2 6.5  28.2 5.0 5.3 

CCLM_EARTH 24.6 6.0 6.8  28.2 5.3 5.9 

CCLM_CNRM 25.2 4.0 5.3  28.2 3.6 4.7 

HIRHAM_NorESM 29.9 3.2 3.6  28.2 3.3 3.8 

Ensemble mean 25.9 3.9 5.9  28.2 3.4 5.4 

 

Table 6-4 shows the relative change of predicted precipitation (2021 – 2050) from all climate 

models and scenarios compared to the historical period (1971 – 2000). It is important to notice 
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that the climate models do not agree on one common signal. Increased precipitation (5.9% – 

36.5%) is predicted by RCP4.5 of HIRHAM-EARTH and by RACMO-EARTH, CCLM-CNRM and 

HIRHAM-NorESM while a decrease (0.2% – 10.9%) is projected by RCP8.5 of HIRHAM-EARTH 

and by CCLM-ESM and CCLM-EARTH. HIRHAM-EARTH is characterized by a mixed precipita-

tion signal. The disagreeing signals between models may be attributed to data scarcity and lim-

ited knowledge of the regional climatology (Niang et al., 2014). The Coupled Model Intercompar-

ison Project Phase 5 (CMIP5) showed different precipitation changes till 2050 (Field and Barros, 

2014). 

The trend suggested by the uncorrected data seems to be maintained after bias correction. The 

only exception is RCP4.5 of CCLM-ESM whose signal is changed from 0% to -4.2%. This can 

be explained by the bias correction method. If the difference between historical and uncorrected 

precipitation is very small or not existent, bias correction may lead to an inversion of the signal. 

As Hagemann (2011) points out, “the impact of bias correction on the climate change signal may 

be larger than the signal itself” (Hagemann et al., 2011, p. 575) if the signal is small. 

Table 6-4: Relative change of mean annual precipitation between reference period (1971 – 

2000) and future period (2021 – 2050). Uncorrected and bias corrected mean values are 

used for calculation. Bias correction was performed using observed data with mean annual 

precipitation of 897 mm. 

  Uncorrected  Bias corrected 

RCM-GCM 

Mean 
historical 
precipita-
tion (mm) 

Precipitation 
change RCP 
4.5 (%) 

Precipitation 
change RCP 
8.5 (%) 

 

Historical 
precipitation 
(mm) 

Precipitation 
change RCP 
4.5 (%) 

Precipitation 
change RCP 8.5 
(%) 

HIRHAM-
EARTH 

1029.6 23.7 -1.8  961.7 36.5 -0.2 

CCLM-ESM 1143.9 0.0 -7.0  942.2 -4.2 -6.4 

RACMO-
EARTH 

1253.4 7.2 16.1  1005.2 9.0 18.1 

CCLM-EARTH 1014.7 -14.1 -8.1  944.2 -10.9 -6.4 

CCLM-CNRM 1099.0 16.2 25.7  929.9 10.8 19.3 

HIRHAM-
NorESM 

1209.1 4.5 17.1  941.2 5.9 12.0 

Ensemble 
mean 

1125.0 6.3 7.0  954.1 7.8 6.1 

 

Figure 6-6 shows the mean relative change of bias corrected precipitation return levels of six 

return periods for each model and RCP. For RCP4.5 (Figure 6-6a) it is observable that return 

levels of most models (HIRHAM-EARTH, RACMO-EARTH, CCLM-CNRM, HIRHAM-NorESM) 

are predicted to increase. For example, the 50-year return level of RCP4.5 of HIRHAM-EARTH 
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is predicted to increase by 193%. In agreement with the overall negative precipitation signal of 

CCLM-EARTH (see Table 6-4), return levels of this model decrease over all return periods. For 

RCP8.5 all models except CCLM-ESM are characterized by increased return levels (0.4% - 

226.8%). The change in return levels for bias corrected data from most models and RCPs is 

statistically significant as tested by the paired t-test and the Wilcoxon test. A similar trend also 

applies to the data from April, May and October (not shown here). RCP4.5 of HIRHAM-EARTH 

and both RCPs of HIRHAM-NorESM show larger increases in return levels. This is attributed to 

very high precipitation extremes of > 500 mm/d which remain improbable even after bias correc-

tion. However, the inclusion of extremely high precipitation rates may substantially influence the 

fitted extreme value distribution and the predicted return levels accordingly. 

The change in magnitude and frequency of extreme precipitation due to climate change is fre-

quently attributed to the increase of atmospheric moisture content (Emori and Brown, 2005; 

O’Gorman and Schneider, 2009). Global studies report mixed signals depending among other 

on the chosen climate model and the scenario (Field et al., 2012; Field and Barros, 2014). Stud-

ies that focused on the investigation of climate change impact on extreme precipitation are rare 

in the West African region. Some of the available studies work with historical precipitation (Agui-

lar et al., 2009; New et al., 2006; Hounkpè et al., 2016) and do not use future scenarios from 

climate models. Sylla et al. (2016b) compared different climate models available in the CORDEX 

framework and report a precipitation change between -10% and +10% with greater amplitudes. 

They further notice an increase of very wet days between +5% and +10%. Druyan (2011) re-

views several studies on precipitation trends and reports a mixed signal. Other studies that used 

climate model derived precipitation data consistently report increased magnitude of high intensi-

ty precipitation events for the West African Region. (Abiodun et al., 2013; Giorgi et al., 2014; 

Lintner et al., 2012; Scoccimarro et al., 2013; Vizy and Cook, 2012). 
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Figure 6-6: Relative change (%) of rainfall return levels (2021 – 2050) for (a) RCP4.5 and (b) 

RCP8.5 compared to the reference period (1971 – 2000). The change was calculated based on 

the bias corrected data.  

6.3.2 Modeling 

6.3.2.1 Hydrology 

6.3.2.1.1 Historical simulated discharge 

SHETRAN was run with observed and modeled climate data. The discharge and SSY simulated 

using observed climate variables is denoted as observed discharge/SSY and the discharge and 

SSY simulated using modeled climate data is indicated by modeled discharge/SSY. To test the 

ability of modeled discharge to reproduce the observed discharge, modeled mean monthly dis-
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charge was compared to observed mean monthly discharge over the reference period (1971 – 

2000). Figure 6-7 shows that modeled discharges are mostly overestimated compared to ob-

served discharge. The use of uncorrected precipitation data from CCLM-ESM additionally leads 

to a shift of the peak discharge to September.  

Performance measures (NSE, R², KGE) are used to quantify the ability of the RCMs-GCMs to 

reproduce the historical discharge simulated based on measured precipitation and temperature. 

Table 6-5 shows that all climate models reproduce timing and magnitude of discharge well. Dif-

ferences between observed and modeled discharges may be explained by varying temporal 

patterns of precipitation and potential evapotranspiration. Precipitation of RACMO-EARTH, for 

example, is frequently higher than observed precipitation despite bias correction. The use of 

uncorrected precipitation and temperature data (CCLM-ESM-UC) leads to an overestimation and 

wrong timing of the discharge. Yira et al. (2017) used the same data base and also state a trend 

towards discharge overestimation by most models. They argue that shortcomings regarding the 

bias correction approach, which was run using a monthly correction, may be responsible for the 

overestimation of precipitation and consequently also for the simulated discharge.  

 

Figure 6-7: Modeled discharge using observed and modeled precipitation for the reference peri-

od (1971 – 2000). CCLM-ESM-UC refers to the uncorrected data. 
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Table 6-5: Performance measures of discharge and SSY simulated based on climate models 

and observed precipitation. Calculation basis are mean monthly discharges/SSY for the refer-

ence period. NSE refers to the Nash-Sutcliffe-Efficiency, R² to the coefficient of determination 

and KGE to the Kling-Gupta-Efficiency. 

Model discharge soil erosion 

RCM-GCM NSE R² KGE NSE R² KGE 

HIRHAM-EARTH 0.9 1.0 0.7 0.8 1.0 0.7 

CCLM-ESM 0.9 1.0 0.7 0.8 1.0 0.7 

RACMO-EARTH 0.7 1.0 0.5 0.6 1.0 0.4 

CCLM-EARTH 0.9 1.0 0.7 0.9 1.0 0.6 

CCLM-CNRM 0.9 1.0 0.6 0.8 1.0 0.6 

HIRHAM-NorESM 0.9 1.0 0.8 0.9 1.0 0.8 

CCLM-ESM-UC -1.0 0.5 -0.2 -2.0 0.5 -0.5 

6.3.2.1.2 Future simulated discharge change 

The impact of climate change on discharge is assessed by comparing the historical discharge as 

simulated using precipitation and temperature from climate models to the future discharge (both 

simulated using data from climate model scenarios). Table 6-6 shows that only HIRHAM-EARTH 

shows different signals for RCP4.5 and RCP8.5 with a strong increase in discharge for RCP4.5 

and decrease for RCP8.5. Three climate models (RACMO-EARTH, CCLM-CNRM, HIRHAM-

NorESM) project an increase of discharge between 15.2% and 67.7% whereas two models 

(CCLM-ESM, CCLM-EARTH) indicate a decrease between 21.8% and 42.9%. The precipitation 

signal is reflected by the discharge change across all models. The ensemble mean suggest an 

increase of discharge for both emission scenarios. High future discharge gains correspond to 

increasing return levels as observed in section 6.3.1.2. For example, RCP4.5 of HIRHAM-

EARTH shows a very large discharge increase and high positive changes of return levels 

whereas discharge and return levels of CCLM-EARTH are predicted to decrease (see Figure 

6-6). Table 6-1 gives an overview over selected studies that investigate the impact climate 

change on hydrology. The range of future discharge change reported by these studies roughly 

corresponds to the ranges presented in Table 6-6 with the exception of RCP4.5 of HIRHAM-

EARTH. 
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Table 6-6: Mean relative change of mean annual discharge/suspended sediment yield 

(SSY) as projected by the climate model ensemble for the future period (2021 – 2050) com-

pared to the historical period (1971 – 2000). CCLM-ESM-UC refers to the uncorrected data. 

The mean annual discharge simulated using observed climate data is 133.6 mm. 

RCM-GCM 
Historical 
discharge 
(mm) 

Discharge 
change 
RCP 4.5 
(%) 

Discharge 
change 
RCP 8.5 
(%) 

Historical 
SSY 
(t/ha/year) 

SSY 
change 
RCP 4.5 
(%) 

SSY 
change 
RCP 8.5 
(%) 

HIRHAM-
EARTH 

167.8 207.5 -5.8 0.0911 217.3 -4.8 

CCLM-ESM 173.8 -21.8 -24.7 0.0969 -21.2 -24.8 
RACMO-
EARTH 

202.1 15.2 43.4 0.1121 14.1 44.4 

CCLM-
EARTH 

178.9 -42.9 -27.4 0.0980 -45.0 -26.6 

CCLM-
CNRM 

183.3 31.6 63.8 0.1014 30.4 64.4 

HIRHAM-
NorESM 

162.6 29.4 67.7 0.0898 23.4 59.5 

CCLM-ESM-
UC 

167.8 -8.5 -30.1 0.1760 -7.1 -29.6 

Ensemble 
mean 

173.8 36.5 19.5 0.1093 36.5 18.7 

 

In general, changes in discharge can be explained by the combination of the climate model pre-

dictions regarding precipitation, temperature and accordingly potential evapotranspiration. In-

creased temperature will amplify evapotranspiration, which results in decreased runoff assuming 

stable or decreasing precipitation while increased rainfall leads to increased discharge assuming 

temperature/evapotranspiration stagnates or is reduced. In addition to the direct effects through 

changed rainfall and temperature characteristics, feedbacks with soil and vegetation properties 

as well as land use change may have an even stronger impact on change in water discharge 

(Mullan et al., 2012; Slaymaker, 2001) but are not considered in the present study due to limited 

knowledge and model restrictions. The sensitivity of discharge simulated by SHETRAN to 

changes in precipitation and potential evapotranspiration (ETp) is shown in Figure 6-8. The cor-

relation between precipitation and simulated discharge (Figure 6-8a) is positive while the rela-

tionship between ETp and discharge (Figure 6-8b) is negative. Both relations are statistically 

significant. For RCP4.5 an increase of precipitation by 20% leads to an increase in discharge of 

100% while an increase of ETp by 20% results in a negative discharge change of 161%. For 

RCP8.5 the same increase in precipitation would lead to an increase of discharge of 68% and an 

increase in ETP of 20% would result in a discharge change of -156%. These numbers and the 

comparison of the regression slopes between precipitation and ETp suggest that a changing 
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ETp has a stronger impact on discharge then precipitation. This is not always the case as shown 

by Yira et al. (2017) who identified precipitation as major factor whereas ETp is reported to have 

no significant influence on discharge as the environmental system is water limited and not ener-

gy limited. Differences between the models (SHETRAN, WaSiM) and their paramterisation (Op 

de Hipt et al., 2017; Yira et al., 2016). 

  

Figure 6-8: Simulated future discharge change vs. bias corrected annual precipitation change (a) 

and potential evapotranspiration (ETp) change (b) under emission scenarios RCP4.5 and 

RCP8.5. Relative changes are calculated by comparing the reference period (1971 – 2000) with 

the future period (2021 – 2050). 

The mixed discharge signals result from uncertain precipitation predictions for the West African 

region due to the described difficulties in modeling the West African climate (Field and Barros, 

2014). As a consequence, this uncertainty will be propagated as these data are required input to 

environmental models. Figure 6-9 shows the uncertainties of discharge simulations, which are 

attributed to the different climate model outputs. The large inter-annual and inter-model variabil-

ity becomes evident and underlines the need to include several climate models in climate 

change studies in order to cover the range of possible developments (Sylla et al., 2016a; Zhang 

et al., 2011).  
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Figure 6-9: Annual total simulated discharge as projected by bias corrected data from the cli-

mate model ensembles for RCP4.5 and RCP8.5. 

6.3.2.2 Soil erosion 

6.3.2.2.1 Historical simulated soil erosion 

The specific suspended sediment yield (SSY) simulated with observed precipitation and temper-

ature data (observed SSY) is compared to the SSY simulations fed with bias corrected precipita-

tion and temperature data of the six RCMs-GCMs (modeled SSY). Figure 6-10 shows that all 

climate models lead to a higher modeled SSY compared to observed SSY. Since soil erosion is 

mainly driven by surface runoff, the described pattern is similar to what has been discussed be-

fore (see section 6.3.2.1.1). The use of uncorrected precipitation data leads to an extreme over-

estimation and to a temporal shift of peak SSY and is not recommended to assess the future 

impact of climate changes on soil erosion.  

Performance measures (NSE, R², KGE) are used to express the capability of climate models to 

provide input data for SSY models. Data of all models are able to reproduce magnitude and tim-

ing of SSY derived from observed precipitation. The performance values range from 0.4 to 1. 

Further details are given in Table 6-5. 
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Figure 6-10: Observed and modeled precipitation based specific suspended sediment yield 

(SSY) as simulated for the reference period (1971 – 2000). CCLM-ESM-UC refers to the uncor-

rected data.  

6.3.2.2.2 Future simulated soil erosion 

The impact of climate change on soil erosion is investigated by comparing the relative differ-

ences between climate model driven historical simulations (1971 – 2000) and the future scenari-

os (2021 – 2050). Table 6-6 shows that three models predict an increase (14.1% – 64.4%) of 

soil erosion (RACMO-EARTH, CCLM-CNRM, HIRHAM-NorESM) while two models (CCLM-

ESM, CCLM-EARTH) forecast a decreasing trend (21.2% – 45%) of soil erosion. The RCPs of 

HIRHAM-EARTH give a mixed signal. The erosion predictions follow the same trend as the pre-

cipitation and discharge predictions. The signal based on uncorrected precipitation data (CCLM-

ESM-UC) correspond to the bias corrected counterpart. The unclear climate change signal is 

also stated by Li and Fang (2016) who reviewed more than 200 climate impact studies indicating 

increasing and decreasing future erosion trends. They underline that future uncertainty in ero-

sion is above all a result from uncertainty in precipitation predictions. 

The described change of future erosion rates can be explained by direct and indirect, positive 

and negative climatic impacts on soil erosion. Changing spatiotemporal patterns and magnitudes 

of precipitation are expected to directly influence hydrological processes like runoff (Figure 6-8) 

and consequently soil erosion rates through altered conditions of soil/sediment entrainment and 

transport. Increased soil erosion rates are sometimes reported even if the precipitation sum is 

expected to decrease (Nunes et al., 2013). This can be explained by increased rainfall intensi-
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ties as also predicted by some RCMs-GCMs for the present study catchment (see Figure 6-6). 

Especially semi-arid environments, in which Hortonian runoff dominates, are susceptible to in-

creased rainfall intensities. The importance of extreme precipitation events for annual specific 

suspended sediment yield is also reflected by our data. In average around 25% of the predicted 

annual SSY across all models originates from maximum daily SSY. The analyses of predicted 

return levels (see section 6.3.1.2) and the comparison of historical with future monthly maximum 

precipitation (data not shown) show that the contrasting combination of decreasing precipitation 

sums and increasing erosion rates as a result of increasing precipitation intensities are not ob-

served in this study. 

Indirect impacts are expected from changing temperatures which may lead to altered vegetation 

zones, plant properties and changed vegetation phases. Agricultural adaption strategies like 

revised planting and harvesting dates and new crops may also lead to increase or decrease of 

soil erosion rates. However, the impact of climate change does not need to be negative as in-

creased precipitation, temperature and CO2 concentrations may increase plant biomass, vegeta-

tion canopy and the growing season (Li and Fang, 2016). As already stated above the relation-

ships and complex feedback mechanisms between hydrology and consequently soil erosion and 

climate as well as land use change are very complex. A combined analysis of the impact of land 

use and climate change may lead to increased erosion rates as human induced land use change 

is expected to negatively affect discharge and accordingly soil erosion (Yira et al., 2016). Fur-

thermore, cultivated soils are considered to be more susceptible to climate change than the un-

cultivated counterparts (Nunes et al., 2013). The indirect impacts like human or climate induced 

land use change may be even stronger than the direct effect of climate change (Latocha et al., 

2016; Li and Fang, 2016).  

Figure 6-11 shows the mean monthly SSY of all climate models and scenarios. The distinct dif-

ferences between models reflect the large uncertainties of future climate and erosion predic-

tions. The largest erosion rates are predicted by RCP4.5 of HIRHAM-EARTH for the rainy sea-

son (Figure 6-11a). A substantial amount of uncertainty is also added by RCP4.5 of HIRHAM-

EARTH which predicts monthly erosion rates to be up to 5.7 times higher than the model mean. 

Except for HIRHAM-EARTH predicted erosion rates are similar for RCP8.5.  
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Figure 6-11: Mean monthly specific suspended sediment yield (SSY) as simulated using bias 

corrected data from the climate model ensembles for RCP4.5 (a) and RCP8.5 (b) (2021 – 

2050). 

Predicted annual SSY (0.11 t/ha/year – 0.13 t/ha/year for all models and RCPs) are considerably 

lower than current global erosion rates which are estimated to be 10.2 t/ha/year (Li and Fang, 

2016). Schmengler (2010) investigates current soil erosion in the same area using the 

WATEM/SEDEM modeling approach and reports simulated SSY between 0.4 t/ha/year and 3.4 

t/ha/year. It is worth to underline that SHETRAN was calibrated and validated using turbidity 

derived suspended sediment loads (SSL) as these data were available (Op de Hipt et al., 2017). 

Consequently, SSY of the suspended sediment fraction are lower than sums across all fractions. 

However, as the model was calibrated using SSL, only the suspended sediment fraction is con-

sidered. This explains why the simulated erosion rates are substantially lower. Despite the high 

vulnerability of savannas to soil degradation caused by water erosion, the low erosion rates in 

the Dano watershed are also caused by the gentle hillslope gradients. 

Comparable analyses of future impact of climate change on soil erosion are rare for West Africa 

in general and especially on a watershed scale as used in this study (Li and Fang, 2016; Wall-

ing, 2009). Yang et al. (2003) assessed the impact of future climate change on soil erosion on 

the global scale and reports an increase for the African continent. Studies conducted on a small-
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er scale suggest a mixed signal ranging from a decrease in soil erosion by 5% to 27% (Hiepe, 

2008) to no change (Bossa et al., 2014) (see Table 6-1). However, given the small number of 

studies, different climate models, different spatial scales, varying environmental conditions and 

modeling approaches a direct comparison between the studies is challenging. 

6.4 Conclusion 

The present study assessed the impact of climate change on hydrological and soil erosion pro-

cesses by the mid-21st century by using data from the CORDEX-Africa project to feed the hydro-

logical and soil erosion model SHETRAN. 

1) We showed by the comparison of uncorrected and bias corrected precipitation data with 

observed data, that the application of bias correction - although frequently criticized - is 

necessary to enable realistic simulations of discharge and soil erosion. Uncorrected data 

overestimate precipitation and result in wrong temporal pattern compared to observed 

data. Although the overestimation was reduced and the timing improved, bias correction 

was not able to completely remove the biases. The six climate models fairly agree with 

observed temperature. A negative deviation of up to -3° C and the importance of temper-

ature for the calculation of ETp motivated the bias correction of temperature. 

2) All climate models except RCP4.5 of HIRHAM-EARTH predict an increase in uncorrected 

and bias corrected temperature between 0.9° C and 2° C. The future precipitation signal 

is not consistent. Some climate models (RACMO-EARTH, CCLM-CNRM, HIRHAM-

NorESM) predict an increase, others a decreased or mixed signal (HIRHAM-EARTH, 

CCLM-ESM, CCLM-EARTH. Bias correction mostly did not alter the climate change sig-

nal of precipitation and if so (RCP4.5 of CCLM-ESM) it was attributed to a small climate 

change signal (0.0%) that was manipulated by the bias correction. The impact of climate 

change on return levels differs between models, return periods and emission scenarios. 

Most models predict small changes of return levels ranging from -11% to +21%. Howev-

er, RCP4.5 of HIRHAM-EARTH and both RCPs of HIRHAM-NorESM show high increas-

es in return levels which can be explained by improbably high precipitation rates which 

remain despite bias correction. 

3) The comparison of simulated discharge and SSY derived from observed precipitation 

and temperature with simulated discharge and SSY derived from climate model data re-

veals that discharge and SSY simulated with input data from climate models is higher. 

This is attributed to an overestimation of modeled precipitation, which persists even after 

bias correction. However, the performance measures were good when bias corrected 
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precipitation and temperature were used supporting the application of bias correction. 

Furthermore, the example of CCLM-ESM, which was run with and without bias corrected 

data, showed that neither the discharge nor the SSY signal were changed after bias cor-

rection. However, testing all climate models in the same way would be interesting but not 

possible due to the runtime of SHETRAN. 

4) The impact of climate change on discharge and soil erosion was evaluated by comparing 

the historical period (1971 – 2000) with the future period (2021 – 2050). Three out of six 

climate models predict an increase of discharge and SSY (RACMO-EARTH, CCLM-

CNRM, HIRHAM-NorESM) while the signals of two models are negative (CCLM-ESM, 

CCLM-EARTH). HIRHAM-EARTH predicts a mixed signal. The bias corrected precipita-

tion signals are maintained by discharge and SSY. The ensemble mean suggests an in-

creased discharge between 27.1% and 59.8% and an increased SSY of the same order. 

However, uncertainties resulting from the RCM-GCM outputs are large.  

The bias correction, the model timestep, the model assumptions of SHETRAN and the meas-

ured precipitation data may play also an important role regarding the overall uncertainty but 

couldn’t be explicitly addressed in the present work. In this context, we have to stress the large 

uncertainty of how the discharge in this catchment will develop by 2050. This is in agreement 

with other climate change studies in the region and has implications for possible climate change 

adaption strategies as potential discharge increase and decrease need to be considered.  

This study supports the need for an improved climate observation network and climate projec-

tions for the region as they play a key role for the assessment of climate change impact on hy-

drology and soil erosion. Predicted soil erosion changes, ranging from -45% up to +217.3%, may 

strongly be increased or decreased if feedbacks between climate driven land cover changes as 

well as possible agricultural adaption strategies are included in a more complex model environ-

ment. Much progress has to be done, before reliable predictions of future soil erosion in West 

Africa are achieved.  
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7 MODELING THE EFFECT OF LAND USE AND CLIMATE CHANGE ON WATER RE-

SOURCES AND SOIL EROSION IN A TROPICAL WEST AFRICAN CATCHMENT 

(DANO, BURKINA FASO) USING SHETRAN 

Abstract 

This study investigates the effect of land use and land cover (LULC) change on catchment hy-

drology (mean annual water yield, actual evapotranspiration) and soil erosion (suspended spe-

cific sediment yield) in the Dano catchment in south-western Burkina Faso based on hydrologi-

cal and soil erosion modeling. The past LULC change is studied using land use maps of the 

years 1990, 2000, 2007 and 2013. Based on these maps future LULC scenarios were devel-

oped for the years 2019, 2025 and 2030. The observed past and modeled future LULC are used 

to feed SHETRAN, a hydrological and soil erosion model. Observed and modeled climate data 

cover the period 1990 – 2030.  

The isolated influence of LULC change assuming a constant climate is simulated by applying the 

seven LULC maps under observed climate data of the period 1990 – 2015. The isolated effect of 

climate scenarios (RCP4.5 and 8.5) derived from the CCLM4-8 climate model is studied by ap-

plying the LULC map of 1990 to the period 1990 – 2032. Two chronological and continuous sim-

ulations were used to estimate the impact of LULC in the past (observed LULC and climate data) 

and in the future (modeled LULC and climate data) by gradually applying the LULC maps. These 

simulations consider the combined impact of LULC and climate change. 

The land use assessment of the past suggests a decrease of savanna at annual rates of 1.15% 

while cropland and settlement areas have increased since 1990. The extension of cropland and 

settlements may be caused by a high population growth rate of 3%. The trend of cropland and 

settlement extension is maintained by the future land use scenarios. 

The simulations that assumed a constant climate and a changing LULC show increasing water 

yield (3.9% – 77.5%) and mainly increasing specific sediment yield (-1.4% – 115.78%). The sim-

ulations that assume constant LULC and climate as changing factor indicate increases in water 

yield of 24.5% to 46.7% and in sediment yield of 31.1% to 54.7%. The continuous simulations 

signal a clear increase in water yield (20.3% – 73.4%) and specific sediment yield (24.7% to 

90.1%). Actual evapotranspiration is estimated to change across all simulations by -6.8% to 

+3.3%. 
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7.1 Introduction 

Population and economic growth are considered to be the most important drivers of land degra-

dation. Human-driven land use and land cover (LULC) changes influence water resources and 

may intensify land degradation by water-related soil erosion and nutrient depletion (CILSS, 

2016; UNEP, 2012). Especially in countries with fragile ecosystems, limited water and soil re-

sources, changes in the hydrological cycle through LULC changes may lead to an increased 

flood and drought risk as well as accelerated erosion rates. Understanding the effect of LULC 

change on water and soil resources is paramount especially in countries whose societies are 

highly dependent on rain-fed agriculture. The population in Burkina Faso is growing at annual 

rates of about 3% in the last decade (The World Bank, 2017). The growing food demand and the 

expansion of settlement areas lead to LULC change through the conversion of savanna vegeta-

tion to cropland and settlement area. The increased pressure on natural resources such as soils 

may reduce the agricultural production through nutrient depletion and loss of fertile soil through 

soil erosion (CILSS, 2016). Assessing the long term impact of LULC change on runoff genera-

tion and soil erosion is therefore important for decision makers to plan environmental protection 

measures. However, the number of studies that investigate the feedback mechanisms between 

LULC change, runoff generation and soil erosion is limited in West Africa. This study aims to 

analyze the hypothesis of accelerating soil loss by a LULC conversion from savanna to cropland 

or settlement.  

Hydrological processes and soil erosion are closely linked and strongly controlled by LULC. Sus-

tainable management of water and soil resources require a combined consideration of water and 

sediment fluxes (Diekkrüger, 2010). LULC change impacts can be studied by comparing field 

measurements of hydrological and soil erosion variables from different LULC classes (Braimoh 

and Vlek, 2004; Giertz et al., 2010, 2005; Hiepe, 2008). Field measurements show that a change 

from savanna or forest vegetation to cropland can reduce soil hydraulic conductivity and in-

creased surface runoff and soil erosion. This can be explained by the reduction of macroporosity 

as result of decreased biological activity following the disturbance of the soil by agricultural activ-

ities (Giertz et al., 2005). However, measurement of soil erosion is often not possible over the 

required temporal and spatial scale. Field studies have therefore to be complemented by hydro-

logical and soil erosion modeling studies. Hydrological and soil erosion models have been used 

to predict the effect of land use and climate change on soil erosion and to identify hot spots of 

soil erosion that require erosion control measures (Bossa et al., 2014; Hiepe, 2008; Pandey et 

al., 2016). If available, LULC maps from different years may be used as input into hydrological 

and soil erosion models to simulate the effect on runoff and soil erosion. Increased runoff and 
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soil erosion rates are often predicted by hydrological and soil erosion models if the natural vege-

tation is converted to arable land (Bossa, 2012; Hiepe, 2008; Yira et al., 2016). 

Different model concepts exist (empirical, conceptual and physically based models) among 

which physically based spatially distributed models are considered suitable for the analyses of 

LULC impacts on erosion at smaller scales as a certain complexity is necessary for the predic-

tions of the changing LULC conditions (Pandey et al., 2016). The parameter values of these 

model types have a physical meaning and therefore can be better estimated which increases the 

quality of the simulated output (de Vente et al., 2013; Merritt et al., 2003; Pandey et al., 2016). 

The capabilities of different models (USPED, KINEROS2, EROSION3D, LISEM, WATEM-

SEDEM) were compared to a list of predefined criteria in order to decide which model meets the 

requirements. Conceptual and empirical models were discarded as they may not differentiate 

between the processes (e.g. USPED) or they may not allow an identification of the sources and 

sinks (e.g. KINEROS2). The hydrological and soil erosion model SHETRAN (Birkinshaw et al., 

2010b; Ewen et al., 2000) has been successfully applied to simulate effects of changing LULC 

(Bathurst et al., 2011; Lukey et al., 2000, 1995). SHETRAN studies used several approaches to 

investigate the impacts of a changing LULC. On the one hand, hypothetical scenarios derived 

from a simple change of vegetation properties (Bathurst et al., 2011; Birkinshaw et al., 2010a; 

Lukey et al., 2000, 1995) are used and on the other hand the analyses of observed land use in 

different catchments were compared to reflect changed LULC (Elliott et al., 2011). One novelty 

of the present study is therefore the combined investigation of observed and future LULC 

change in the same catchment over more than 20 years using SHETRAN.  

The LULC change in the catchment is driven by a high population growth rate (3% per year) 

leading to the expansion of cropland at the expense of savanna as it is frequently observed in 

West Africa (CILSS, 2016; Codjoe, 2004; Yira et al., 2016). The principle motivation of the pre-

sent study is to fill the knowledge gap regarding the impact of LULC change on runoff generation 

and soil erosion. Studies on these topics are rather limited in West Africa but work on the impact 

of LULC change on hydrological processes (Yira et al., 2016) and on the general modeling of 

soil erosion without changing LULC influences (Op de Hipt et al., 2017; Schmengler, 2010) in 

the present study catchment exist. Despite these studies a clear knowledge gap was identified 

regarding the assessment of past and future impacts of LULC change on soil erosion. Further-

more, the combined consideration of LULC and climate change is frequently identified as future 

research objective (Yira, 2016). We aim to fill this gap by a combined assessment of LULC and 

climate change over a period of 40 years (1990 – 2030). The SHETRAN model was set up to 
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simulate and to evaluate the impacts of these changes. SHETRAN was already calibrated and 

validated in the present study catchment (Op de Hipt et al., 2017).  

Based on the above described research gaps, the present study aims to: 

1. Investigate the observed past and the modeled future LULC change using seven land 

use maps. 

2. Assess the isolated and combined impact of LULC and climate change on simulated 

mean annual water yield and mean annual actual evapotranspiration.  

3. Examine the isolated and combined effect of LULC and climate change on mean annual 

suspended sediment yield and compare the contribution of different sediment sources 

(land use, channel, hillslope). 

7.2 Methods 

7.2.1 Study area 

The studied catchment has a size of 126 km² and is located in the south-west of Burkina Faso, 

West Africa (Figure 7-1). The study site is part of three focal watersheds of the WASCAL pro-

gram (West African Science Service Center on Climate Change and Adapted Land Use, 

www.wascal.org). WASCAL is a multidisciplinary program investigating the influence of climate 

and land use / land cover change on human and environmental systems.  

The natural vegetation is characterized by the Sudanian region with wood, shrub and arbora-

ceous savanna and abundant annual grasses. A growing population (growth rate of 3%) and the 

resulting demand for cropland and settlements lead to a reduction of the areas covered by sa-

vanna vegetation (Yira et al., 2016). The dominant cultivated crops are sorghum (Sorghum bi-

color), millet (Pennisetum glaucum), maize (Zea mays), cowpeas (Vigna unguiculata) and 

groundnut (Arachidis hypogaea). Cotton (Gossypium hirsutum) is the main cash crop. 

The watershed is characterized by a slightly undulating landscape with low slope gradients (av-

erage and maximum gradients are 1.8° and 21°, respectively, Figure 7-1b) and an elevation 

(Figure 7-1c) ranging from 269 to 504 m above sea level (masl). Annual precipitation range from 

800 to 1200 mm/a for the period 1951 – 2005 (Schmengler, 2010). The annual rainfall dynamic 

is characterized by a distinct rainy season (May to October) and a dry season from November to 

April.  

Soils are dominated by plinthosols (73%) according to the World Reference Base (WRB) for soil 

resources (IUSS Working Group, 2006). Plinthosols are characterized by high content of coarse 
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particles and a plinthic subsurface layer. Soils of the valley bottoms are mainly gleysols. Other 

soils formed in the region are cambisols, lixisols, leptosols and stagnosols (Figure 7-1e).  

 

Figure 7-1: Location map of the Dano catchment: (a) location of the catchment and Burkina 

Faso in West Africa, (b) slope of the catchment, (c) model catchment, (d) land use map 

(Forkuor, 2014), (e) soil map (data base: soil survey done by Ozias Hounkpatin, Soil Science of 

Institute of Crop Science and Resource Conservation, University Bonn). DGM refers to the Di-

rection Générale de la Météorologie du Burkina. 

7.2.2 Data sources 

SHETRAN requires various input data to simulate hydrological and soil erosion processes 

(Table 7-1). Some of the listed data sets are already available from previous studies and from 
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literature. However, the existing data were complemented by a hydrological and meteorological 

measurement network that was installed during the years 2012 to 2015. Among others, five au-

tomatic weather stations including pluviometers (stations 1 to 5 in Figure 7-1c), one water level 

and one turbidity probe were installed. Furthermore, an extensive soil survey was conducted to 

analyze physical and chemical soil properties and to retrieve the necessary soil and hydrological 

parameters required by the model. Meteorological data used to simulate the period before the 

installation in 2012 were collected from the climate station (station 6 in Figure 7-1c) operated by 

the national meteorological service (Direction Général de la Météorologie du Burkina, DGM). 

Precipitation and temperature for the period 1990 – 2032 were derived from CCLM4-8 climate 

model in the framework of the Coordinated Regional climate Downscaling Experiment 

(CORDEX) project. The Representative Concentration Pathways (RCP) 4.5 and 8.5 were used. 

Table 7-1: Applied datasets and required inputs for SHETRAN 

Data set Resolution/time scale Source Required parameters 

Topography  90 m SRTM (Jarvis et al., 2008)  

Soil 1:25 000 Soil survey Soil hydrological parameters 

(α, n
1)
, Ksat

2)
, θsat

3)
, θres

4)
) tex-

ture etc. 

Land use maps 5 to 250 m Forkuor (2014), Landmann et 

al. (2007) 

Land use type distribution 

Land use characteristic  Literature LAI
5)
, Strickler coefficient, 

ETa/ETp ratio
6)
 

Meteorological data Hourly, Daily Instrumentation WASCAL, 

DGM, CORDEX
7)

 

Rainfall, temperature, humidity, 

solar radiation, wind speed 

Discharge Hourly Instrumentation WASCAL Discharge 

Erosion Hourly, Event Instrumentation WASCAL Suspended sediment load, soil 

erosion rate 

1)
α and n are van Genuchten empirical parameters, 

2)
 Ksat refers to the saturated hydraulic conductivity, 

3)
 θsat to the saturated 

water content, 
4)
 θres to the residual water content, 

5)
 LAI to the leaf area index and 

6)
 ETp/ETa ratio to the ratio of potential evapo-

transpiration to actual evapotranspiration, 7) Coordinated Regional climate Downscaling Experiment project 

7.2.3 Modeling approach 

7.2.3.1 Land use change 

Observed LULC maps from four different years (LULC_1990, LULC_2000, LULC_2007, 

LULC_2013) and modeled future LULC maps (LULC_2019, LULC_2025, LULC_2030) were 

available to assess past and future impact of LULC change on hydrology and soil erosion. The 
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three maps that show the status from 1990 to 2007 were derived from Landsat TM 

(http://glovis.usgs.gov/) and MODIS (https://mrtweb.cr.usgs.gov/) images by Landmann et al. 

(2007). The map of 2013 created by Forkuor (2014) is based on Landsat TM and RapidEye im-

ages (https://www.planet.com/products/#satellite-imagery). As the maps are available at different 

resolutions, they were resampled based on majority to match the resolution of 200 m. Both au-

thors used the Land Cover Classification System (LCCS) legend from the Food and Agricultural 

Organization (FAO). For the model warm-up climate data from 1990 to 1996 and the land use 

map LULC_1990 is applied.  

 The observed LULC maps (simulations M1_1990 – M5_90/13): In order to homogenize 

the LULC classes for each of the four maps, the initial LULC classes of the years 1990 to 

2007 were reclassified. The four classes of the year 2013 were the basis for the reclassifica-

tion process. The reclassification was done based on the approach described in Yira et al. 

(2016): Classes with similar characteristics regarding seasonality of vegetation cover and 

hydrological properties were grouped (Table 7-2). The resulting land use maps 

(LULC_1990– LULC_2013) were used to simulate the effect LULC change on water and soil 

resources in the past. 

The simulation M1_1990 is considered as the reference and applies the land use map 

LULC_1990 over the entire simulation period (1990 – 2015). Simulations M2_2000 – 

M4_2013 apply the land use maps LULC_2000, LULC_2007 and LULC_2013 to the period 

1997 – 2015. During these simulations climate is held constant in order to study the effect of 

LULC change only. The simulation M5_90/13 encompasses the chronological land use de-

velopment as it has occurred in the catchment. The four land use maps (LULC_1990, 

LULC_2000, LULC_2007, LULC_2013) are gradually applied to the periods 1990 – 1996, 

1997 – 2003, 2004 – 2010 and 2011 – 2015. An overview of the different simulations is given 

in Table 7-3. 

 Based on the changes between the observed maps LULC_2000 and LULC_2013, future 

LULC maps were developed for the years 2019, 2025 and 2030 by using the Land Change 

Modeler (Clark Labs, Clark University, Worcester, USA). The approach used by the Land 

Change Modeler is based on transition potentials which are calculated using a Multi-Layer 

Perceptron (MLP) neural network (Chan et al., 2001). The transition potentials for the future 

depend on the transitions that have already occurred in the past. As explanatory variables 

several distance maps were used (distance to roads, fields and settlements) as well as spa-

tially autocorrelated maps of the digital elevation model (DEM) and observed disturbances 

(transitions from savanna to crop or settlements). Finally a stochastic Markov chain tech-
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nique (Wilson and Weng, 2011) is applied to simulate the probability of LULCC and generate 

the future land use maps.  

 The modeled scenarios (simulations M6_2019 – M12_90/30_RCP8.5): Simulations 

M6_2019 – M8_2030 apply the land use maps LULC_2019, LULC_2025 and LULC_2030 to 

the period 1997 – 2015 using observed climate data. Climate is held constant in order to 

study the isolated effect of LULC change. The simulations M9_1990_RCP4.5 and 

M10_1990_RCP8.5 use modeled climate data (see section 7.2.3.2) of the period 1990 – 

2032 assuming a constant LULC since 1990. These simulations enable the assessment of 

climate change as single factor. A chronological and continuous application of all LULC 

maps (M11_90/30_RCP4.5, M12_90/30_RCP8.5) was only possible through the use of pre-

cipitation and temperature from a climate model. Modeled precipitation and temperature 

(1990 - 2032) were used to drive the simulations M11_90/30_RCP4.5, M12_90/30_RCP8.5). 

Details of the modeled climate data are discussed in section 7.2.3.2. 

As the prediction of the development of areas covered by water is difficult based on a very 

small proportion of grid cells, the change of water areas was considered as stable after 

2013. An overview of the different simulations is given in Table 7-3. 
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Table 7-2: Initial LULC classes as given by Landmann et al. (2007) and Forkour (2014) and 

reclassified classes used in this study 

Initial LULC classes 

Proportional area [%] per year 

Reclassified LULC clas-

ses 

1
9
9
0
 

2
0
0
0
 

2
0
0
7
 

2
0
1
3
 

2
0
1
9
 

2
0
2
5
 

2
0
3
0
 

Regularly flooded, woody, closed to 
open 

1.03 29.2 - - - - - 
Tree and shrub savannah 

Broadleaved forest, closed, evergreen 
(>=65%) 

1.77 - - - - - - 
Tree and shrub savannah 

Woodland, closed (40 – 65%) 5.22 - - - - - - Tree and shrub savannah 

Woodland closed/forest closed 59.3 - 8.80 - - - - Tree and shrub savannah 

reg. flooded, high confidence 1.16 - - - - - - Tree and shrub savannah 

Burned area 4.03 2.64 - - - - - Cropland 

Bare soil  scattered vegetation 1.00 - - - - - - Urban area 

Regularly flooded wetland 0.84 - - - - - - Tree and shrub savannah 

Herbaceous crops 8.28 - - - - - - Cropland 

Herbaceous vegetation, closed (>=65%) 
17.2
8 

- - - - - - 
Tree and shrub savannah 

Forest - 3.45 15.5 - - - - Tree and shrub savannah 

Grassland - 35.1 46.7 - - - - Tree and shrub savannah 

Cropland - 16.1 20.4 36.3 42.3 48.3 54.5 Cropland 

Wetland - 13.2 1.52 -    Tree and shrub savannah 

Urban area - 0.16 6.54 5.19 7.19 9.19 11.1 Urban area 

Water - - 0.42 0.39 0.39 0.39 0.39 Water 

Natural/-semi-natural Vegetation  - - - 58.1 50.0 42.0 33.9 Tree and shrub savannah 

 

The model has already been calibrated and validated using measured discharge and SSL from 

2014 and 2015 (see sections 7.2.3.4 and 7.3.2 and for more detail Op de Hipt et al. (2017)). The 

model parameters and boundary conditions remain unchanged for the simulations. Therefore, 

LULC change is not reflected by changing parameters but the changing spatial patterns of the 

land cover classes. As the years 1990 – 1996 of each scenario were used as the warm-up 

phase to reach hydrological equilibrium conditions, the period 1997 – 2032 (evaluation period) 

was used to evaluate the effect of LULC change on average annual water components and on 

the average annual specific sediment yield. Statistical differences between the selected model 

outputs (water yield, actual evapotranspiration, specific sediment yield) between each model run 

was investigated on a daily basis using the Kruskal-Wallis test. Pairwise comparisons were stud-

ied by applying the Bonfferoni correction to results of Mann-Whitney U tests. 
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Table 7-3: LULC simulations, model periods and applied land use maps. 

Data Simulation 

Simulation period 

Warm-up 
period 

Evaluation period 

1990 – 1996 1997 – 2003 2004 – 2010 2011 – 2015 - - - 

Observed 
climate 

and LULC 
maps 

M1_1990 LULC_1990 LULC_1990 - - - 

M2_2000 LULC_1990 LULC_2000 - - - 

M3_2007 LULC_1990 LULC_2007 - - - 

M4_2013 LULC_1990 LULC_2013 - - - 

M5_90/13 LULC_1990 LULC_2000 LULC_2007 LULC_2013 - - - 

Observed 
climate 

and 
modeled 

LULC 
maps 

M6_2019 LULC_1990 LULC_2019 - - - 

M7_2025 LULC_1990 LULC_2025 - - - 

M8_2030 LULC_1990 LULC_2030 - - - 

 Simulation 
Warm-up 

period 
1997 – 2005 2006 – 2010 2011 – 2016 2017-2022 2023-2027 2028-2032 

Modeled 
climate 

and 
observed 

LULC 
map 

M9_1990_RCP4.5 LULC_1990 LULC_1990 

M10_1990_RCP8.5 LULC_1990 LULC_1990 

Modeled 
climate 

and 
modeled 

LULC 
maps 

M11_90/30_RCP4.5 LULC_1990 LULC_2000 LULC_2007 LULC_2013 LULC_2019 LULC_2025 LULC_2030 

M12_90/30_RCP8.5 LULC_1990 LULC_2000 LULC_2007 LULC_2013 LULC_2019 LULC_2025 LULC_2030 

7.2.3.2 Climate data 

Two climate datasets were used in this study. Observed climate data for the period 1990 – 2015 

were used to assess the influence of LULC change on hydrology and soil erosion. These data 

were collected by the national meteorological service. Historical (1990 – 2005) and future (2006 

– 2032) precipitation and temperature data were retrieved from the regional climate model 

(RCM) CCLM4-8 (Climate Limited-area Modelling Community, Germany) driven by the global 

climate model (GCM) ESM-LR (Max-Planck-Institute for Meteorology, Germany). The Repre-

sentative Concentration Pathways RCP 4.5 and RCP 8.5 (Moss et al., 2010) were used as fu-

ture scenarios. The RCM-GCM simulation was run in the framework of the Coordinated Regional 

climate Downscaling Experiment (CORDEX-Africa, www.cordex.org). Due to the run time of 

SHETRAN and the small differences between the nodes the closest node was used only. 

Historical precipitation and temperature data from CCLM-ESM model were compared with their 

observed counterparts for the period 1971 – 2000 to control if the modeled variables are in 

agreement with the observed. The modeled temperature shows a negative deviation compared 

to the observed temperature (Figure 7-2a). As temperature is used to calculate potential evapo-

transpiration (Oudin et al., 2005b) and has therefore strong effects on catchment hydrology, it 
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was bias corrected using the delta change approach described in Haddeland et al. (2012) 

(Figure 7-2b).  

The comparison of modeled and observed precipitation indicates an obvious bias. Modeled pre-

cipitation is often higher than measured and a shift between the observed and the simulated 

timing of the rainy season can be observed (Figure 7-2c). Therefore, a bias correction method 

was used to correct the historical and future rainfall data derived from CCLM-ESM. The non-

parametric quantile mapping approach introduced by Gudmundsson et al. (2012) was applied. 

The observed data were used to establish a transfer function which was applied to the historical 

and the future rainfall data. The differences between mean monthly precipitation from all climate 

models and the observed precipitation are considerably reduced after bias correction (Figure 

7-2d). 

The comparison of bias corrected precipitation and potential evapotranspiration between the 

periods 1990 – 2016 and 2017 – 2032 shows an increase of precipitation by 5.4% to 7.8% and 

an increase of ETp by 4.7% to 6%. 

  

  

Figure 7-2: Uncorrected and bias corrected temperature (a, b) and precipitation (c, d). 

 

20

25

30

35

Ja
n

Fe
b

M
ar

A
p

r

M
ay Ju
n

Ju
l

A
u

g

Se
p

t

O
ct

N
o

v

D
e

c

Te
m

p
er

at
u

re
 (

C
°)

 

Month 

CCLM-ESM

 Observed

a) uncorrected 

20

25

30

35
Ja

n

Fe
b

M
ar

A
p

r

M
ay Ju
n

Ju
l

A
u

g

Se
p

t

O
ct

N
o

v

D
e

c

Te
m

p
er

at
u

re
 (

C
°)

 

Month 

b) bias corrected 

0

50

100

150

200

250

300

Ja
n

Fe
b

M
ar

A
p

r

M
ay Ju
n

Ju
l

A
u

g

Se
p

t

O
ct

N
o

v

D
e

c

P
re

ci
p

it
at

io
n

 
(m

m
/m

o
n

th
) 

Month 

c) uncorrected 

0

50

100

150

200

250

Ja
n

Fe
b

M
ar

A
p

r

M
ay Ju
n

Ju
l

A
u

g

Se
p

t

O
ct

N
o

v

D
e

c

P
re

ci
p

it
at

io
n

 
(m

m
/m

o
n

th
) 

Month 

d) bias corrected 



Modeling the effect of land use and climate change on water resources and soil erosion in a tropical West African catchment 
(Dano, Burkina Faso) using SHETRAN 

115 
 

7.2.3.3 Model description 

SHETRAN was selected in this study due to two main reasons. First, SHETRAN is able to simu-

late erosion on hillslopes as well as in the river which are both considered as important process-

es in the catchment. Second, it simulates continuously, which is necessary for land use compar-

isons over a given period. SHETRAN is a physically based spatially distributed hydrological soil 

erosion model. It is a derivative of SHE (Système Hydrologique Européen) which was jointly 

developed by the British Institute of Hydrology, the Danish Hydraulic Institute and the French 

consulting company SOGREAH (Abbott et al., 1986). SHETRAN has been refined and comple-

mented by new components as e.g. the fully 3D simulation of subsurface water flow (Parkin, 

1996) and sediment transport (Wicks, 1988; Wicks and Bathurst, 1996). Detailed information is 

available online (http://research.ncl.ac.uk/shetran/).  

7.2.3.4 Model parameterization, calibration and validation 

The model parameterization, calibration and validation are given in detail in Op de Hipt et al. 

(2017) and are briefly summarized here. The parameterization of soil properties was done based 

on data obtained from field measurements and additional literature analysis (Table 7-1, Table 

7-4). Land use parameters were taken from literature. Although SHETRAN comprises numerous 

parameters that reflect the influence of the vegetation on hydrology we focused on two parame-

ters: i) the ratio of actual evapotranspiration (ETa) to potential evapotranspiration (ETp) and ii) 

the Strickler coefficient (KSTR) that were reported to be sensitive regarding surface runoff 

(Bathurst et al., 2004; Birkinshaw et al., 2010a; Đukić and Radić, 2016; Zhang, 2015). Changes 

in the spatial distribution of LULC classes are considered using the different land use maps (see 

section 7.2.3.1 and 7.3.1). Erosion was described using four parameters (overland flow and rain 

drop soil erodibility coefficients, channel bank erodibility coefficient, threshold depth of loose 

sediment) that were adjusted based on literature (Adams and Elliott, 2006; Birkinshaw et al., 

2010a; de Figueiredo and Bathurst, 2007; Elliott et al., 2011; Lukey et al., 2000, 1995; Norouzi 

Banis et al., 2004; Wicks and Bathurst, 1996) and calibration (Table 7-4).  

Precipitation and potential evapotranspiration (ETp) are given as hourly time series for each of 

the five climate stations located in the studied catchment. Spatially distributed data, including 

digital elevation model (DEM), the soil and land use map, were used in a raster format with a 

grid resolution of 200 x 200 m. The long term meteorological data from station 6 (see Figure 

7-1c) operated by the national meteorological service was only available on daily basis. This is 

critical since results of dynamic models such as SHETRAN respond sensitively to the chosen 

simulation time step (Bruneau et al., 1995; Hessel, 2005; Yira, 2016; Zhang, 2015) and conse-
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quently the consideration of time and spatial scales is fundamental in hydrological modeling 

(Blöschl and Sivapalan, 1995). Yira (2016) reports a decreasing modeled discharge with in-

creasing time step. This can be explained by the information loss during aggregation of rainfall 

data from sub-daily to daily resolution: It reduces the maximum intensities and therefore leads to 

an underestimation of overland flow due to infiltration excess as this depends on rainfall intensity 

and soil infiltration rate. Consequently, simulated discharge and hence sediment yield may be 

underestimated by the model. However, some SHETRAN studies also use a daily timestep (de 

Figueiredo and Bathurst, 2007; Mourato et al., 2015). Figure 7-3 shows that the exceedance 

probability do not change substantially between two simulations with different timesteps. Alt-

hough an increase in timestep reduces surface runoff and sediment yield, this limitation cannot 

be avoided for the long-term simulations as no hourly data are available. Because all scenarios 

are influenced by the same effect, conclusions drawn from the analysis are not biased by the 

temporal resolution of the model runs.  

 

Figure 7-3: Exceedance probability of hourly 

and daily suspended sediment load 

Although SHETRAN is physically based, land use and soil erosion related parameters were cali-

brated to adjust for model approximations and the spatial or temporal resolution of the input da-

ta. In the present study six selected parameters (Table 7-4) were calibrated based on the Latin 

Hypercube Sampling (LHS) methodology (McKay et al., 1979). Briefly, using LHS the possible 

multi-dimensional parameter space is sampled n times (usually n>100) in a stratified manner 

and the parameters are used in the simulation model to determine behavioral simulations (simu-

lations which show an acceptable comparison with observed data). The hydrological component 

of SHETRAN was calibrated based on the observed hydrograph from 2014 to 2015. The soil 

erosion component was calibrated based on the observed suspended sediment load (SSL). The 

model performance was statistically evaluated by the coefficient of determination (R²), the Nash-

Sutcliff efficiency (NSE) (Nash and Sutcliffe, 1970) and the Kling-Gupta efficiency (KGE) (Gupta 
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et al., 2009; Kling et al., 2012) because a single quality measure is not sufficient for model eval-

uation. The model was validated using data from the year 2015. 

Table 7-4: Soil, land use and erosion parameters in SHETRAN 

Parameter Description Unit 
Parameter 
range 

Source 

Hydrology 

ETa/ETp at field 
capacity (varies 
with land use 
type) 

Ratio of actual evapotranspiration 
to potential evapotranspiration at 
field capacity 

- 0.01 – 1.99 Shuttleworth (1993) 

KSTR (varies 
with land use 
type) 

Strickler roughness coefficient m
1/3

 s
-1
 0.3 – 9.9 

Mohamoud (1992), Shuttleworth 
(1993) 

Soil erosion 

kf (soil invariant) 
 

Overland flow soil erodibility 
 

kg m
-2
 s

-1
 

2.54×10
-11

 – 
4.68×10

-10
 

Calibration 

kr (varies with 
texture) 

Raindrop soil erodibility coeffi-
cient  

J
-1
 0.19 – 7.9 

Adams and Elliott (2006), Birkinshaw 
et al. (2010a), de Figueiredo and 
Bathurst (2007), Elliott et al. (2011), 
Lukey et al.  (2000, 1995), Norouzi 
Banis et al. (2004), Wicks and Bath-
urst (1996) 

BKB (soil invari-
ant) 

Channel bank erodibility coeffi-
cient 

kg m
-2
 s

-1
 

1×10
-6
 – 

3×10
-6
 

Calibration 

DLSMAX 
Threshold depth of loose sedi-
ment 

mm 
1×10

-6
 – 

9.9×10
-6
 

Calibration 

7.3 Results and discussion 

7.3.1 Land use and land cover change 

The LULC maps and changes of the period 1990 – 2030 are shown in Figure 7-4. The observed 

LULC maps (LULC_1990 – LULC_2013) show an increase of mainly cropland and settlement 

area at the expense of savanna areas, which have decreased by almost 30% between 1990 

(86.69%) and 2013 (58.12%) whereas cropland has increased by almost 24% in the same peri-

od. An urbanization trend has occurred between 1990 and 2013 as shown by an increase in 

settlement areas by 4.1%. The area covered by surface water increases between 2000 and 

2007 as the Moutouri reservoir was built in 2002. The future LULC change (LULC_2019 – 

LULC_2030) mainly follows the trend of the past. An increase of cropland (42.2%) and settle-

ment areas (10.19%) between 1990 and 2030 is opposed to a decrease in savanna by 52.7%. 
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Figure 7-4: Observed (1990 – 2013) and modeled (2019 – 2030) LULC maps and the corre-

sponding relative proportion of each land use. 

Some inconsistencies are observed between the past LULC maps. This applies above all to the 

spatial distribution of settlements and the way how these areas are converted. It is especially 

observable between the maps LULC_1990 and LULC_2000 where settlement areas are re-

duced due to the unlikely conversion of settlements to savanna, water and cropland. Further 

unlike LULC changes are noticed between the other maps as for example between LULC_2000 

and LULC_2007 where the settlement area is 25 fold increased over 7 years. The inconsisten-

cies are of relatively low importance as the maximum proportion of cells characterized by an 

improbable change is < 7%. The LULC mapping of savanna areas is impeded due to the sea-

sonality and the scattered LULC pattern (Cord et al., 2010; Forkuor, 2014). Therefore, the ob-

served inconsistencies can be explained by a misclassification related to the difficulties of the 

LULC mapping of areas characterized by a distinct seasonality (Wagner et al., 2013). Another 

reason may be the resampling of the maps needed to attain the same grid resolution which dis-

criminates the scattered land use classes (Yira et al., 2016). 
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The large visual and numerical differences between LULC_2007 and the other maps rectified 

the use LULC_2000 and LULC_2013 for the derivation of the future LULC maps. Two important 

issues have to be discusses in this context: First, the future LULC development only depends on 

the change that occurred between LULC_2000 and LULC_2013. Second, the future LULC may 

be afflicted with large uncertainties because important variables as population growth and agro-

nomical developments are not available to improve the predictions. However, based on observa-

tions from the field and personal communication with local farmers, the distance to the farm 

house and the accessibility play an important role for cultivation. 

An expansion of cropland at the expense of natural vegetation mainly due to increasing demand 

for agricultural areas as a result of the population growth and national migration is also reported 

by others (CILSS, 2016; Gray, 1999; Mahé et al., 2005; Ouedraogo et al., 2010; Paré et al., 

2008; Stephenne and Lambin, 2001; Thiombiano and Kampmann, 2010). The present study 

assesses the increase of cropland by 0.95% per year while savanna is reduced by 1.14% per 

year for the observed period (1990 – 2013). Paré et al. (2008) studied the influence of popula-

tion growth on land use change and reports conversion rates of 3.75% per year in the Sissili and 

Ziro provinces which are located in approximately 100 km distance to the study area. Although 

the exact number differ the major driver controlling LULC change in the study area is population 

growth and urbanization trends, which is also reported on the national level (CILLS, 2016). Fu-

ture LULC maps suggest an increase of cropland of 42.2% till 2030. This corresponds to the 

scenarios used by Hiepe (2008) who reports increases between 56% – 119%. The deforestation 

in the catchment is directly related to the growing demand in firewood used among others for the 

production of local beer and remote areas are increasingly affected as the number of unprotect-

ed trees close to the main settlements diminishes. The logging of shea trees (Vitellaria para-

doxa) used to produce shea butter for export may pose a problem in the future as it is an im-

portant financial income for small scale farmers. Another important cash crop is cotton whose 

production has increased by 350% since 1990 (FAOSTAT, 2017). 

7.3.2 Hydrological and erosion modeling 

The performance of SHETRAN regarding the hydrological and erosion modeling is discussed in 

Op de Hipt et al. (2017) and therefore only briefly summarized here. Based on the various per-

formance measures (sum of R², KGE and NSE), several parameter sets gave satisfactory to 

good quality measures according to the equifinality concept introduced by Beven and Freer 

(2001). The given performance measures for discharge are in the range of 0.7 and 0.79 for cali-

bration and between 0.66 and 0.76 for validation which is comparable to other studies that used 

SHETRAN (e.g. Birkinshaw et al., 2014; Đukić and Radić, 2016, 2014; Mourato et al., 2015; 
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Naseela et al., 2015; Tripkovic, 2014; Zhang, 2015). Among these studies R² and NSE values 

above 0.5 are frequently reported. Larger differences between simulated and observed dis-

charge occur during low flow conditions where the observed discharge is frequently underesti-

mated by the model. This is not surprising since low flow was not in the focus and consequently 

parameters controlling low flow such as Ksat in sub-surface soils were not considered during the 

calibration. Overestimated peaks during the rainy season can be attributed to the spatial as-

signment of climate stations, which was done using Thiessen polygons. This method may not be 

appropriate to account for localized precipitation events. Nevertheless, alternative interpolations 

methods like inverse distance weighting and Kriging may also be inadequate to reflect local 

storms as they smooth rainfall intensities over larger spatial extends. 

In terms of erosion rates the NSE is 0.4 and 0.2 and the R² is 0.47 and 0.37 for calibration and 

validation of SSL respectively. These results are in the range of other studies (de Figueiredo and 

Bathurst, 2007; Elliott et al., 2011; Zhang, 2015) and comparable with other erosion models (de 

Vente et al., 2013; Jetten et al., 1999). Given the various sources of measurement uncertainty a 

NSE of larger than 0.7 can’t be expected (de Vente et al., 2013).  

7.3.3 Land use and climate change effects 

7.3.3.1 Hydrology 

Figure 7-5a) and Table 7-5 show the influence of land use on simulated mean annual water yield 

over the considered period (1997 – 2030). The simulations that were driven by the past ob-

served climate and LULC maps (M1_1990 – M5_2015) indicate an increased water yield by 

3.9% (M2_2000) to 36.7% (M3_2007). The water yield of the continuous simulation M5_90/13 is 

20.3% higher compared to M1_1990. It shows that LULC change over almost 20 years has af-

fected the water balance of the studied catchment.  

Simulations driven by future modeled LULC maps and observed climate data (M6_2019 – 

M8_2030) show highest increases in discharge between 45.9% – 77.5% compared to M1_1990. 

Consequently, the predicted LULC change will lead to an increased discharge assuming a simi-

lar climate development as observed between 1990 and 2016.  

Simulations M9_1990_RCP4.5 and M10_1990_RCP8.5 are driven by modeled climate data and 

the map LULC_1990 only, assuming no change of LULC since 1990. Consequently, the in-

creased water yield of 24.5% (M10_1990_RCP8.5) and 46.7% (M9_1990_RCP4.5) is attributed 

to climate change only. In case of M9 and M10, the period 2006 – 2032 is compared to the peri-

od 1990 – 2005. 
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Simulations M11_90/30_RCP4.5 and M12_90/30_RCP8.5 are driven by a combined LULC and 

climate change. These simulations show high increases (50.2% – 73.4%) of discharge com-

pared to the period 1990 – 2005. Consequently, the combined development of climate and 

LULC may intensify the future change of hydrological conditions in the catchment. The compari-

son between the groups M9/M10 and M11/M12 suggest that LULC change may have a larger 

impact on hydrology than climate change as the differences regarding the increase between 

M9/M10 (no LULC change) and M11/M12 (LULC and climate change) are relatively large.  

Statistically significant (p < 0.0007) differences exist between almost all pairs. Exceptions are 

the M1_1990/M5_2013, M3_2007/M4_2013, M4_2013/M10_1990_RCP8.5 and 

M11_90/30_RCP4.5/M12_90/30_RCP8.5.  

The effect of LULC and climate change on ETa is shown in Figure 7-5b. The simulations driven 

by observed data indicate that ETa decreases by between 0.5% and 2.88%. Simulations that 

 

 

Figure 7-5: a) Mean annual total water yield for M1_1990 – M6_2030 and b) mean annual ac-

tual evapotranspiration for simulations M1_1990 – M6_2030. Error bars indicate the standard 

deviation. Dashed bars indicate the use of modeled LULC and/or climate. 
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used modeled LULC maps and observed climate data (M6_2019 – M8_2030) show decreasing 

ETa (2.5% – 6.6%) compared to M1_1990. The simulations that use climatic predictions assum-

ing constant LULC since 1990 (M9, M10) show an increasing ETa by about 3%. The largest 

change is predicted by the combined consideration of LULC and climate change as shown by 

simulations M11 (-1.5%) and M12 (-0.9%). Significant (p < 0.0007) differences compared to the 

reference the simulation M1_1990 exist for the majority of considered pairs.  

The presented figures for simulations M1_1990 – M5_90/13 are similar to the results of Yira et 

al. (2016) who studied the influence of a changing LULC on the hydrology in the same area 

based on similar data using WASiM (Water Balance Simulation Model). He observed an in-

crease in discharge of 20% between M1_1990 and M5_90/13. The general trend of increasing 

discharge and decreasing ETa is reported by others and LULC change was frequently responsi-

ble for this development (Bossa et al., 2014; Cornelissen et al., 2013; Mahé et al., 2005; Roudier 

et al., 2014; Yira et al., 2016). Bossa et al. (2014) studied the impact of climate and LULC 

change on hydrology in the Ouémé catchment in Benin. They assess the effect of different LULC 

scenarios on water yield to be between +3% and +8%. For the combined consideration of cli-

mate and LULC change they report a decreasing water yield over the period 2015 – 2019 ac-

cording to the negative future precipitation signal. The influence of the future precipitation signal 

on water yield is also confirmed by Yira et al. (2017) and by the present study as CCLM-ESM 

shows a positive future signal for the considered period (2006 – 2032). However, conclusions 

drawn from simulations that use data from climate models have to be considered carefully as 

uncertainties of future precipitation predictions are large (Yira et al., 2017). Simulations M9 and 

M10 are afflicted with large inter-annual variabilities as indicated by the high standard deviation. 

These variabilities are a result from the precipitation as predicted by CCLM-ESM. 

Regarding the consideration of LULC change only, the presented results are confirmed by ex-

periments conducted on smaller scales. These experiments suggest that the increase of water 

yield due to land use change is attributed to a change of soil properties such as an decreasing 

Ksat leading to Hortonian surface runoff (Giertz et al., 2005; Yira, 2016). However, in SHETRAN 

Ksat varies with soil type and not with land use. Consequently, it remained unchanged over all 

applied scenarios and cannot explain the differences between the scenarios. Among the land 

use specific model parameters LAI, the vegetation cover fraction, the Strickler roughness coeffi-

cient (KSTR), and the ratio ETa/ETp were adjusted to the corresponding land use types to re-

flect their differences regarding the hydrological effects. In SHETRAN the roughness coefficient 

and the ratio ETa/ETp have distinct effects on discharge as shown by Op de Hipt et al. (2017) 

and Đukić and Radić (2016). Decreased surface roughness as observed on agricultural fields 
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(Engman, 1986) results in higher surface runoff velocities and therefore especially influences the 

runoff peaks. However, interactions between surface roughness, infiltration and evapotranspira-

tion also lead to a change of water yield. The ratio ETa/ETp, which depends on the vegetation 

type and varies with soil water tension, has strong effects on the water balance components. A 

higher actual evapotranspiration on natural land use types is frequently reported (e.g. Com-

paoré, 2006). Other vegetation properties such as LAI or vegetation cover also influence the 

discharge. Decreasing LAI and vegetation cover leads to more throughfall, which may increase 

surface runoff.  

Table 7-5: Average annual water balance and specific suspended sediment yield. Annual 

means of the modeled past (1990 – 2005) and the modeled future (2006 – 2032) are indicat-

ed for simulations M9 – M12. 
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Mean annual observed rainfall 
(mm) 

903 903 903 903 903 903 903 903.4 
951 – 
1026  

951 – 
1002  

951 – 
1002 

951 – 
1002 

ETp (mm) 1809 1809 1809 1809 1809 1809 1809 1809 
1578 – 
1653 

1578 – 
1674 

1578 – 
1653 

1578 – 
1674 

ETa (mm) 844 839 820 820 827 822 802 786 
775 – 
799 

775 – 
801 

768 – 
756 

768 – 
761 

Water yield(mm) 59.4 61.7 81.2 77.6 71.4 86.7 95.5 105.4 
154 – 
226 

154 – 
192 

152 – 
264 

152 – 
229 

Specific suspended sediment 
yield (t/ha) 

0.032 0.031 0.045 0.044 0.039 0.053 0.059 0.068 
0.084 – 
0.13 

0.084 – 
0.11 

0.082 – 
0.15 

0.082 – 
0.13 

 

7.3.3.2 Soil erosion 

Figure 7-6 and Table 7-5 show the effect of LULC and climate change on the mean annual spe-

cific suspended sediment yield (SSY). Simulations driven by observed data (M1_1990 – 

M5_90/13) show a change of SSY between -1.4% (M2_2000) and +41.8% (M3_2007). The rela-

tive contribution of each land use type to the catchment erosion varies between M1_1990 to 

M5_90/13: The relative contribution of cropland increases by 12% whereas the contribution of 

savanna decreases by 11% as a result of the changing proportion of each land use type. The 

channel contribution varies between 42% (M4_2013) and 51% (M1_1990) suggesting that if the 

contribution of hillslope erosion increases the channel contribution decreases. Among the sedi-

ment sources water also contributes to the sediment yield of the catchment. The model structure 

only allows a limited number of soil types and an additional soil type reflecting the conditions of 

areas covered by water could not be implemented. The continuous simulation M5_90/13 exhibits 
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an increase of 24.7% compared to the reference scenario M1_1990 suggesting that LULC 

change has already a pronounced impact on soil erosion. 

Simulations driven by future modeled LULC maps and observed climate data (M6_2019 – 

M8_2030) show highest increases in SSY between 67.7% (M6_2019) and 115.7% (M8_2030) 

compared to M1_1990. Consequently, the predicted LULC change will lead to an increased SSY 

assuming a similar climate development as observed between 1990 and 2016. The proportion of 

the different sources remains roughly similar between M6 – M8 except for savanna whose con-

tribution decreases by 6%. 

The simulation M9_1990_RCP4.5 and M10_1990_RCP8.5 reflect a changing climate assuming 

stable LULC since 1990. The periods 2006 – 2032 is compared to the period 1990 – 2005. Both 

show that the predicted change in precipitation (+5.4% to +7.8%), ETp (+4.7% to +6%) and ac-

cordingly water yield (+24.5% to +73.4%) strongly influence SSY. Overall SSY is predicted to 

increase by 31.1% (M10_1990_RCP8.5) to 54.7% (M9_1990_RCP4.5). Table 7-5 shows that 

these increases are especially attributed to the future predictions (2006 – 2030). Furthermore, 

the source distribution indicates that these increases are especially caused by a substantial in-

crease of channel contribution (25% – 27%) compared to M1_1990. 

The continuous simulations M11_90/30_RCP4.5 and M12_90/30_RCP8.5 reflect the combined 

impact of LULC and climate change on SSY. The period 2006 – 2032 is compared to the period 

1990 – 2006. Overall SSY is predicted to increase by 67.7% (M12_90/30_RCP8.5) to 90.1% 

(M11_90/30_RCP4.5) compared to the period 1990 – 2005. The comparison between the 

groups M9/M10 and M11/M12 suggest that LULC change may have a larger impact on SSY 

than climate change as the differences regarding the increase between M9/M10 (no LULC 

change) and M11/M12 (LULC and climate change) are relatively large. However, uncertainties of 

LULC and climate predictions have to be discussed. Simulations M9 to M12 are characterized 

by high inter-annual variabilities. This is mostly related to large uncertainties of predicted precipi-

tation. The impact of climate change on the rainfall pattern and temperature in West Africa is 

difficult to assess and differences between climate models regarding amplitude and direction 

exists (Kasei et al., 2010; Niang et al., 2014). This uncertainty is among others attributed to the 

difficulties of simulating convective rainfalls and the rainfalls generated by the West African 

Monsoon (WAM) which is attributed to the incomplete knowledge of the WAM, lack of observa-

tions and the natural climate variability in the region (Cook, 2008; Druyan et al., 2010; Field and 

Barros, 2014; Klein et al., 2015; Niang et al., 2014). 
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Figure 7-6: Mean annual specific suspended sediment yield for the simulations M1_1990 – 

M12_90/30_RCP8.5. The contribution of each source is given in % for all simulations except 

for the continuous simulations (M5, M11, M12). Error bars indicate the standard deviation cal-

culated based on annual sums. Dashed bars indicate the use of modeled LULC maps and/or 

modeled climate data. 

From Figure 7-6 and the described results it can be concluded that LULC and climate change 

are important drivers that control the catchment sediment yield and the corresponding erosion 

sources. Increased erosion rates following a conversion from natural vegetation to cropland are 

frequently confirmed by measurements and simulations in the region (e.g. Bossa et al., 2014; 

Giertz et al., 2005; Hiepe, 2008). Giertz et al. (2005) compared the influence of different crops 

and natural vegetation on soil erosion and concluded that increased surface runoff on cropland 

resulted in increased soil loss on agricultural fields compared to the savanna environment. The 

increased surface runoff can be explained by the reduction of macroporosity as result of de-

creased biological activity following the disturbance of the soil by agricultural activities. Further-

more, farming leads to a decreased soil quality parameters (Braimoh and Vlek, 2004) as e.g. a 

loss of soil organic matter which destabilizes soil aggregates and facilitates surface crusting re-

sulting in a decreased infiltration rate (Descroix et al., 2009; Valentin et al., 2004). However, this 

process chain is not simulated by SHETRAN. Bossa et al. (2014) investigated the effect of LULC 
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and climate change on sediment yield in the Ouémé catchment in Benin. Their modeling ap-

proach included the SWAT model, climate data from REMO and five LULC maps from 2003 to 

2029. The combined application of LULC and climate change suggests an increase of SSY by 

6% to 41% (Bossa et al., 2014). This lower increase compared to our results can be explained 

by the substantial increase of precipitation as predicted by CCLM-ESM which is opposed to the 

decrease of precipitation as predicted by REMO. 

The simulated specific sediment yields are quite low for all simulations (< 0.12 t/ha). In this con-

text it is important to notice, that we consider the suspended fraction only. Furthermore, the term 

soil erosion is differentiated from sediment yield. Soil erosion refers to soil detachment and not 

necessarily soil loss from a specific area. Sediment yield refers to the amount of eroded soil that 

is transported to a certain point in the catchment. However, the simulated suspended sediment 

yields are comparable with specific suspended sediment yields measured in 2014 (0.04 – 0.13 

t/ha/year) especially if the large simulated inter-annual variability is considered. The problem of 

low simulated SSY is already discussed in Op de Hipt (2017) and may also be attributed to the 

parameterization of the erosion component and the insufficient representation of space and time 

in the model approach. However, the adjustment of the erosion parameters in a way that they 

reflect the natural conditions is quite challenging due to limited knowledge of the parameter 

ranges and of the erosion processes and source distribution especially in West Africa. Schmeng-

ler (Schmengler, 2010; Schmengler and Vlek, 2015) studied soil erosion in the same catchment 

by comparing sedimentation rates in 3 headwater sub-catchments (7.9 – 23.6 km²). Two of her 

studied headwater catchments show lower SSY (0.3 t/ha/year – 0.8 t/ha/year). They are repre-

sentative of the typical flat terrain (2° – 3°). The third headwater catchment is located in the 

western part and is characterized by steeper slope gradients (up to 20°) which leads to substan-

tially higher SSY (4.4 t/ha/year). The mean slope of our study catchment is 1.8 and therefore 

comparable to the two catchments showing a low annual SSY. The differences compared to our 

results can be explained by the different fractions considered and the topographical position. 

Schmengler (2015) investigated reservoirs located in the headwater areas. Consequently, her 

measured SSY is only valid for these topographical positions and possible sedimentation 

downslope is not considered.    

The contribution of channels to the mean annual SSY seems to be quite high (51 – 76%) for all 

simulations. However, recent results from fingerprinting analyses which were conducted in 2013 

and 2014 support the modeling result for the past.  The contribution of subsurface sources rang-

es 44% and 47% (Michael Rode, personal communication, 14th July 2017).   
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7.4 Conclusion 

The present study investigated the LULC and climate change in the Dano catchment and its 

effects on catchment hydrology and soil erosion using a modeling approach. This approach in-

cludes the use of SHETRAN which was driven by past (observed) and future (modeled) LULC 

maps and modeled and observed climate data. 

1. The most important land use change in the catchment is the conversion from savanna to 

cropland. The study of the observed LULC maps (1990 – 2013) shows an annual con-

version rate of savanna of 1.14% since 1990. The future LULC maps (2019 – 2030) pre-

dict an increase of cropland by 42.2% compared to 1990. The observed and predicted 

rates are comparable with studies conducted in the region.  

2. The analysis of the isolated impact of the LULC change on catchment hydrology clearly 

suggests an increase of mean annual water yield (3.9% – 77.5%) and a decrease of 

mean annual ETa (0.5 – 6.8%) while the proportion of cropland increases. Measure-

ments and simulation studies conducted in the region confirm this trend. The comparison 

between simulations run under constant LULC and changing climate conditions and un-

der LULC and climate change suggests that climate change dominates the future hydro-

logical changes. However, uncertainties of climate model outputs have to be considered. 

The combined effect of LULC and climate change leads to the high change of water yield 

(+50.5% – +73.4%) and of ETa (-0.9% – -1.5%). 

3. The investigation of the isolated effect of LULC changes on specific suspended sediment 

yield (SSY) over the period 1990 – 2030 mostly shows a clear increasing trend (-1.4% - 

115.7%) which is confirmed by measurements and modeling studies. The increase of 

SSY is mostly attributed to the enlarging cropland which also forms an important and 

growing contribution source to total catchment erosion. The comparison of isolated im-

pact of climate change and the combined effect of climate and LULC change suggest 

climate to be the most important future factor. The combined impact of LULC and climate 

change results in high change of SSY (+67.7% – +90.1%). 

The obtained modeling results confirm the general hypothesis that the conversion of natural 

vegetation to cropland or settlements has negative effects on catchment hydrology and soil loss. 

It results in less infiltration, higher surface runoff and soil loss and lower groundwater recharge. 

However, the present findings are based on results of hydrological and soil erosion modeling 

driven by LULC and climate data which are subject to uncertainties. The observed LULC maps 

were produced based on different satellite products and needed to be reclassified. The afflicted 
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uncertainties are propagated as these maps are the basis for the development of future LULC 

scenarios. The precipitation as modeled by climate models is frequently considered as uncertain 

as shown by comparison studies. Furthermore, the modeling approach is based on the changing 

spatial proportion of the different land use types only and does not consider the complex pro-

cesses and feedback loops between land use changes, soil properties, hydrology and soil ero-

sion. Consequently, the results must be carefully interpreted even if the model was validated in 

terms of discharge and SSL. However, focus should be put to relative and not the absolute com-

parisons between the simulations. This relative comparison signals a clear effect of LULC and 

climate change on hydrology and soil erosion. 
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8 GENERAL CONCLUSION 

The main goal of the present study is to improve knowledge on the effect of land use and land 

cover (LULC) as well as climate change on hydrology and soil erosion in the Dano catchment. In 

order to answer the related research questions the methodological approach combines field in-

vestigation on different scales, modeling of hydrological and soil erosion processes and the ap-

plication of LULC and climate scenarios. Therefore, the combination of measurement methods 

which are rarely used in a data scarce environment, the use of a physically based spatially dis-

tributed hydrological and soil erosion model and the application of LULC and climate change 

scenarios on a local scale represent a novelty. 

To tackle the issue of data scarcity, an observation network is established that consists of cli-

mate, discharge and erosion measurements. Furthermore, in situ measurements of different 

physical and chemical soil properties are conducted. These measurements are used in the fol-

lowing to answer the four research questions that have been formulated. 

1. How do different land use types affect surface runoff and soil erosion? 

Erosion plots with three different land use types are installed to assess the effect of cot-

ton, sorghum and fallow on surface runoff and soil erosion. The frequently reported effect 

of cultivation on hydrological processes and soil erosion is also observed in this study. 

The analyses show that land use has statistically significant effects on runoff and soil 

erosion. This is mostly explained by hydraulic conductivities that differ depending on the 

land use type. The conversion of savanna to cropland leads to reduced hydraulic con-

ductivities and increases the exposure to infiltration excess overland flow especially dur-

ing high intensity rainfalls. However, the natural variability that is evaluated by comparing 

the intra-plot measurement differences per event was quite large.  

2. Is the hydrological and soil erosion model SHETRAN able to simulate discharge 

and soil erosion on the catchment scale? 

The physically based spatially distributed hydrological and soil erosion model SHETRAN 

is calibrated for discharge and suspended sediment load (SSL). The performance indices 

of simulated discharge are good (≥ 0.66) and comparable with other studies that used 

SHETRAN. The performance indices of the simulated SSL are comparable with those 

few studies that used SHETRAN to simulate soil erosion and provided model perfor-

mance. One of the major advantages that justify the use of a rather complex model is the 

sophisticated output that allows to differentiate between erosion sources and to create 
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soil erosion maps. Results suggest that river incision and bank erosion are the major 

sources of SSL in the catchment.  

3. How does the predicted precipitation and temperature trend of the future period 

2021 – 2050 affect water resources and soil erosion compared to the historical pe-

riod (1971 – 2000)? 

Observed historical precipitation and temperature is compared to the data of the same 

period derived from six Regional and Global Climate Models (RCMs-GCMs) for the peri-

od 1971 – 2000. This comparison shows that observed temperature is better reflected by 

the climate models than observed precipitation. Timing and magnitude of precipitation is 

considerably biased across all climate models. Therefore, modeled precipitation is bias 

corrected what increases the agreement between observed and modeled precipitation. 

Observed temperature is frequently higher than the modeled data. As it controls the cal-

culation of potential evapotranspiration (ETp) and has therefore large implications for the 

simulation of discharge and soil erosion, temperature is also bias corrected.  

The comparison between historical temperature (1971 – 2000) and future predictions 

(2021 – 2050) of all climate models simulating the Representative Concentration Path-

ways (RCP) 4.5 and 8.5 shows a temperature change ranging from -0.8° C to +2° C. Ex-

cept RCP4.5 of HIRHAM-EARTH all models suggest an increase of temperature. The 

climate change signal of precipitation is rather unclear and depends on the climate mod-

el. The predicted change ranges from -11% to +36.5%. This confirms the necessity of us-

ing an ensemble of climate models to assess the possible range of future climate predic-

tions. Observed and modeled precipitation and temperature derived ETp is used as input 

into SHETRAN in order to test the climate models ability to reproduce the historical dis-

charge and specific sediment yield (SSY). A good agreement between discharge and 

SSY simulated using observed climate data and climate data from climate models in-

creases the confidence in the model results. 

Precipitation and temperature predictions of each RCM-GCM and both RCPs are used 

as input for SHETRAN. The relative differences between the historical and the future pe-

riod concerning discharge and SSY reflect the differences between the precipitation sig-

nals. Consequently, no clear signal can be identified as discharge and SSY are predicted 

to increase or decrease depending on the climate model. This has implications for the 

planning of adaptions strategies as both, an increase and a decrease of discharge and 

soil erosion have to be considered.  
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4. How does LULC change affects hydrology and soil erosion on the catchment 

scale?  

Land use change is dominated by the conversion of savanna to cropland. This was 

shown by observed LULC maps from 1990 to 2013 and projected by future LULC sce-

narios. The comparison between the future LULC development (2019 – 2030) and the 

status of 1990 indicated an increase of cropland by 42.2%. 

The isolated impact of LULC change on catchment hydrology suggested an increase of 

mean annual water yield (3.9 % – 77.5%) and a decrease of mean annual ETa (0.5 – 

6.8%) while the proportion of cropland increases. This trend is confirmed by other studies 

conducted in the region. The comparison between simulations run under constant LULC 

and changing climate conditions and under LULC and climate change suggests that cli-

mate change dominates the future hydrological changes. However, uncertainties of cli-

mate model outputs have to be considered. The combined effect of LULC and climate 

change leads to the high change of mean annual water yield (+50.5% – +73.4%) and of 

ETa (-0.9% – -1.5%). 

The isolated effect of LULC changes on specific suspended sediment yield (SSY) over 

the period 1990 – 2030 mostly shows increasing trend (-1.4% – 115.7%) which is con-

firmed by measurements and modeling studies. The enlargement of cropland is mainly 

responsible for the increase in mean annual SSY. The comparison of isolated impact of 

climate change and the combined effect of climate and LULC change suggest LULC to 

be the most important future factor. The combined impact of LULC and climate change 

results in high change of SSY (+67.7 – +90.1%). 

Without considering the diverse signal of climate change the observed LULC changes alone 

suggests that water resources and soil erosion are subject to substantial changes in the Dano 

catchment mainly due to current and future cropland expansion necessary to feed the growing 

population. A clear link could be established between cultivation and increased runoff and soil 

erosion. One major factor that influences surface runoff and consequently erosion is the infiltra-

tion rate that is significantly lower on croplands. Therefore, the expansion of cropland will in-

crease surface runoff and soil erosion. Traditional soil and water conservation techniques such 

as the Zaï system which comprises soil restoration through the use of organic matter, termites 

and water harvesting (Roose et al., 1999) are essential to cope with the challenges of climate 

and land use change. Creating incentives for farmers to apply such soil and water conservation 

techniques may be an opportunity to strengthen the resilience (Lybbert and Sumner, 2012). 

However, under a sustainable approach to mitigate the impact of future LULC and climate 
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change education must play a major role as it controls population growth (Crist et al., 2017) and 

political participation (Persson, 2015). Both factors are most important for the future socio-

economic and environmental development in the region. 

Although this study contributes to the understanding of possible effect of climate and LULC 

change several aspects have not been addressed and remain for future studies: 

1. In this study, two drivers (climate and LULC change) of changes in hydrology and soil 

erosion were investigated separately and combined. LULC and climate change occur 

simultaneously and therefore a combined analysis was necessary. However, feedback 

loops among the drivers itself are probable but not well understood (UNEP, 2012). 

2. This study uses the latest data that were available in 2013. Nevertheless, limitations re-

garding the spatial and temporal resolution exist. A finer spatial resolution would have 

been possible for calibration and validation but increased substantially the run time of the 

model. Temporal and spatial resolution of historical and future data was imperfect but on-

ly available as used here. Progress in climate change modeling may provide a better 

temporal resolution and quality of future data sets.  

3. Surface runoff and soil erosion are substantially influenced by the crop species. Specific 

crop types were not considered in the modeling part of present study. Runoff and erosion 

from plot measurements was highest on cotton plots whose area has been tripled during 

the last 20 years making Burkina Faso to the largest producer and exporter within Africa. 

Including specific crops in the modeling approach may allow detailed conclusions. 

A crucial problem of the present study was the lack of adequate data. Therefore, a major herit-

age of this study are the numerous devices and the staff training for measuring discharge, tur-

bidity, soil erosion, groundwater and climate that have been installed since 2012. However, suf-

ficiently long time series are dependent on a save financial support. 
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APPENDIX 

Appendix A: Soil depth, texture and coarse particle content  

  
Depth [cm] 

 
Sand [%] 

 
Clay [%] 

 
Silt [%] 

 
Coarse P [%] 

 

Horizon N 1 2 3 4 
 

1 2 3 4 
 

1 2 3 4 
 

1 2 3 4 
 

1 2 3 4 

Soil component 
                         

Endopetric_Plinthosol 

n 24 15 9 0 
 

11 16 2 0 
 

11 16 2 0 
 

11 16 2 0 
 

11 16 4 1 

Mean 13.4 36 66.7   
 

35.1 26.6 25.4   
 

19.9 30.3 34.5   
 

45.9 43.7 37.8   
 

51.8 61.7 71.5 90 

Sd. 4.51 2.62 10   
 

8.28 7.26 12.5   
 

9.52 8.36 0.57   
 

9.94 7.95 6.61   
 

19 19.9 14.2   

Min 8 34 60   
 

21 15.2 16.6   
 

10.2 12.2 34.1   
 

36.7 33.8 33.2   
 

1 12.5 56.5 90 

Max 22 40 80   
 

46.7 40.5 34.2   
 

42 42 34.9   
 

68.9 62.4 42.5   
 

68.6 79.9 90 90 

Epipetric_Plinthosol 
  

n 15 3 0 0 
 

16 16 0 0 
 

16 16 0 0 
 

16 16 0 0 
 

16 16 2 0 

Mean 12 45     
 

40.3 29.4     
 

16.5 25.4     
 

43.2 45.4     
 

62.2 65.2 90   

Sd. 2.54 0     
 

7.94 8.07     
 

3.35 7.12     
 

8.24 8.79     
 

19.8 17.2 0   

Min 10 45     
 

23.6 15.9     
 

12.2 13.3     
 

30.1 35.4     
 

14 19.9 90   

Max 15 45     
 

52.5 43.8     
 

22.8 38.5     
 

63.6 63     
 

85 85 90   

Gleyic_Lixisol 

n 3 9 9 0 
 

1 3 0 0 
 

1 3 0 0 
 

1 3 0 0 
 

1 3 0 0 

Mean 17 37 74   
 

32.1 14.4     
 

18.2 31.5     
 

47 51.1     
 

40 37.1     

Sd. 0 0 0   
 

2.16       
 

3.14       
 

0.7       
 

29.4       

Min 17 37 74   
 

32.1 12.9     
 

18.2 27.9     
 

47 50.5     
 

40 10.6     

Max 17 37 74   
 

32.1 16.9     
 

18.2 33.4     
 

47 51.9     
 

40 68.7     

Gleyic_Plinthosol 

n 3 9 0 0 
 

1 1 1 0 
 

1 1 1 0 
 

1 1 1 0 
 

1 1 1 0 

Mean 40 100     
 

27.3 17.1 15.1   
 

26.2 60.1 60.4   
 

49.8 35 37.9   
 

72.2 72.4 53.6   

Sd. 0 0     
 

        
 

        
 

        
 

        

Min 40 100     
 

27.3 17.1 15.1   
 

26.2 60.1 60.4   
 

49.8 35 37.9   
 

72.2 72.4 53.6   

Max 40 100     
 

27.3 17.1 15.1   
 

26.2 60.1 60.4   
 

49.8 35 37.9   
 

72.2 72.4 53.6   

Haplic_Cambisol 

n 41 45 42 9 
 

6 10 1 1 
 

6 10 1 1 
 

6 10 1 1 
 

6 10 1 1 

Mean 13.6 43.8 89.7 100 
 

26.7 31.6 15.7 8.76 
 

31.3 30.6 27.4 20.6 
 

43 38.7 56.6 60.5 
 

36.6 43.4 0 20 

Sd. 6.2 21.7 19.5 0 
 

7.66 13.4     
 

13.3 14.2     
 

6.66 6.94     
 

17.9 23.9     

Min 5 13 43 100 
 

14.8 16.6 15.7 8.76 
 

10.7 12 27.4 20.6 
 

36.8 29.3 56.6 60.5 
 

13.5 3.09 0 20 

Max 24 70 100 100 
 

34 50.5 15.7 8.76 
 

46.9 50 27.4 20.6 
 

55.3 51.7 56.6 60.5 
 

58.5 76.9 0 20 

Haplic_Gleysol 

n 66 60 27 0 
 

10 20 3 0 
 

10 20 3   
 

10 20 3 0 
 

10 20 3 0 

Mean 22.5 49.7 77   
 

20.4 14 17.6   
 

29.8 37.1 43.1   
 

53.8 51 49.7   
 

10.5 9.55 24   

Sd. 9.74 16.9 20.5   
 

10.3 7.42 8.74   
 

11.3 10.7 17.1   
 

11.3 7.3 8.76   
 

15.5 10.5 19.5   

Min 8 28 51   
 

3.7 2.2 11.5   
 

16.5 22.8 24   
 

34.5 36.9 41.7   
 

0 0 1.79   

Max 40 77 100   
 

37.4 36.4 27.6   
 

53.2 60.4 57.1   
 

65.4 66 59.1   
 

46.5 38.1 38.9   

Haplic_Lixisol n 18 18 0 0 
 

2 1 1 0 
 

2 1 1 0 
 

2 1 1   
 

2 1 1 0 
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Depth [cm] 

 
Sand [%] 

 
Clay [%] 

 
Silt [%] 

 
Coarse P [%] 

 

Horizon N 1 2 3 4 
 

1 2 3 4 
 

1 2 3 4 
 

1 2 3 4 
 

1 2 3 4 

Mean 26.5 62.5     
 

21.5 14.3 14.6   
 

22.5 38.3 37.4   
 

60.3 55.7 55.5   
 

14 19.9 19.9   

Sd. 3.6 2.57     
 

2.63       
 

12.7       
 

4.03       
 

0       

Min 23 60     
 

19.6 14.3 14.6   
 

13.6 38.3 37.4   
 

57.4 55.7 55.5   
 

14 19.9 19.9   

Max 30 65     
 

23.4 14.3 14.6   
 

31.5 38.3 37.4   
 

63.1 55.7 55.5   
 

14 19.9 19.9   

Haplic_Plinthosol 

n 42 57 39 0 
 

25 41 6 0 
 

25 41 6 0 
 

25 41 6 0 
 

25 41 6 0 

Mean 16.7 50.8 98.2   
 

32.9 22.4 24.4   
 

22.4 37.4 37.3   
 

45.6 40.4 40.1   
 

52.3 56 56.2   

Sd. 5.97 10.5 8.6   
 

11.2 8.08 6.78   
 

10 11.9 10.7   
 

10.2 8.62 8.35   
 

18.7 21.8 17.1   

Min 7 30 69   
 

10.7 2.83 15.6   
 

7.82 15.6 20.6   
 

24.3 20.7 28.8   
 

2.75 0 33.5   

Max 23 63 102   
 

51.7 38.1 36.5   
 

45.4 62.9 48   
 

69.9 58.1 51.1   
 

75.3 83.6 82.6   

Haplic_Stagnosol 

n 18 18 15 0 
 

1 5 0 0 
 

1 5 0 0 
 

1 5 0 0 
 

1 5 0 0 

Mean 17 31 100   
 

43.9 14.5     
 

20.9 38.3     
 

36.2 46.4     
 

57 26.9     

Sd. 3.09 11.3 
 

  
 

5.83       
 

2.97       
 

3.85       
 

18.3       

Min 14 20 100   
 

43.9 4.48     
 

20.9 33.2     
 

36.2 42.7     
 

57 10.2     

Max 20 42 100   
 

43.9 18.6     
 

20.9 40.5     
 

36.2 50.7     
 

57 56.9     

Lixic_Gleysol 

n 15 27 15 0 
 

2 3     
 

2 3 0 0 
 

2 3 0 0 
 

2 3 0 0 

Mean 14.8 56.7 86   
 

25.1 16.1     
 

16.7 27.8     
 

58.3 56.4     
 

21.6 22     

Sd. 6.59 20.9 17.7   
 

0.65 7.25     
 

1.24 8.74     
 

2.05 3.54     
 

6.29 2.56     

Min 7 28 65   
 

24.7 10.4     
 

15.8 20.2     
 

56.9 52.3     
 

17.2 19.2     

Max 20 75 100   
 

25.6 24.2     
 

17.6 37.4     
 

59.7 58.6     
 

26.1 24.1     

Lixic_Plinthosol 

n 26 30 42 9 
 

8 15 0 0 
 

8 15 0 0 
 

8 15 0 0 
 

8 15 2 0 

Mean 19.1 43.7 95.1 100 
 

37.2 25.7     
 

18.2 31.4     
 

45.9 43.1     
 

54.3 56.7 38.2   

Sd. 6.62 13.4 15.5 0 
 

11.1 7.91     
 

7.79 9.68     
 

14.3 8.53     
 

17.3 20.3 26   

Min 12 30 40 100 
 

19.6 11.8     
 

10.7 19.6     
 

21.6 29.6     
 

14 12.3 19.9   

Max 27 60 101 100 
 

54.4 41     
 

34.3 57.6     
 

65 59.6     
 

71.8 82.6 56.6   

Lixic_Stagnosol 

n 9 12 9 0 
 

1 1 1 0 
 

1 1 1 0 
 

1 1 1 0 
 

1 1 1   

Mean 23 50.3 100   
 

32.1 21.6 28.8   
 

31.7 46.4 39.6   
 

45.5 41.1 40.7   
 

14.1 10.8 35.6   

Sd. 0 17.6 0   
 

        
 

        
 

        
 

        

Min 23 21 100   
 

32.1 21.6 28.8   
 

31.7 46.4 39.6   
 

45.5 41.1 40.7   
 

14.1 10.8 35.6   

Max 23 60 100   
 

32.1 21.6 28.8   
 

31.7 46.4 39.6   
 

45.5 41.1 40.7   
 

14.1 10.8 35.6   

Plinthic_Cambisol 

n 9 9 6 0 
 

1 2 0 0 
 

1 2 0 0 
 

1 2 0 0 
 

1 2 0 0 

Mean 10 49 100   
 

26.5 26.5     
 

29 29     
 

39.4 39.4     
 

22 26.1     

Sd. 0 0 0   
 

3.5       
 

5.44       
 

4.15       
 

21.3       

Min 10 49 100   
 

26.5 24     
 

29 25.2     
 

39.4 36.4     
 

22 11.1     

Max 10 49 100   
 

26.5 29     
 

29 32.9     
 

39.4 42.3     
 

22 41.2     

Plinthic_Gleysol 
n 16 18 15 0 

 
3 6 0 0 

 
3 6 0 0 

 
3 6 0 0 

 
3 6 0 0 

Mean 14.2 27 50.6   
 

32.6 23.1     
 

17.7 31.1     
 

51.8 44.3     
 

39.1 45.6     

Sd. 2.56 7.84 12.2   
 

15.6 11.4     
 

2.85 8.74     
 

16.2 5.85     
 

29.5 17.9     
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Depth [cm] 

 
Sand [%] 

 
Clay [%] 

 
Silt [%] 

 
Coarse P [%] 

 

Horizon N 1 2 3 4 
 

1 2 3 4 
 

1 2 3 4 
 

1 2 3 4 
 

1 2 3 4 

Min 12 17 41   
 

15.6 7.9     
 

14.5 20.8     
 

38.8 37.1     
 

12.3 22.3     

Max 17 34 65   
 

46.1 33.1     
 

19.6 42.3     
 

70 49.8     
 

70.7 66.4     

Plinthic_Lixisol 

n 6 0 0 0 
 

2 2 2 0 
 

2 2 2 0 
 

2 2 2 0 
 

2 2 2 0 

Mean 24       
 

20.8 10.7 14.9   
 

22 31.4 34.6   
 

56.3 54.9 46.8   
 

40 37.1 68.7   

Sd. 0       
 

7.17 4.64 8.84   
 

4.54 3.14 7.27   
 

0.45 1.68 1.44   
 

0 0 0   

Min 24       
 

15.7 7.39 8.7   
 

18.8 29.2 29.4   
 

56 53.7 45.8   
 

40 37.1 68.7   

Max 24       
 

25.9 13.9 21.2   
 

25.2 33.6 39.7   
 

56.7 56.1 47.8   
 

40 37.1 68.7   

Plinthic_Stagnosol 

n 15 18 15 0 
 

2 4 0 0 
 

2 4 0 0 
 

2 4 0 0 
 

2 4 0 0 

Mean 14.8 33 101   
 

32.9 24.9     
 

18.6 34.1     
 

48.8 40.9     
 

7.34 24.3     

Sd. 4.06 1.03 0.51   
 

7.71 5.57     
 

6.39 9.49     
 

14.5 10.4     
 

10.4 29.2     

Min 10 32 100   
 

27.4 18.9     
 

14.1 23.5     
 

38.5 30.2     
 

0 1.09     

Max 18 34 101   
 

38.4 31.1     
 

23.2 44.9     
 

59 54.4     
 

14.7 67     

Stagnic_Cambisol 

n 18 21 9 6 
 

2 6 1 0 
 

2 6 1 0 
 

2 6 1 0 
 

2 6 1 0 

Mean 25 38.6 69 100 
 

26.7 18.6 24.7   
 

28.9 37.5 31.3   
 

53.1 48 63.5   
 

45.3 33.5 12.5   

Sd. 5.14 3.59 0 0 
 

7.59 5.71     
 

4.41 8.86     
 

14.3 7.8     
 

26.2 19.7     

Min 20 30 69 100 
 

21.3 10.7 24.7   
 

25.8 29.4 31.3   
 

42.9 40.4 63.5   
 

26.8 7.81 12.5   

Max 30 40 69 100 
 

32 23.8 24.7   
 

32 51.2 31.3   
 

63.2 62.4 63.5   
 

63.8 62.6 12.5   

Stagnic_Plinthosol 

n 18 27 27 18 
 

3 6 1 1 
 

3 6 1 1 
 

3 6 1 1 
 

3 6 1 1 

Mean 12.5 54 83 100 
 

30.5 17.1 15.9 16.5 
 

31.4 45.3 60.3 62.6 
 

46.8 41.5 29.5 33.1 
 

36.8 57.8 81.4 78.4 

Sd. 2.57 17.3 26.9 0 
 

10.3 7.98     
 

8.67 11.8     
 

8.67 9.28     
 

34.1 19.8     

Min 10 38 60 100 
 

23.7 8.21 15.9 16.5 
 

25.2 31.4 60.3 62.6 
 

40.6 29.3 29.5 33.1 
 

0.88 22.9 81.4 78.4 

Max 15 73 120 100 
 

42.4 27.2 15.9 16.5 
 

41.3 59.8 60.3 62.6 
 

56.7 55 29.5 33.1 
 

68.6 77.7 81.4 78.4 

Gleyic cambisol 

n 1 3 0 0 
 

1 3 0 0 
 

1 3 0 0 
 

1 3 0 0 
 

1 3 0 0 

Mean 20 26.7     
 

21 21.3     
 

32 32     
 

43 42.9     
 

26.8 43.4     

Sd. 0 5.86     
 

0 3.49     
 

0 3.44     
 

0 2.59     
 

0 16.6     

Min 20 20     
 

21 17.3     
 

32 29.4     
 

43 40.4     
 

26.8 33.2     

Max 20 26.7     
 

21 21.3     
 

32 32     
 

43 42.9     
 

26.8 43.4     

Haplic leptosol 

n         
 

        
 

        
 

        
 

        

Mean 26.5 62.5     
 

21.5 14.3 14.6   
 

22.5 38.3 37.4   
 

60.3 55.7 55.5   
 

14 19.9 19.9   

Sd.         
 

        
 

        
 

        
 

        

Min         
 

        
 

        
 

        
 

        

Max         
 

        
 

        
 

        
 

        

Stagnic lixisol 

n 1       
 

1       
 

1       
 

1       
 

1       

Mean 7       
 

47.2 
 

    
 

23.5       
 

30.9       
 

71       

Sd.         
 

        
 

        
 

        
 

        

Min         
 

        
 

        
 

        
 

        

Max         
 

        
 

        
 

        
 

        



Appendix 

152 
 

Appendix B: Bulk density (BD), soil organic carbon content (SOC), residual water content (θs), saturated hydraulic conductivity 

(Ksat) 

  
BD [g/cm³] 

 
SOC [%] 

 
θs [Vol.%] 

 
Ksat [cm/day] 

 
Horizon N 1 2 3 4 

 
1 2 3 4 

 
1 2 3 4 

 
1 2 3 4 

Soil component 
                    

Endopetric_Plinthosol 

n 11 16 4 1 
 

11 16 2 0 
 

24 15 9 0 
 

24 15 9 0 

Mean 1.49 1.52 1.66 1.9 
 

1.158 0.801 0.968   
 

36.34 36.26 34.42   
 

1669 820.1 909.1   

Sd. 0.07 0.08 0.17   
 

0.412 0.579 0.135   
 

3.437 2.584 5.737   
 

617.3 328 661.2   

Min 1.34 1.39 1.5 1.9 
 

0.485 0.28 0.872   
 

31.25 31.71 29.14   
 

303.4 283.6 450.2   

Max 1.6 1.7 1.9 1.9 
 

1.815 2.258 1.064   
 

40.87 39.3 41.85   
 

2482 1172 1790   

Epipetric_Plinthosol 
  

n 16 16 2 0 
 

16 16 0 0 
 

15 3 0 0 
 

15 3 0 0 

Mean 1.52 1.48 1.9   
 

1.786 0.947     
 

36.7 44.29     
 

1005 1731     

Sd. 0.09 0.12 0   
 

0.56 0.391     
 

5.021 0     
 

549.6 42.82     

Min 1.35 1.15 1.9   
 

0.451 0.066     
 

27.48 44.29     
 

0.314 1706     

Max 1.7 1.68 1.9   
 

2.619 1.522     
 

41.36 44.29     
 

1485 1780     

Gleyic_Lixisol 

n         
 

1 3 0 0 
 

3 9 9   
 

3 9 9 0 

Mean 1.4 1.5   0 
 

0.921 0.349     
 

41.25 35.58 33.59   
 

389.3 704.3 1037   

Sd. 0.26       
 

0.134       
 

0 1.601 1.105   
 

9.917 1032 604.2   

Min 1.4 1.24     
 

0.921 0.22     
 

41.25 33.5 32.15   
 

377.9 7.252 362.6   

Max 1.4 1.75     
 

0.921 0.488     
 

41.25 37.03 34.57   
 

395.1 2108 1762   

Gleyic_Plinthosol 

n 1 1 1 0 
 

1 1 1 0 
 

3 9 0 0 
 

3 9 0 0 

Mean 1.64 1.61 1.42   
 

1.177 0.634 0.64   
 

42.27 48.21     
 

954.9 0.047     

Sd.         
 

        
 

0 1.614     
 

0 0.002     

Min 1.64 1.61 1.42   
 

1.177 0.634 0.64   
 

42.27 46.08     
 

954.9 0.044     

Max 1.64 1.61 1.42   
 

1.177 0.634 0.64   
 

42.27 49.52     
 

954.9 0.048     

Haplic_Cambisol 

n 6 10 1 1 
 

6 10 1 1 
 

41 45 42 9 
 

41 45 42 9 

Mean 1.32 1.47 1.41 1.07 
 

1.223 0.657 0.446 0.952 
 

45.85 42.77 41.86 38.8 
 

1172 401.1 318.8 10.95 

Sd. 0.2 0.14     
 

0.345 0.453     
 

4.059 5.232 5.448 0.983 
 

785.3 606.6 497.3 9.555 

Min 1.04 1.31 1.41 1.07 
 

0.895 0 0.446 0.952 
 

36.67 35.02 33.08 37.79 
 

8.815 0.551 0.512 1.133 

Max 1.62 1.77 1.41 1.07 
 

1.884 1.47 0.446 0.952 
 

51.5 51.16 49.95 40.03 
 

2489 2117 1888 24.93 

Haplic_Gleysol 

n 10 20 3 0 
 

10 20 3 0 
 

66 69 33 0 
 

66 69 33 0 

Mean 1.38 1.49 1.32   
 

1.379 0.614 0.408   
 

43.12 39.84 40.5   
 

229.6 169.2 74   

Sd. 0.15 0.1 0.23   
 

0.563 0.297 0.126   
 

6.724 5.998 4.069   
 

348 367.8 216.2   

Min 1.14 1.3 1.06   
 

0.861 0 0.31   
 

28.69 31.11 31.61   
 

0.113 0.143 0.105   

Max 1.59 1.73 1.46   
 

2.581 1.197 0.55   
 

50.95 49.06 44.5   
 

1265 1632 803.3   

Haplic_Lixisol 
n 2 1 1 0 

 
2 1 1 0 

 
18 18 0 0 

 
18 18 0 0 

Mean 1.46 1.15 1.15   
 

1.108 1.123 0.945   
 

37.32 36.62     
 

263.1 165     
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BD [g/cm³] 

 
SOC [%] 

 
θs [Vol.%] 

 
Ksat [cm/day] 

 
Horizon N 1 2 3 4 

 
1 2 3 4 

 
1 2 3 4 

 
1 2 3 4 

Sd. 0.02       
 

0.131       
 

3.435 1.178     
 

392.1 189.8     

Min 1.45 1.15 1.15   
 

1.015 1.123 0.945   
 

32.51 34.33     
 

23.87 6.267     

Max 1.47 1.15 1.15   
 

1.201 1.123 0.945   
 

41.41 37.92     
 

1753 477.5     

Haplic_Plinthosol 

n 25 41 6 0 
 

25 41 6 0 
 

42 57 39 0 
 

42 57 39 0 

Mean 1.48 1.54 1.59   
 

1.598 0.641 0.49   
 

39.8 42.43 39.27   
 

1098 519 858.3   

Sd. 0.13 0.13 0.11   
 

0.717 0.305 0.357   
 

7.785 8.743 5.425   
 

786.3 751.3 664.9   

Min 1.15 1.22 1.46   
 

0.448 0 0.058   
 

28.91 25.37 30.58   
 

55.23 0.628 40.79   

Max 1.7 1.75 1.76   
 

3.175 1.276 1.122   
 

53.33 54.25 51.42   
 

2220 2251 2176   

Haplic_Stagnosol 

n 1 5 0 0 
 

1 5 0 0 
 

18 18 15 0 
 

18 18 15 0 

Mean 1.51 1.46     
 

0.262 0.962     
 

37.59 35.31 39.91   
 

6.757 3.432 33.56   

Sd. 0.23       
 

0.468       
 

0.654 4.761 2.039   
 

6.412 3.192 64.55   

Min 1.51 1.19     
 

0.262 0.41     
 

36.7 28.91 36.59   
 

1.395 0.435 0.209   

Max 1.51 1.66     
 

0.262 1.633     
 

38.43 39.9 42.68   
 

26.11 10.04 160.7   

Lixic_Gleysol 

n 2 3 0 0 
 

2 3 0 0 
 

15 27 15 0 
 

15 27 15 0 

Mean 1.48 1.47     
 

0.838 0.482     
 

38.13 40.5 44.52   
 

755.2 119.9 71.74   

Sd. 0.04 0.16     
 

0.131 0.1     
 

6.117 8.687 8.511   
 

988.1 133.5 145.3   

Min 1.45 1.28     
 

0.745 0.366     
 

32.44 33.61 33.61   
 

2.929 0.062 0.058   

Max 1.51 1.57     
 

0.93 0.548     
 

45.83 59.49 51.91   
 

2467 326.4 352.5   

Lixic_Plinthosol 

n 8 15 2 0 
 

8 15 0 0 
 

26 30 42 9 
 

26 30 42 9 

Mean 1.52 1.6 1.37   
 

1.591 0.663     
 

35.12 34.47 39.14 34.32 
 

959.6 1085 537.8 127.4 

Sd. 0.09 0.23 0.31   
 

0.564 0.408     
 

4.664 5.391 7.048 1.356 
 

842.8 635.6 725.7 171.5 

Min 1.35 1.15 1.15   
 

0.721 0.141     
 

28.42 29.34 24.37 32.52 
 

52.52 5.828 0.105 13.05 

Max 1.62 1.96 1.59   
 

2.574 1.732     
 

45.92 44.78 48.19 35.37 
 

1981 1918 2149 356 

Lixic_Stagnosol 

n 1 1 1 0 
 

1 1 1 0 
 

9 12 9 0 
 

9 12 9 0 

Mean 1.4 1.52 1.67   
 

2.003 0.792 1.118   
 

45.45 41.46 36.07   
 

1160 384.4 12.11   

Sd.         
 

        
 

0.786 2.695 0.703   
 

213 658.2 0.259   

Min 1.4 1.52 1.67   
 

2.003 0.792 1.118   
 

44.82 39.17 35.13   
 

954.9 18.68 11.94   

Max 1.4 1.52 1.67   
 

2.003 0.792 1.118   
 

46.49 45.84 36.6   
 

1432 1498 12.46   

Plinthic_Cambisol 

n 1 2 0 0 
 

1 2 0 0 
 

9 9 6 0 
 

9 9 6 0 

Mean 1.24 1.1     
 

1.596 1.209     
 

54.73 50.07 47.57   
 

1202 403.2 14.15   

Sd. 0.14       
 

0.022       
 

1.359 1.326 0.756   
 

903.4 264.4 8.93   

Min 1.24 1     
 

1.596 1.194     
 

53.32 48.71 46.88   
 

293.7 50.77 5.136   

Max 1.24 1.2     
 

1.596 1.225     
 

56.42 51.73 48.26   
 

2341 639.7 24.12   

Plinthic_Gleysol 

n 3 6 0 0 
 

3 6 0 0 
 

16 18 15 0 
 

16 18 15 0 

Mean 1.41 1.61     
 

1.79 0.751     
 

43.4 41.43 34.66   
 

652.4 287.2 343.4   

Sd. 0.15 0.15     
 

0.366 0.316     
 

2.035 2.323 1.72   
 

613.5 441.3 553.1   

Min 1.31 1.44     
 

1.37 0.41     
 

40.29 37.43 31.6   
 

42.74 0.101 7.833   
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BD [g/cm³] 

 
SOC [%] 

 
θs [Vol.%] 

 
Ksat [cm/day] 

 
Horizon N 1 2 3 4 

 
1 2 3 4 

 
1 2 3 4 

 
1 2 3 4 

Max 1.59 1.82     
 

2.04 1.224     
 

46.13 44.72 36.54   
 

1697 1166 1432   

Plinthic_Lixisol 

n 2 2 2 0 
 

2 2 2 0 
 

6 0 0 0 
 

6 0 0 0 

Mean 1.4 1.5 1.75   
 

0.645 0.515 0.371   
 

29.29       
 

23.98       

Sd. 0 0 0   
 

0.156 0.045 0.019   
 

0.639       
 

8.147       

Min 1.4 1.5 1.75   
 

0.535 0.483 0.358   
 

28.7       
 

13.3       

Max 1.4 1.5 1.75   
 

0.755 0.547 0.384   
 

29.87       
 

33.07       

Plinthic_Stagnosol 

n 2 4 0 0 
 

2 4 0 0 
 

15 18 15 0 
 

15 18 15 0 

Mean 1.35 1.6     
 

0.807 0.442     
 

40.89 39.91 37.96   
 

475.3 76.25 9.983   

Sd. 0.09 0.06     
 

0.152 0.355     
 

3.082 1.414 1.976   
 

457.7 148 7.382   

Min 1.28 1.56     
 

0.699 0.043     
 

37.27 37.5 34.59   
 

9.964 0.072 1.641   

Max 1.41 1.68     
 

0.915 0.905     
 

44.31 42.03 40.53   
 

1313 397.2 19.1   

Stagnic_Cambisol 

n 2 6 1 0 
 

2 6 0 0 
 

18 21 9 6 
 

18 21 9 6 

Mean 1.28 1.38 1.4   
 

1.119 0.721 0.7   
 

45.87 46.48 50.88 47.53 
 

774 209.5 503.2 977.3 

Sd. 0.13 0.06     
 

1.15 0.454     
 

5.511 4.258 1.111 0.269 
 

633.1 211.4 286.9 1022 

Min 1.19 1.31 1.4   
 

0.306 0.228     
 

39.36 38.68 49.73 47.29 
 

15.5 14.32 125.3 43.2 

Max 1.38 1.46 1.4   
 

1.933 1.383     
 

52.76 51.51 52.26 47.78 
 

1779 549.1 775.2 1910 

Stagnic_Plinthosol 

n 3 6 1 1 
 

3 6 1 1 
 

18 27 27 18 
 

18 27 27 18 

Mean 1.53 1.66 1.75 1.67 
 

1.467 0.568 0.676 0.119 
 

40.34 35.3 35.52 38.23 
 

66.23 515.7 496.1 231.8 

Sd. 0.18 0.17     
 

0.318 0.342     
 

1.683 3.702 2.132 3.599 
 

113 763.4 669.9 275.7 

Min 1.34 1.44 1.75 1.67 
 

1.168 0.199 0.676 0.119 
 

37.44 30.06 32.28 34.18 
 

5.876 2.266 0.227 0.201 

Max 1.69 1.85 1.75 1.67 
 

1.8 0.999 0.676 0.119 
 

42.46 39.4 38.68 41.95 
 

313.8 2381 2186 747.3 

Gleyic cambisol 

n 1 3 0 0 
 

1 3 0 0 
 

9 15 0 0 
 

9 15 0 0 

Mean 1.19 1.4     
 

1.93 1.082     
 

50.09 50.43     
 

666.5 669     

Sd. 0 0.04     
 

  0.29     
 

2.586 0.653     
 

14.41 10.9     

Min 1.19 1.37     
 

1.93 0.803     
 

44.78 49.73     
 

650.7 653.4     

Max 1.19 1.4     
 

1.93 1.082     
 

52.76 51.51     
 

683.9 686.5     

Haplic leptosol 

n         
 

        
 

        
 

        

Mean 1.46 1.15 1.15   
 

1.108 1.123 0.945   
 

37.32 36.62     
 

263.1 165     

Sd.         
 

        
 

        
 

        

Min         
 

        
 

        
 

        

Max         
 

        
 

        
 

        

Stagnic lixisol 

n 1       
 

1       
 

        
 

        

Mean 1.24       
 

0.8       
 

        
 

        

Sd.         
 

        
 

        
 

        

Min         
 

        
 

        
 

        

Max         
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Appendix C: Event-wise precipitation, sediment yield, runoff and runoff coefficient.  

  
Precipitation [mm] Sediment yield [g/m²] Runoff [mm] Runoff coefficient [%] 

Plot n° 
(repetition) 

Event 
[dd.mm.yyyy] 

max 5 min 
intensity 

event sum Cotton  Sorghum  Fallow Cotton  Sorghum  Fallow Cotton  Sorghum  Fallow 

1 24.05.2015 4.3 22.85 0.75 0.21   2.50 2.75   10.94 12.04   

1 11.06.2015 5.8 25.8   0.34 1.69   0.85 1.64   3.29 6.37 

1 17.06.2015 5 19.5 3.99 1.32 0.36 2.30 1.65 0.25 11.79 8.46 1.28 

1 21.06.2015 3.9 25.75   1.08 1.54   1.00 1.64   3.88 6.38 

1 07.07.2015 6.6 11.2 1.99 0.90 0.13 3.45 0.50 0.25 30.80 4.46 2.23 

1 09.07.2015 5.7 25.7 9.84 0.63   8.40 2.00   32.68 7.78   

1 10.07.2015 4.8 47.25                   

1 16.07.2015 6.2 40.9   0.68     5.70     13.94   

1 21.07.2015 3.85 31.7 1.29 0.03   8.40 0.10   26.50 0.32   

1 03.08.2015 3.8 12.7   0.06     0.35     2.76   

1 07.08.2015 1.8 7.5 0.21 0.03   0.25 0.20   3.33 2.67   

1 10.08.2015 3.9 38.65   1.67 0.07   2.35 1.64   6.08 4.25 

1 20.08.2015 1.25 7.5 0.08   0.01 0.15 0.25 0.13 2.00 3.33 1.67 

1 22.08.2015 6.1 14.65 0.99 0.06 0.01 0.70 0.55 0.25 4.78 3.75 1.71 

1 03.09.2015 2.6 25.05 0.36 0.05 0.01 2.00 0.60 0.50 7.98 2.40 2.00 

1 07.09.2015 5.4 69.5   0.15 3.98   1.60     2.30   

1 16.09.2015 2.05 11.8 0.23 0.13 0.09 2.25 0.35 1.64 19.07 2.97 13.93 

1 19.09.2015 4 22.35 0.64   0.75 5.50   0.50 24.61   2.24 

1 21.09.2015 7.6 38.25   0.33 0.35   1.80 6.39   4.71 16.72 

1 22.09.2015 2.8 5.75   0.21     0.25     4.35   

1 26.09.2015 8.7 30.35   1.06 0.26   2.00 9.64   6.59 31.78 

1 03.10.2015 5.25 17.55 0.43 0.14 0.05 2.25 1.50 1.89 12.82 8.55 10.79 

1 19.10.2015 5.45 17.7 0.46 0.27 0.01 2.25 1.00 0.25 12.71 5.65 1.41 

1 27.10.2015 2 19.75 0.12 0.01   1.00 0.25   5.06 1.27   

1 29.10.2015 4.5 28 1.39 0.60   7.00 1.50   25.00 5.36   

2 24.05.2015 4.3 22.85 0.73 0.83   3.02 6.28   13.21 27.47   

2 11.06.2015 5.8 25.8   0.36     2.14     8.29   

2 17.06.2015 5 19.5   1.98 0.36   2.49 1.10   12.78 5.64 

2 21.06.2015 3.9 25.75 10.48 0.53 0.50 3.89 0.48 1.50 15.12 1.88 5.83 

2 07.07.2015 6.6 11.2 3.14 0.65 0.15 5.14 0.36 0.75 45.93 3.26 6.70 

2 09.07.2015 5.7 25.7 4.89 2.07   6.39 5.09   24.88 19.82   

2 10.07.2015 4.8 47.25   5.52     6.63     14.03   

2 16.07.2015 6.2 40.9   0.54     4.50     11.01   

2 21.07.2015 3.85 31.7   0.90 0.08   1.31 2.00   4.13 6.31 
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  Precipitation [mm] Sediment yield [g/m²] Runoff [mm] Runoff coefficient [%] 

Plot n° 
(repetition) 

Event 
[dd.mm.yyyy] 

max 5 min 
intensity event sum Cotton  Sorghum  Fallow Cotton  Sorghum  Fallow Cotton  Sorghum  Fallow 

2 03.08.2015 3.8 12.7   0.10 0.01   0.19 0.40   1.47 3.15 

2 07.08.2015 1.8 7.5 0.36 0.11 0.01 0.20 0.13 0.15 2.67 1.67 2.00 

2 10.08.2015 3.9 38.65   1.72 0.26   5.09 5.63   13.18 14.55 

2 20.08.2015 1.25 7.5 0.15   0.01 0.15 0.25 0.15 2.00 3.33 2.00 

2 22.08.2015 6.1 14.65 1.35 0.02 0.06 1.00 0.25 1.50 6.83 1.71 10.24 

2 03.09.2015 2.6 25.05 0.30 0.02 0.01 0.75 0.38 1.00 2.99 1.50 3.99 

2 07.09.2015 5.4 69.5 7.11   0.28 67.89   8.00 97.69   11.51 

2 16.09.2015 2.05 11.8 0.29 0.01 0.14 2.89 0.08 2.25 24.53 0.67 19.07 

2 19.09.2015 4 22.35 0.96 2.04 2.74 6.64 2.85 2.70 29.73 12.74 12.08 

2 21.09.2015 7.6 38.25 2.73 0.20   17.89 1.43   46.78 3.74   

2 22.09.2015 2.8 5.75 0.17 0.03   0.75 0.08   13.04 1.37   

2 26.09.2015 8.7 30.35 3.78 1.09   29.89 4.15   98.50 13.67   

2 03.10.2015 5.25 17.55 0.82 0.92 0.15 2.64 3.32 3.00 15.07 18.92 17.09 

2 19.10.2015 5.45 17.7 0.52 0.37 0.03 2.89 1.13 0.90 16.35 6.40 5.08 

2 27.10.2015 2 19.75 0.81 0.02   1.64 0.36   8.32 1.85   

2 29.10.2015 4.5 28 2.63 0.26   6.64 0.64   23.73 2.27   

3 24.05.2015 4.3 22.85 1.04 1.21   2.89 5.09   12.67 22.29   

3 11.06.2015 5.8 25.8   0.49 2.74   0.72 2.82   2.79 10.93 

3 17.06.2015 5 19.5 13.26 1.56 1.22 7.64 1.00 2.39 39.20 5.13 12.28 

3 21.06.2015 3.9 25.75                   

3 07.07.2015 6.6 11.2 4.32 0.61 0.37 2.64 0.72 1.00 23.61 6.42 8.93 

3 09.07.2015 5.7 25.7 6.18 5.52   6.64 4.50   25.85 17.52   

3 10.07.2015 4.8 47.25   19.72     6.14     13.00   

3 16.07.2015 6.2 40.9   0.46 11.89   5.39 17.39   13.19 42.53 

3 21.07.2015 3.85 31.7   0.17     0.50     1.58   

3 03.08.2015 3.8 12.7   0.22     0.19     1.47   

3 07.08.2015 1.8 7.5 0.43   0.03 0.25   0.08 3.33   1.00 

3 10.08.2015 3.9 38.65   2.53 0.10   5.39 1.64   13.96 4.25 

3 20.08.2015 1.25 7.5 0.27 0.06 0.03 0.20 0.15 0.40 2.67 2.00 5.33 

3 22.08.2015 6.1 14.65 3.31 0.10 0.30 1.00 0.25 3.89 6.83 1.71 26.58 

3 03.09.2015 2.6 25.05 0.16 0.10   0.50 0.50   2.00 2.00   

3 07.09.2015 5.4 69.5   0.71 1.70   4.14 23.89   5.96 34.38 

3 16.09.2015 2.05 11.8 0.55 0.12 0.20 6.64 0.50 5.39 56.31 4.24 45.71 

3 19.09.2015 4 22.35 6.24   6.19 7.14   4.64 31.96   20.78 

3 21.09.2015 7.6 38.25 16.29 0.06 0.42 37.89 0.50 7.89 99.07 1.31 20.64 

3 22.09.2015 2.8 5.75   0.10     0.25     4.35   

3 26.09.2015 8.7 30.35   1.41 0.20   4.14 15.54   13.65 51.22 
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  Precipitation [mm] Sediment yield [g/m²] Runoff [mm] Runoff coefficient [%] 

Plot n° 
(repetition) 

Event 
[dd.mm.yyyy] 

max 5 min 
intensity event sum Cotton  Sorghum  Fallow Cotton  Sorghum  Fallow Cotton  Sorghum  Fallow 

3 03.10.2015 5.25 17.55 2.00 0.11 0.28 5.64 0.50 5.39 32.16 2.85 30.74 

3 19.10.2015 5.45 17.7 1.13 0.15 0.03 6.64 0.75 0.50 37.54 4.24 2.82 

3 27.10.2015 2 19.75 0.17 0.01   1.64 0.13   8.32 0.63   

3 29.10.2015 4.5 28 2.72 1.04 0.25 7.89 2.89 6.64 28.19 10.34 23.73 

 


