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Abstract

In Sahelian landscapes, land use/land cover (LULC) dynamics and climate variability are already known to affect the water cycle. In its current practice however, hydrological modelling does not account for LULC changes. This issue pertains to rapidly evolving watersheds and might result in critical inaccuracies in the simulated processes. In this study, the Soil and Water Assessment Tool (SWAT) model was used to simulate surface runoff in the small Sahelian watershed of Tougou, which underwent significant LULC changes between 1952 and 2017. Based on rainfall/runoff data acquired from 2004 to 2018, the SWAT model was calibrated under two scenarios : a static land use scenario (SLU) using a single LULC map (in 1999) and a dynamic land use scenario (DLU) integrating 3 LULC maps (1999, 2009 and 2017). The DLU scenario estimated with higher accuracy surface runoff, deep aquifer infiltration and actual evapotranspiration processes. Based on the calibrated parameters, surface runoff was simulated during the historical period 1952-2003 under four scenarios with static LULC maps (in 1952, 1973, 1986 and 1999) opposed to a fifth scenario integrating these LULC maps dynamically. The DLU scenario was found to be more effective at picturing the so-called Sahelian paradox (i.e the increase in surface runoff despite the decrease in rainfall), reported in the literature for small watersheds in the Sahel. The analysis of variability revealed that fluctuations in surface runoff were both influenced by rainfall and LULC changes. Furthermore, the isolated contributions of climate variability and LULC changes on surface runoff showed that LULC conditions played a dominant role ( = +393.1%) in the runoff increase over climate ( = -297%) during the historical period.

These results highlight the importance of accounting for LULC dynamics in hydrological modelling and advocate the development of integrated modelling frameworks for hydrologists and water resource managers.

Introduction

In the period , the Sahel region suffered a severe rainfall deficit of 15-20% as compared to the 1950-1970 average [START_REF] Mahé | 1896-2006 Sahelian annual rainfall variability and runoff increase of Sahelian Rivers[END_REF]. Considered as the greatest multidecadal drought of the 20 th century [START_REF] Biasutti | What brings rain to the Sahel?[END_REF][START_REF] Biasutti | Rainfall trends in the African Sahel: Characteristics, processes, and causes[END_REF][START_REF] Sidibe | Interannual to Multi-decadal streamflow variability in West and Central Africa: Interactions with catchment properties and large-scale climate variability[END_REF], this period of increased aridity and rainfall variability was marked by extremely dry years (particularly in 1972/1973 and in 1983/1984) and resulted in a strong shift in the hydro-climatology of the environment [START_REF] Karambiri | Assessing the impact of climate variability and climate change on runoff in West Africa: the case of Senegal and Nakambe River basins[END_REF][START_REF] Mahé | The rivers of Africa: witness of climate change and human impact on the environment: How climate and human changes impacted river regimes in Africa[END_REF][START_REF] Sidibe | Trend and variability in a new, reconstructed streamflow dataset for West and Central Africa, and climatic interactions, 1950-2005[END_REF]. In the Sudano-Guinean zone, the deficit in rainfall naturally led to a decrease in surface runoff (Descroix et al., 2012). In the Sahelian zone, however, an increase in surface runoff in the early 1980s was first reported in small watersheds in Burkina Faso [START_REF] Albergel | Sécheresse, désertification et ressources en eau de surface : application aux petits bassins du Burkina Faso, in: The influence of climate change and climatic variability on the hydrologic regime and water resources[END_REF], then on the tributaries of the right bank of the Niger river [START_REF] Mahé | Augmentation récente du ruissellement de surface en région soudano-sahélienne et impact sur les ressources en eau[END_REF], in the Nakanbé watershed in Burkina Faso [START_REF] Mahé | The impact of land use change on soil water holding capacity and river flow modelling in the Nakambe River, Burkina-Faso[END_REF], on the Fakara Plateau in Niger [START_REF] Amogu | Runoff evolution due to land-use change in a small Sahelian catchment[END_REF] and the Agoufou watershed in Mali [START_REF] Gal | The paradoxical evolution of runoff in the pastoral Sahel: analysis of the hydrological changes over the Agoufou watershed (Mali) using the KINEROS-2 model[END_REF]. The so-called "Sahelian hydrological paradox", that is the increase in runoff despite a decrease in rainfall, has been attributed to changes in LULC hydrodynamics. The increased severity of the climate during the period 1970-1990 led to a significant loss of natural vegetation, leaving bare soils behind. Therefore, prone to soil surface crusting and surface sealing, some hydro-systems in the Sahelian region shifted to a new state of increased surface runoff potential, whereas infiltration and groundwater recharge were reduced [START_REF] Casenave | A runoff capability classification system based on surface features criteria in semi-arid areas of West Africa[END_REF][START_REF] Karambiri | Importance of soil surface characteristics on water erosion in a small grazed Sahelian catchment[END_REF][START_REF] Descroix | Evolution of Surface Hydrology in the Sahelo-Sudanian Strip: An Updated Review[END_REF]. Despite a rainfall recovery later observed starting from the 1990s over the West African Sahel [START_REF] Nicholson | On the question of the "recovery" of the rains in the West African Sahel[END_REF][START_REF] Nouaceur | La reprise des pluies et la recrudescence des inondations en Afrique de l'Ouest sahélienne[END_REF] followed by a significant vegetation recovery and regreening [START_REF] Mbow | What Four Decades of Earth Observation Tell Us about Land Degradation in the Sahel? Remote Sensing[END_REF][START_REF] Brandt | Assessing woody vegetation trends in Sahelian drylands using MODIS based seasonal metrics[END_REF][START_REF] Brandt | Woody Vegetation Die off and Regeneration in Response to Rainfall Variability in the West African Sahel[END_REF][START_REF] Tong | Revisiting the coupling between NDVI trends and cropland changes in the Sahel drylands: A case study in western Niger[END_REF][START_REF] Brandt | Reduction of tree cover in West African woodlands and promotion in semi-arid farmlands[END_REF], no evidence of a significant decrease in surface runoff has been reported yet, hence introducing a so-called "second Sahelian hydrological paradox" [START_REF] Descroix | Evolution of Surface Hydrology in the Sahelo-Sudanian Strip: An Updated Review[END_REF]. Among the possible causes behind this paradox the strong modification of the hydrological regime of soils [START_REF] Descroix | Etat des sols et évolution dans un contexte de changements climatiques[END_REF], as well as the permanent increase of drainage networks developed since the past dry period are put forward [START_REF] Leblanc | Land clearance and hydrological change in the Sahel: SW Niger[END_REF][START_REF] Gal | The paradoxical evolution of runoff in the pastoral Sahel: analysis of the hydrological changes over the Agoufou watershed (Mali) using the KINEROS-2 model[END_REF][START_REF] Trichon | The persistent decline of patterned woody vegetation: The tiger bush in the context of the regional Sahel greening trend[END_REF].

Such observations emphasize the complex relationship between climate, LULC changes and surface runoff response in Sahelian environments [START_REF] Peugeot | Hydrologic process simulation of a semiarid, endoreic catchment in Sahelian West Niger. 1. Model-aided data analysis and screening[END_REF][START_REF] Gal | The paradoxical evolution of runoff in the pastoral Sahel: analysis of the hydrological changes over the Agoufou watershed (Mali) using the KINEROS-2 model[END_REF][START_REF] Mounirou | Multi-scale analysis of runoff from a statistical perspective in a small Sahelian catchment under semi-arid climate[END_REF]. Understanding whether they are man-made or induced by climate variability is of great importance for water resources management and planning at the watershed scale. In various studies, LULC changes such as the increase in cultivated areas and the loss of natural vegetation have been associated to the increase in surface runoff over rural watersheds in the Sahel [START_REF] Leblanc | Land clearance and hydrological change in the Sahel: SW Niger[END_REF][START_REF] Mahé | 1896-2006 Sahelian annual rainfall variability and runoff increase of Sahelian Rivers[END_REF][START_REF] Karambiri | Assessing the impact of climate variability and climate change on runoff in West Africa: the case of Senegal and Nakambe River basins[END_REF][START_REF] Amogu | Runoff evolution due to land-use change in a small Sahelian catchment[END_REF][START_REF] Gal | The paradoxical evolution of runoff in the pastoral Sahel: analysis of the hydrological changes over the Agoufou watershed (Mali) using the KINEROS-2 model[END_REF]). Yet, little attention has been given to quantifying the concurrent contributions of climate variability and LULC changes in these environments.

In this connection, physically-based and distributed hydrological models are of particular interest to understand and evaluate such effects at the watershed scale [START_REF] Ott | Quantifying the impact of land-use changes at the event and seasonal time scale using a process-oriented catchment model[END_REF][START_REF] Wendling | Drought-induced regime shift and resilience of a Sahelian ecohydrosystem[END_REF]. However, in common practice, simulations are carried out over a span of several years (even decades) using a static LULC layer. This layer represents the spatial organization of the landscape features at a given time and helps the model to integrate the collective response of the variety of soil surface conditions found within the watershed [START_REF] Rathjens | IRSeL-An approach to enhance continuity and accuracy of remotely sensed land cover data[END_REF]. LULC changes can be significant within a span of about 5 years up to a decade in the case of rapidly changing watersheds. Therefore, the use of a temporally-fixed and single LULC layer may lead to stationarity in the simulated runoff response [START_REF] Pai | SWAT2009_LUC: A Tool to Activate the Land Use Change Module in SWAT 2009[END_REF][START_REF] Koch | The Effects of land use change on hydrological responses in the choke mountain range (Ethiopia)-a new approach addressing land use dynamics in the model SWAT, in: Managing Resources of a Limited Planet[END_REF][START_REF] Wagner | Dynamic integration of land use changes in a hydrologic assessment of a rapidly developing Indian catchment[END_REF] and the failure of the model in picturing effectively the temporal patterns of hydrological processes. Subsequently, quantifying the contribution of climate or LULC changes is likely to be less accurate [START_REF] Marhaento | Attribution of changes in the water balance of a tropical catchment to land use change using the SWAT model[END_REF][START_REF] Marhaento | Hydrological response to future land-use change and climate change in a tropical catchment[END_REF][START_REF] Marhaento | Sensitivity of Streamflow Characteristics to Different Spatial Land-Use Configurations in Tropical Catchment[END_REF][START_REF] Wagner | Comparing the effects of dynamic versus static representations of land use change in hydrologic impact assessments[END_REF][START_REF] Aghsaei | Effects of dynamic land use/land cover change on water resources and sediment yield in the Anzali wetland catchment, Gilan, Iran[END_REF].

In a handful of studies [START_REF] Fohrer | Hydrologic Response to land use changes on the catchment scale[END_REF][START_REF] Schilling | Impact of land use and land cover change on the water balance of a large agricultural watershed: Historical effects and future directions: Impact of LULC change on water balance[END_REF][START_REF] Gal | The paradoxical evolution of runoff in the pastoral Sahel: analysis of the hydrological changes over the Agoufou watershed (Mali) using the KINEROS-2 model[END_REF][START_REF] Trichon | The persistent decline of patterned woody vegetation: The tiger bush in the context of the regional Sahel greening trend[END_REF], the hydrological impact of LULC changes have been quantified with the so-called "delta approach", consisting in calibrating the hydrological model over a baseline period using a specific static LULC input, then running the calibrated model with other static LULC layers. Therefore, the changes observed in the simulated runoff response are attributed to the changes in LULC. However, this approach comes with two major limitations: first, it does not fully account for the combined effects of climate and LULC, especially when LULC categories exhibit non-monotonic trends during the simulation period; second, it does not fully account for potential non-linear interaction effects between LULC changes on the simulated hydrological outputs since the LULC layer is kept static throughout the simulation period [START_REF] Wagner | Dynamic integration of land use changes in a hydrologic assessment of a rapidly developing Indian catchment[END_REF][START_REF] Wagner | Comparing the effects of dynamic versus static representations of land use change in hydrologic impact assessments[END_REF].

In this research, building upon the work of [START_REF] Wagner | Dynamic integration of land use changes in a hydrologic assessment of a rapidly developing Indian catchment[END_REF][START_REF] Wagner | Comparing the effects of dynamic versus static representations of land use change in hydrologic impact assessments[END_REF], we argue that a dynamical integration of LULC changes could significantly improve the representation of hydrological processes at the watershed scale especially in Sahelian hydrosystems, here surface runoff is highly controlled by soil surface conditions [START_REF] Mahé | The impact of land use change on soil water holding capacity and river flow modelling in the Nakambe River, Burkina-Faso[END_REF][START_REF] Karambiri | Crues et érosion hydrique au Sahel: étude et modélisation des flux d'eau et de matières sur un petit bassin versant pastoral au nord du Burkina Faso[END_REF][START_REF] Diello | Interrelation climat-homme-environnement dans le Sahel Burkinabé: impacts sur les états de surface et la modélisation hydrologique[END_REF][START_REF] Mounirou | Measuring runoff by plots at different scales: Understanding and analysing the sources of variation[END_REF][START_REF] Paturel | Using land cover changes and demographic data to improve hydrological modeling in the Sahel: Improving hydrological modelling in the Sahel[END_REF][START_REF] Mounirou | Multi-scale analysis of runoff from a statistical perspective in a small Sahelian catchment under semi-arid climate[END_REF].

With the increasing availability of free-of-charge satellite imagery, processing methods [START_REF] Wulder | Current status of Landsat program, science, and applications[END_REF] and cloud-computing platforms [START_REF] Gorelick | Google Earth Engine: Planetary-scale geospatial analysis for everyone[END_REF], accurate LULC maps become easier to produce. Despite these opportunities, the integration of LULC dynamics in hydrological modelling is yet uncommon [START_REF] Pai | SWAT2009_LUC: A Tool to Activate the Land Use Change Module in SWAT 2009[END_REF][START_REF] Wagner | Dynamic integration of land use changes in a hydrologic assessment of a rapidly developing Indian catchment[END_REF][START_REF] Moriasi | SWAT-LUT: A Desktop Graphical User Interface for Updating Land Use in SWAT[END_REF][START_REF] Teklay | Evaluation of static and dynamic land use data for watershed hydrologic process simulation: A case study in Gummara watershed, Ethiopia[END_REF]. This study is carried at the scale of the small watershed of Tougou (37 km²) in Northern Burkina Faso, a typical Sahelian landscape under semi-arid climate. Tougou exhibits similar features as those observed throughout the Sahelian strip in terms of human-environment interactions, LULC change and hydrological processes [START_REF] Marchal | Yatenga: nord Haute-Volta: la dynamique d'un espace rural Soudano-Sahélien[END_REF][START_REF] Diello | Interrelation climat-homme-environnement dans le Sahel Burkinabé: impacts sur les états de surface et la modélisation hydrologique[END_REF][START_REF] Barbier | Human vulnerability to climate variability in the Sahel: farmers' adaptation strategies in northern Burkina Faso[END_REF][START_REF] Mounirou | Etude du ruissellement et de l'érosion à différentes échelles spatiales sur le bassin versant de Tougou en zone sahélienne du Burkina Faso: quantification et transposition des données[END_REF]. The objectives of this study are twofold: (1) to evaluate the added value of hydrological simulation using dynamical LULC input as compared to a static LULC scenario; [START_REF] Trichon | The persistent decline of patterned woody vegetation: The tiger bush in the context of the regional Sahel greening trend[END_REF] to quantify the relative contribution of climate and LULC dynamics to surface runoff through a separation method.

Material and methods

Study area

The Tougou watershed is located in the Yatenga province in the Northern Sahelian region of Burkina Faso, at 22 km away from Ouahigouya, the city capital of the province (Fig. 1). The climate is semi-arid with an average annual rainfall of 604 mm over the monitoring period from 2004 to 2018. Daily temperature ranges between 18 and 40°C, with an average annual potential evapotranspiration (PET) of 2090 mm [START_REF] Zouré | Modelling the water balance on farming practices at plot scale: Case study of Tougou watershed in Northern Burkina Faso[END_REF]. Rainfall is monomodal (Supplementary document, Fig. S1) and is depicted by a single rainy season (from June to October), during which the cumulative rainfall from July to September brings more than 80%

of the annual rainfall. The elevation on the watershed goes from 318 m (at the watershed outlet) to 368 m (at highest locations upstream of the watershed), for an average value of 338 m [START_REF] Mounirou | Measuring runoff by plots at different scales: Understanding and analysing the sources of variation[END_REF][START_REF] Zouré | Modelling the water balance on farming practices at plot scale: Case study of Tougou watershed in Northern Burkina Faso[END_REF]. The geological setting of the watershed is mostly made of schist patchwork of sedimentary origin, presenting aspects of clayey sandstones as a result of their profound alteration. The watershed weathering profile shows a lateritic cuirass layer (6-10m depth), followed by a light brown yellow clay alteration, developing up to 30m depth [START_REF] Koïta | Recharge Estimation of Hard Rock Aquifers under Sahelian Climate Conditions Using Water Table Fluctuation: Case Study of Tougou Catchment, Burkina Faso[END_REF]. The vegetation is sparse and consists of shrubby savannahs, steppes and agrarian parklands. Hydrography is defined by a dendritic drainage network, sparse and mostly made of temporary streams. These streams gather surface runoff to the main and intermittent river watercourse, located at the talweg, which is 8 km long and is called 'Bilanpoanga' by the local population [START_REF] Mounirou | Etude du ruissellement et de l'érosion à différentes échelles spatiales sur le bassin versant de Tougou en zone sahélienne du Burkina Faso: quantification et transposition des données[END_REF][START_REF] Koïta | Recharge Estimation of Hard Rock Aquifers under Sahelian Climate Conditions Using Water Table Fluctuation: Case Study of Tougou Catchment, Burkina Faso[END_REF].

Hydrological modelling

Rainfall and runoff monitoring

The monitoring of Tougou watershed has been carried out from 2004 to 2018 and daily rainfall/runoff data were collected during each rainy season. Rainfall events were monitored on-site at five (5) rain gauges (named PA1 through PA5) whose location is presented in Fig. 1a. Daily runoff volumes were also monitored at the watershed outlet (Fig. 1a) using a

Thalimedes (an automatic water level recorder equipped with a float-operated shaft encoder sensor, manufactured by OTT, Kempten, in Germany) from 2004 to 2018. The observed average annual runoff is estimated at 156.4 (± 47.2) mm, resulting in an annual average runoff coefficient of 25.3 (± 5.2) % (Supplementary document, Table S1).

Definition of hydrological modelling scenarios

To assess the added value of a hydrological simulation using dynamical LULC, monitoring data (2004)(2005)(2006)(2007)(2008)(2009)(2010)(2011)(2012)(2013)(2014)(2015)(2016)(2017)(2018) was used for model calibration and validation, under two scenarios: a first scenario, called SLU (static land use), using a static LULC map of the watershed in 1999; and a second scenario, named as DLU (dynamic land use), integrating three LULC maps for the years 1999, 2009 and 2017. The performance of the two scenarios was then evaluated at the daily, monthly and annual time scales.

SWAT (Soil & Water Assessment Tool) model description

In this study, the Soil & Water Assessment Tool (SWAT) model [START_REF] Arnold | Large area hydrologic modeling and assessment Part I: model development[END_REF] (1) in which and represent the soil water content and the initial soil water content on day i (respectively), " is the elapsed time (in days), is the amount of rainfall, is the amount of surface runoff, is the actual evapotranspiration, is the amount of water entering the vadose zone (from the soil profile) and is the amount of return flow from the aquifer. In this study, surface runoff resulting from the rainfall was calculated with the Soil Conservation Service (SCS) Curve Number approach [START_REF] Mockus | Hydrologic and Water Quality Models: Performance Measures and Evaluation Criteria[END_REF] given by Eq. (2):

# $ # (2)
in which # is the initial abstraction (rainfall intercepted by plant canopy or used to fill soil surface depressions at the beginning of the rainfall event, thus not contributing to surface runoff), is the soil water retention parameter, depending on the soil, slope and LULC type.

The Curve Number (CN) parameter relates to through Eq. (3) [START_REF] Neitsch | Soil and Water Assessment Tool theoretical documentation: Version 2009[END_REF]:

254 ( 100 +, 1- (3) 
The surface runoff is predicted separately for each HRU during the model run and is further drained to the tributary channels at the sub-basin level), then to the main channel, to obtain the total runoff for the watershed. The variable travel time method [START_REF] Williams | Flood Routing With Variable Travel Time or Variable Storage Coefficients[END_REF] was used as the routing method in this study.

The SWAT model has been applied in a handful of studies regarding runoff simulation and the forecast of climate and LULC change impacts on water resources in West Africa [START_REF] Hiepe | Soil degradation by water erosion in a sub-humid West-African catchment: a modelling approach considering land use and climate change in Benin[END_REF][START_REF] Poméon | Multi-Objective Validation of SWAT for Sparsely-Gauged West African River Basins-A Remote Sensing Approach[END_REF]. Moreover, the SCS curve number approach was found to be accurate to simulate the water balance at the plot scale specifically in the Tougou watershed, as shown in [START_REF] Zouré | Modelling the water balance on farming practices at plot scale: Case study of Tougou watershed in Northern Burkina Faso[END_REF].

The SWAT model is suitable for application in watersheds with significant LULC changes as it features a land use update (LUP) module since its 2009 version [START_REF] Neitsch | Soil and Water Assessment Tool theoretical documentation: Version 2009[END_REF] [START_REF] Pai | SWAT2009_LUC: A Tool to Activate the Land Use Change Module in SWAT 2009[END_REF].

Input data for the SWAT model setup

The datasets used in this study for setting up the SWAT model in Tougou watershed are presented in Table 1. 

Elevation, slope and soil type maps

Elevation data was derived from ASTER GDEM v3 [START_REF] Spacesystems | ASTER Global Digital Elevation Model V003[END_REF] digital elevation model (30 m x 30 m spatial resolution, Fig. 1a). As to soil types, the soil map from the National Geographic Institute (IGB) in Burkina Faso [START_REF] Igb | Base de données d'Occupation des Terres (BDOT)[END_REF], derived from satellite data processing and field surveys at the national scale, resampled to 30 m x 30 m spatial resolution was used. The soil types in the watershed were further remapped to their corresponding units in the Harmonized World Soil Database (HWSD; FAO/IIASA/ISRIC/ISSCAS/JRC, 2012) for proper integration and parametrization in the SWAT model (Supplementary document, Table S2). According to this soil map (Fig. 1b), three types of soil can be found within the watershed: (i) the slightly evolved soils (25% of the area); (ii) the crude mineral soils (35% of the area), prone to physical degradation into glacis, called 'zipelle' in the local language [START_REF] Sawadogo | Evolution de l'occupation du sol de Ziga dans le Yatenga (Burkina Faso) à partir de photographies aériennes[END_REF]; (iii) and the hydromorphic soils (40% of the area), clayey, often with a large silt fraction.

Slopes on the watershed range from 0 to 17%, with an average value of 1.66 (± 1.19) %. In this study, the slope values were aggregated into three classes: from 0 to 2% (foot of hillslope), covering 72% of the watershed area; from 2 to 4% (slight slopes), covering 24% of the watershed; and from 4 to 17% (moderate to steep slopes, top of hillslopes), covering 4%

of the watershed area. Fig. 1c portrays the spatial distribution of these slope classes on the watershed.

LULC maps of Tougou watershed

In this study, LULC categories considered are soils under natural vegetation (NVg), bare or degraded soils (Dg) and cultivated areas (Cv) [START_REF] Mahé | The impact of land use change on soil water holding capacity and river flow modelling in the Nakambe River, Burkina-Faso[END_REF][START_REF] Diello | Méthodologie et application d'une démarche de modélisation hydrologique prenant en compte l'évolution des états de surface en milieu sahélien d'Afrique de l'Ouest[END_REF][START_REF] Paturel | Using land cover changes and demographic data to improve hydrological modeling in the Sahel: Improving hydrological modelling in the Sahel[END_REF]. Natural vegetation soils are under permanent vegetation all the year-round, covered with herbaceous plants, shrub or trees and are mostly concentrated along the main river channel in the watershed. Bare/degraded soils (including roads and settlements) have a very low vegetation cover (typically less than 5%), consisting of residual clumps and herbaceous, with erosion or desiccation crusts developing at the soil surface. Cultivated soils are lands where cereal crops (millet, sorghum) are grown from early June to mid-October [START_REF] Marchal | Yatenga: nord Haute-Volta: la dynamique d'un espace rural Soudano-Sahélien[END_REF][START_REF] Barbier | Human vulnerability to climate variability in the Sahel: farmers' adaptation strategies in northern Burkina Faso[END_REF][START_REF] Zouré | Modelling the water balance on farming practices at plot scale: Case study of Tougou watershed in Northern Burkina Faso[END_REF], with a sandy to loamy texture and prone to slaking crusts development. The physical and hydrodynamical soil properties on these LULC categories is further detailed in the Supplementary document (Table S3).

LULC maps of Tougou watershed in 1952 and 1973 from [START_REF] Marchal | Yatenga: nord Haute-Volta: la dynamique d'un espace rural Soudano-Sahélien[END_REF] were digitized, georeferenced and geocoded to Universal Transverse Mercator (UTM) Zone 30 -WGS84 datum. They were further reclassified according to the LULC types adopted in this study and resampled to 30 m x 30 m resolution. Additionally, LULC maps of the years 1986, 1999, 2009 and 2017 were derived from the supervised classification of Landsat surface reflectance (SR) satellite data, atmospherically corrected, cloud-free and cross-sensor calibrated (Supplementary document, Table S4). These products were obtained free-of-charge from the United States Geological Survey (USGS) Earth Explorer platform (https://earthexplorer.usgs.gov/). In selecting satellite data, preference was given to images acquired during the post-harvest period in the watershed, from mid-October to early November [START_REF] Barbier | Human vulnerability to climate variability in the Sahel: farmers' adaptation strategies in northern Burkina Faso[END_REF][START_REF] Zouré | Modelling the water balance on farming practices at plot scale: Case study of Tougou watershed in Northern Burkina Faso[END_REF], to minimize classification errors due to similarities arising between LULC classes. Previous studies [START_REF] Forkuor | Evaluating the sequential masking classification approach for improving crop discrimination in the Sudanian Savanna of West Africa[END_REF][START_REF] Liu | Seasonal variation of land cover classification accuracy of Landsat 8 images in Burkina Faso[END_REF][START_REF] Forkuor | Multiscale Remote Sensing to Map the Spatial Distribution and Extent of Cropland in the Sudanian Savanna of West Africa[END_REF] have shown that in Sahelian landscapes, the post-harvest timeframe is optimal to distinguish cultivated lands from bare soils and natural vegetation, mostly because crop residues remaining on cropping fields sustain a higher level of greenness and moisture than bare/degraded soils. Fig. 2 presents the seasonal dynamics of the soil surface on the selected LULC types. Satellite images were processed under ENVI 5.3 software. Supervised classification was carried using a maximum likelihood algorithm using fifteen ( 15) training areas, identified during a field campaign in May 2017: three (3) sites under natural vegetation (6 ha), seven (7) sites in bare/degraded soils (10 ha); and five (5) cultivated sites (12 ha). These training areas presented a very good spectral separability (Supplementary document, Fig. S2, Table S5). 228 ground truth points were sampled on the field for the accuracy assessment of the LULC map in 2017, whereas 198, 204 and 222 points were sampled from Google Earth Timelapse [START_REF] Herwig | A detailed view of Earth across space and time: our changing planet through a 32-year global Landsat and Sentinel-2 timelapse video[END_REF] for the accuracy assessment of historical LULC maps (respectively in 1986, 1999 and 2009). Overall accuracies varied between 88.4 to 91.7%, whereas Kappa (index of agreement) values were between 0.801 and 0.857, which shows a strong-to-perfect level of agreement between the maps and ground control data (Supplementary document, Table S6; [START_REF] Congalton | Assessing the accuracy of remotely sensed data: principles and practices[END_REF].

Sub-basin delineation and HRUs definition

In this study, the Tougou watershed was considered as a whole as a single sub-basin since runoff observations are only available at the watershed outlet. Further, the watershed was divided into a total of 21 HRUs using a combination of soil types, slope classes and LULC maps.

Climate data

Daily rainfall collected during 2004-2018 on the watershed was used to calibrate and validate the model, along with maximum, minimum temperatures and PET records at the Ouahigouya station (from 2004 to 2017), under the assumption of similar evapotranspiration patterns for both locations. For the year 2018, missing data was simulated using SWAT built-in stochastic weather generator, similarly to [START_REF] Schuol | Using monthly weather statistics to generate daily data in a SWAT model application to West Africa[END_REF]. Since it has been previously

shown that spatial variability was low on average in the watershed [START_REF] Mounirou | Etude du ruissellement et de l'érosion à différentes échelles spatiales sur le bassin versant de Tougou en zone sahélienne du Burkina Faso: quantification et transposition des données[END_REF]rainfall input was spatially averaged using Thiessen's polygons and attributed to PA3 rain gauge (Fig. 1a) located at the middle of the watershed.

The calibrated parameters were then used to simulate hydrology during the historical period from 1952 to 2003. At this stage, rainfall data from the Ouahigouya station were used to estimate daily rainfall series in Tougou watershed based on a linear correlation between dekadal rainfall at these locations, which was found to be significant for the period 2004-2017

(R² = 0.9108, p-value < 0.0001). The dekadal correction coefficients are calculated as shown in Eq. (4):

+. / 0 ,/ 2 / 0 ,/ 4 (4) 
where +. / is a regression coefficient for rainfall in decade 5, where 5 ∈ {1,2, … ,37}

(considering 37 dekads in a year); 0 ,/ 2 and 0 ,/ 4 are the average dekadal rainfall values observed in Tougou and at Ouahigouya station (respectively) from 2004 to 2017. The estimated daily rainfall in Tougou based is therefore given by Eq. (5): The 1952-1970 period is wet; then, from 1970 to 1990, a decrease in annual rainfall is observed, with increased variability. After 1990, a partial rainfall recovery occurs. The series was investigated for breakpoints (change in average) using two methods to ensure the robustness of the detected breakpoints: the segment neighbourhoods' method (implemented in the R-package changepoint; [START_REF] Killick | changepoint: An R Package for Changepoint Analysis[END_REF] and Hubert segmentation method [START_REF] Hubert | Segmentation des séries hydrométéorologiques -application à des séries de précipitations et de débits de l'afrique de l'ouest[END_REF] associated to Scheffé's breakpoint significance test (at 1% level) with the Khronostat software [START_REF] Boyer | Khronostat : Logiciel d'analyse statistique de séries chronologique[END_REF]. Since these tests are parametric, prior to the detection of Annual average PET for P1 (1952)(1953)(1954)(1955)(1956)(1957)(1958)(1959)(1960)(1961)(1962)(1963)(1964)(1965)(1966)(1967)(1968)) was estimated at 2126.3 mm, then decreases to 2080.6 mm during P2 ) period (i.e. a 2.15% decrease pertaining to P1). In the following period, P3 (1991-2003), it increases to 2116.1 mm (i.e. a 1.7% increase pertaining to P2). (1952-1968), P2 (1969-1990) and P3 (1991-2003) subperiods. Period P1 is wet, followed with a significant decrease of 26.7% (Mann-Whitney U-test at 5% level, pvalue = 3.324e-5) in P2 which is a drier period. In P3 period, a significant increase of 23% (Mann-Whitney Utest at 5% level, p-value = 4.147e3) and a rainfall recovery is observed. Breakpoints in 1969 and in 1990 were detected with Hubert segmentation test [START_REF] Hubert | Segmentation des séries hydrométéorologiques -application à des séries de précipitations et de débits de l'afrique de l'ouest[END_REF] 
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Hydrological simulation

Parameters selection and sensitivity analysis

Based on a literature review of the SWAT model applications in West-Africa [START_REF] Schuol | Calibration and uncertainty issues of a hydrological model (SWAT) applied to West Africa[END_REF][START_REF] Cornelissen | A comparison of hydrological models for assessing the impact of land use and climate change on discharge in a tropical catchment[END_REF][START_REF] Sood | A SWAT evaluation of the effect of climate change on the hydrology of the Volta River basin[END_REF][START_REF] Chaibou Begou | Multi-Site Validation of the SWAT Model on the Bani Catchment: Model Performance and Predictive Uncertainty[END_REF][START_REF] Poméon | Multi-Objective Validation of SWAT for Sparsely-Gauged West African River Basins-A Remote Sensing Approach[END_REF], a set of fourteen ( 14) parameters was initially screened for sensitivity analysis, presented in Table 2. The sensitivity of the selected parameters was assessed based on a Latin Hypercube One Factor at A Time (LH-OAT) approach (Van Griensven, 2005) by running thirty (30) simulations for each single parameter, under both SLU and DLU scenarios, with the SWAT-CUP program [START_REF] Abbaspour | SWAT-CUP calibration and uncertainty programs for SWAT[END_REF]. Finally, thirteen (13) parameters were included in the model for calibration and validation, leaving out the CANMX parameter, which was not found to be sensitive for both SLU and DLU scenarios (Supplementary document, Table S7). The initial range for each parameter is given in this table in absolute values. The "revap" process (short for reevaporation) occurs when water in the shallow aquifer returns to the root zone to increase the available soil water content for plants.

Model calibration/validation in the base simulation period (2004-2018)

Model calibration and validation were carried out under the SLU and DLU scenarios separately, using the SWAT-Cup program [START_REF] Abbaspour | SWAT-CUP calibration and uncertainty programs for SWAT[END_REF]. Both scenarios were set up with a warm-up period of two ( 2) years (2004 and 2005), followed by a seven (7) year calibration period (i.e. from 2006 to 2012) and a four (4) year validation period (i.e. from 2015 to 2018) (Supplementary document, Table S8).

For proper integration in the SWAT model, LULC types were remapped to their corresponding LULC codes [START_REF] Neitsch | Soil and Water Assessment Tool theoretical documentation: Version 2009[END_REF]: bare/degraded soils were associated with barren land (BARR), natural vegetation was reclassed as forest (FRST) and cultivated areas were associated to generic agricultural land (AGRL). A total of four ( 4) iterations (of 200 simulations for each) was carried out to obtain optimal values for the thirteen (13) parameters under both SLU and DLU scenarios. The Sequential Uncertainty Fitting (SUFI-2)

optimization algorithm was used in the calibration phase [START_REF] Abbaspour | Estimating Uncertain Flow and Transport Parameters Using a Sequential Uncertainty Fitting Procedure[END_REF] in combination with the Kling-Gupta efficiency (KGE) metric as the objective function [START_REF] Gupta | Decomposition of the mean squared error and NSE performance criteria: Implications for improving hydrological modelling[END_REF][START_REF] Kling | Runoff conditions in the upper Danube basin under an ensemble of climate change scenarios[END_REF], defined as in Eq. (6):

EF 1 G(C 1) $ (H 1) $ (I 1) $ (6)
in which C is Person's product-moment correlation coefficient between the observed and simulated data, H J /J the ratio between the simulated average J and the observed average J , and I +K /+K the ratio of coefficients of variation of simulated +K and observed values +K . KGE metric is bound between ∞ (poor performance of the model) and 1 (perfect model) and it optimizes simultaneously correlation, bias and variability. Model performance is deemed to be: poor or unsatisfactory if 0 ≤ KGE ≤ 0.5; satisfactory or acceptable if 0.50 ≤ KGE ≤ 0.75; good if 0.75≤ KGE ≤ 0.9; very good or excellent if KGE ≥ 0.9 [START_REF] Kling | Runoff conditions in the upper Danube basin under an ensemble of climate change scenarios[END_REF][START_REF] Thiemig | Hydrological evaluation of satellite-based rainfall estimates over the Volta and Baro-Akobo Basin[END_REF].

The model under/over estimation was additionally assessed with the percent bias (PBIAS) criterion calculated according to Eq. (7) (Moriasi et al., 2015):

M# (%) ∑ ( PQ R ) S ! ∑ PQ S ! ⋅ 100 (7)
in which R is a simulated runoff volume and PQ the corresponding observed value. The optimal value for PBIAS is 0; a negative PBIAS can be interpreted as an overestimation tendency from the model, whereas a positive PBIAS is perceived as an underestimation from the model. At the daily timestep, model performance is deemed:

unsatisfactory if PBIAS ≥ ± 15%; satisfactory (or acceptable) if ±10% ≤ PBIAS ≤ ± 15%; good if ±5% ≤ PBIAS ≤ ± 10%;
very good (or excellent) if PBIAS ≤ ± 5% (Moriasi et al., 2015).

The uncertainties reported by SLU and DLU scenarios were also compared using the r-factor (between 0 and ∞) and the p-factor (between 0 and 1) evaluated at the daily and monthly timescales. The r-factor quantifies the thickness of the uncertainty envelope (at 95% confidence level) around the model predictions, termed 95PPU band and calculated according to Eq. (8) [START_REF] Abbaspour | Estimating Uncertain Flow and Transport Parameters Using a Sequential Uncertainty Fitting Procedure[END_REF] :

C_.UV"BC 1 W ∑ X Y ,Z[.] % X Y ,$.] % S Y ! ^ (8)
in which X Y ,Z[.] % and X Y ,$.] % are the higher and lower limits (respectively) of the 95PPU band at time " and at simulation >, W the total number of observed values, ^ the standard deviation present in the observed data. The p-factor, on the other hand, represents the percentage of observations that fall within the 95PPU band. The aim is therefore to maximize the p-factor, without defining a 95PPU band (r-factor) larger than the variability present in the observed values. Guidelines of p-factor > 0.7 and r-factor < 1.5 are suggested as satisfactory [START_REF] Abbaspour | A continental-scale hydrology and water quality model for Europe: Calibration and uncertainty of a high-resolution large-scale SWAT model[END_REF].

Finally, significant differences between simulated and observed values in SLU and DLU scenarios were assessed through the parametric Student's paired T-test (at daily and monthly timescales) and the non-parametric Wilcoxon signed-rank test (at the annual timescale), both at the 5% level [START_REF] Pereira | Hydrological simulation in a basin of typical tropical climate and soil using the SWAT model part I: Calibration and validation tests[END_REF]. Besides, flow duration curves for average daily runoff were also used to evaluate the difference in simulated and observed values for specific return periods of runoff values (5-100 years) in both scenarios (SLU, DLU). The relative errors were then calculated according to Eq. (9):

_ (%) R PQ PQ ⋅ 100 (9)

Hydrological balance simulation in the historical period (1952-2003)

To identify which modelling set up is optimal at picturing the Sahelian paradox [START_REF] Albergel | Sécheresse, désertification et ressources en eau de surface : application aux petits bassins du Burkina Faso, in: The influence of climate change and climatic variability on the hydrologic regime and water resources[END_REF][START_REF] Karambiri | Crues et érosion hydrique au Sahel: étude et modélisation des flux d'eau et de matières sur un petit bassin versant pastoral au nord du Burkina Faso[END_REF][START_REF] Mahé | Augmentation récente du ruissellement de surface en région soudano-sahélienne et impact sur les ressources en eau[END_REF], five simulations were carried out (using the fitted SWAT model parameters obtained in the calibration period with the DLU scenario) during the historical period (from 1952 to 2003). Four (4) of these simulations used each a static LULC map of the watershed in the years 1952, 1973, 1986 and 1999 (i.e. respectively SLU1952, SLU1973, SLU1986, SLU1999 scenarios). The fifth simulation, named DLU_HIST scenario, integrated all these four (4) LULC maps dynamically.

Modes of variability in rainfall and runoff

To analyse the increased variability in rainfall between 1970 and 1990 (Fig. 3a) and investigate how it further affects surface runoff, the rainfall and simulated runoff data (in DLU_HIST scenario) were decomposed into a time-frequency domain using a continuous wavelet transform (CWT) [START_REF] Torrence | A Practical Guide to Wavelet Analysis[END_REF]. This transformation uses a set of non-orthogonal Morlet wavelets (order 6) to produce local wavelet spectra, from which dominant timescales of variability and their temporal evolution are identified. In this study, CWTs for rainfall and runoff time series were calculated at the 10% confidence level using the biwavelet R-package [START_REF] Gouhier | biwavelet: Conduct Univariate and Bivariate Wavelet Analyses[END_REF].

Framework for separation of climate and LULC impacts on runoff

In watersheds where streamflow is not subject to regulation or diversion, runoff can be represented as a function of climate variables, i.e. rainfall, potential evapotranspiration and catchments characteristics, i.e. LULC, soil and topography [START_REF] Zheng | Responses of streamflow to climate and land surface change in the headwaters of the Yellow River Basin: RESPONSES OF STREAMFLOW TO CLIMATE[END_REF][START_REF] Chang | Assessing the impact of climate variability and human activities on streamflow variation[END_REF]. In this study, assuming soil and topography are invariant during the simulation period and considering that potential evapotranspiration effect on streamflow is narrowed due to the intermittent nature of the watershed [START_REF] Mounirou | Etude du ruissellement et de l'érosion à différentes échelles spatiales sur le bassin versant de Tougou en zone sahélienne du Burkina Faso: quantification et transposition des données[END_REF][START_REF] Zouré | Modelling the water balance on farming practices at plot scale: Case study of Tougou watershed in Northern Burkina Faso[END_REF], climate (i.e., rainfall) and LULC change were considered as the main factors affecting runoff, in line with [START_REF] Mahé | The impact of land use change on soil water holding capacity and river flow modelling in the Nakambe River, Burkina-Faso[END_REF], [START_REF] Diello | Interrelation climat-homme-environnement dans le Sahel Burkinabé: impacts sur les états de surface et la modélisation hydrologique[END_REF] and [START_REF] Paturel | Using land cover changes and demographic data to improve hydrological modeling in the Sahel: Improving hydrological modelling in the Sahel[END_REF]. Further, assuming that these factors are independent, their respective contributions are evaluated through a "fixingchanging" method, based on the combination of different scenarios, where only a single factor at a time (either climate or LULC) is changed [START_REF] Mekonnen | Analysis of combined and isolated effects of land-use and land-cover changes and climate change on the upper Blue Nile River basin's streamflow[END_REF]. This framework is an approximation as hydrological responses to climate and LULC changes are non-linear.

However, it is simple, effective and has been previously used in various environments [START_REF] Yang | Identifying separate impacts of climate and land use/cover change on hydrological processes in upper stream of Heihe River, Northwest China[END_REF][START_REF] Yin | Effects of land use/land cover and climate changes on surface runoff in a semi-humid and semi-arid transition zone in northwest China[END_REF][START_REF] Wu | Detecting the quantitative hydrological response to changes in climate and human activities[END_REF][START_REF] Woldesenbet | Catchment response to climate and land use changes in the Upper Blue Nile sub-basins, Ethiopia[END_REF][START_REF] Berihun | Hydrological responses to land use/land cover change and climate variability in contrasting agroecological environments of the Upper Blue Nile basin, Ethiopia[END_REF][START_REF] Ji | What is the main driving force of hydrological cycle variations in the semiarid and semi-humid Weihe River Basin[END_REF][START_REF] Op De Hipt | Modeling the effect of land use and climate change on water resources and soil erosion in a tropical West African catch-ment (Dano, Burkina Faso) using SHETRAN[END_REF][START_REF] Chen | Impacts of land use change and climatic effects on streamflow in the Chinese Loess Plateau: A meta-analysis[END_REF][START_REF] Setti | Attribution of Hydrologic Changes in a Tropical River Basin to Rainfall Variability and Land-Use Change: Case Study from India[END_REF]. Considering two different periods ! and $ for example, change in the average annual runoff ∆ a!_a$ is given by Eq. (10):

∆Q a!_a$ 0 a$ 0 a! ∆ a!_a$, ∆ a!_a$, ∆ a!_a$, ⋅ (10) 
where 0 a! and 0 a$ are the average annual runoff values for periods ! and $ , ∆ a!_a$, and ∆ a!_a$, are the changes in average runoff attributed to climate and LULC changes, and ∆ a!_a$, ⋅ are changes in the average annual runoff attributed to the first-order interaction term between climate and LULC changes (and deemed to be negligible). Between 1952 and[START_REF] Karambiri | Crues et érosion hydrique au Sahel: étude et modélisation des flux d'eau et de matières sur un petit bassin versant pastoral au nord du Burkina Faso[END_REF], to evaluate the relative contributions of climate and LULC changes across the three sub-periods P1, P2 and P3, a series of 9 simulations (both integrating dynamic LULC changes), described in Table 3, was undertaken. (1952-1968) and P2 (1969-1990) periods. P2→P3 is the comparison between P2 and P3 (1991-2003) periods, whereas P1→P3 is the comparison between P1 and P3 periods.

Based on the results of these simulations, change in average annual runoff values attributed to climate (Δ a!_a$, ) and LULC changes (Δ a!_a$, ) were evaluated. The Eq. (11) gives, as an example for the transition from period ! to $ , the separation method:

e f g f h Δ a!_a$, a!_a$, a!,Q Δ a!_a$, a!_a$, a!,Q ∆ a!_a$, ⋅ a$,Q a!,Q (Δ a!_a$, Δ a!_a$, ) (11) 
Changes during the $ → c and ! → c transitions were also evaluated similarly to Eq. (10).

These absolute changes were then translated into relative contributions (in percentage), calculated as in Eq. ( 12):

e f f f g f f f h a!_a$, (%) 100 ⋅ Δ a!_a$, a$,Q a!,Q a!_a$, (%) 100 ⋅ Δ a!_a$, a$,Q a!,Q a!_a$, ⋅ (%) 100 ⋅ ∆ a!_a$, ⋅ a$,Q a!,Q (12) 
in which a!_a$, , a!_a$, and a!_a$, ⋅ are the isolated relative contributions of climate, LULC changes and first-order interaction of climate and LULC dynamics to changes in average annual runoff values between ! and $ periods.

Results

LULC change analysis from 1952 to 2017

The LULC maps of Tougou were analysed to quantify changes in the landscape and identify the major LULC trajectories from 1952 to 2017. [START_REF] Marchal | Yatenga: nord Haute-Volta: la dynamique d'un espace rural Soudano-Sahélien[END_REF][START_REF] Sawadogo | Evolution de l'occupation du sol de Ziga dans le Yatenga (Burkina Faso) à partir de photographies aériennes[END_REF]. Subsequently, in the Tougou watershed, cultivated areas and natural vegetation decreased, whereas bare/degraded underwent a striking increase (2.7%.yr - 1 ). In the 1990s, since rainfall recovered in the region, the population grew again to reach 5310 inhabitants in 2006 and is even projected to 7800 inhabitants in 2020, considering the demographic rate of about 2.5% in the region [START_REF] Insd | Recensement général de la population et de l'habitation (RGPH) de 2006 du Burkina Faso-Résultats définitifs[END_REF]. Since 1986, bare/degraded areas are mainly targeted for conversion to cultivated areas. This trend is the result of the wide range of soil conservation techniques adopted by farmers in response to the critical state of land degradation reached since the 1990s [START_REF] Sawadogo | Using soil and water conservation techniques to rehabilitate degraded lands in northwestern Burkina Faso[END_REF][START_REF] Barbier | Human vulnerability to climate variability in the Sahel: farmers' adaptation strategies in northern Burkina Faso[END_REF][START_REF] Nyamekye | Soil and Water Conservation in Burkina Faso, West Africa[END_REF][START_REF] Zouré | Etude des performances hydrologiques des techniques culturales dans un contexte de changement climatique en zone sahélienne du Burkina Faso[END_REF].. 

Calibration and validation of the SWAT model in base period (2004-2018)

Effect of static and dynamic LULC scenarios on calibrated model parameters

The SWAT model calibrated values for the selected parameters, along with their uncertainty range and their sensitivity rank in the model is given in Table 5. Parameterization indicates how the parameter was updated during calibration process in SWAT-CUP. Three (3) modes are possible : the relative mode (r__), in which the current value of the parameter is multiplied at each simulation by 1 X, X being a specified value; the value mode (v__), in which the current value of the parameter is replaced by a new value selected in a given interval; the absolute mode (a__) not used in this study, in which the current value of the parameter is incremented by a specified value [START_REF] Abbaspour | SWAT-CUP calibration and uncertainty programs for SWAT[END_REF].

Optimal values show the calibrated values for the parameters under SLU and DLU scenarios, associated with the uncertainty interval defining the uncertainty band (95PPU) around the simulated values. The thirteen (13) parameters are ranked in a decreasing order of global sensitivity, given in the rank column, ranging from 1 (more sensitive) to 13 (less sensitive).

The optimal values for some parameters differ from one scenario to another. The DLU scenario displays a lower CN2 (SCS curve number) than that of the SLU scenario, which suggests a higher runoff potential in the SLU scenario. The parameter SOL_K, translating the hydraulic conductivity, tends to be higher in SLU scenario than that of DLU, whereas SOL_AWC, which relates to the soil water content is not significantly different from one scenario to another. The parameter RCHRG_DP is higher in the DLU scenario, which indicates a larger share of infiltrated water from the root zone to the deep aquifer (recharge) in DLU scenario as compared to SLU. Conversely, the parameters GW_REVAP and REVAPMN obtained in the SLU scenario rather reflect a higher aptitude to re-evaporation from the deep aquifer to the root zone, as compared to the DLU scenario. As for the parameter ALPHA_BF, the higher value obtained in the SLU scenario indicates a rapid recession of the baseflow and therefore lower water retention in the aquifer in this scenario. In a nutshell, the SLU scenario pictures the Tougou watershed with a greater surface runoff potential, with little infiltration and reduced exchanges between groundwater and surface water. The DLU scenario, on the other hand, portrays a lower surface runoff potential, with a higher infiltration and deep recharge than the SLU scenario.

Evaluation of the model performance

The performance of the model calibrated under SLU and DLU scenarios is presented with the KGE index and the PBIAS criteria in Table 6. At daily and monthly timesteps, both SLU and DLU scenarios show a satisfactory performance in calibration and validation with respect to the KGE index. However, PBIAS is very satisfactory under the DLU scenario (in the range of -2.40% to 2.90%) as compared to the clear overestimation bias in SLU scenario (in the range of -14.30% to -7.30%) (Moriasi et al., 2015).

Regarding the uncertainties (Fig. 4), p-factor values obtained in DLU in calibration and validation (0.71 and 0.86 respectively) are higher than those obtained in SLU (0.62 and 0.79 respectively) at the daily time step. At the monthly time step, p-factor increases for both scenarios: 0.72 and 0.94 for the DLU scenario against 0.72 and 0.88 in the SLU scenario.

These results indicate that the 95PPU band defined in the DLU scenario consistently encompasses more observations than in SLU. However, with regard to the r-factor, the two scenarios present a 95PPU band of acceptable thickness at daily and monthly time steps as values for r-factor were less than 1.7 [START_REF] Abbaspour | A continental-scale hydrology and water quality model for Europe: Calibration and uncertainty of a high-resolution large-scale SWAT model[END_REF]. However, in the DLU scenario, the 95PPU band tends to be larger than in SLU scenario: 1.02 against 0.97 in the calibration period; 1.26 against 1.0 in the validation period for DLU and SLU respectively. Further details are presented in the Supplementary document, Figs. S10-S12. 

Hydrological balance of the Tougou watershed

Average daily runoff simulated in SLU and DLU scenarios over the period 2004-2018 was compared to the observed runoff based on their flow duration curves, presented in Fig. 5. The values obtained from the DLU scenarios are generally closer to the profile of observed values, whereas average daily runoff in SLU scenario overestimates observations for all exceedance probabilities (Fig. 5a). Relative errors for extreme runoff values (5-100 years return period) are presented in Fig. 5b, and vary from 14 to 49% in SLU scenario, but are significantly lower in DLU scenario (4 to 23%). The hydrological balance in SLU and DLU scenarios is presented in Fig. 6a. Actual evapotranspiration (AET) is greater in DLU (333.4 against 319.9 mm). The SLU scenario has a slightly lower percolation (PERC) (i.e. 114.3 against 119.7 mm), but a higher re-evaporation (REVAP) (i.e. 103.7 against 100.4 mm). Also, the deep recharge (DEEP_AQ) is lower in SLU scenario (i.e. 26.5 against 42.5 mm), but surface runoff (SURQ) is higher in the SLU scenario (i.e. 182.5 versus 163.7 mm). Groundwater runoff (GW_Q) is significantly higher in the DLU scenario (i.e. 41.8 against 26.0 mm). These differences appear to offset the water yield (WYLD) which remains of the same magnitude in both scenarios (i.e. 209 mm in SLU against 205.9 mm in DLU).

The average interannual surface runoff evaluated from the monitoring data is 164.7 ± 58.4

mm. With the SLU scenario, the simulated average is overestimated at 182.5 ± 62 mm (i.e. +10.8%), while in the DLU scenario, the average is slightly underestimated at 163.7 ± 60.2 mm (i.e -0.6%). Fig. 6b also shows that DLU better simulates the annual runoff pattern, with estimates closer to observations than the SLU scenario. Hence, the DLU scenario, which allows the LULC information to be updated during the simulation, better reproduces the observed runoff on average. A possible explanation for the differences in surface runoff in SLU and DLU scenarios can be proposed by examining the calibrated values of the CN2 parameter (which depicts the runoff potential) of the different LULC types considered in this study. For bare/degraded soils, the calibrated value for CN2 is 83.8±2.5, which is the highest runoff potential among LULC types present in the Tougou watershed. A decrease in bare/degraded areas (which is already observed over the period 1999-2017) leads to a decrease in surface runoff at the watershed scale. The calibrated CN2 value for natural vegetation is 67.3±5.7 and is significantly lower than that of cultivated soils (Student T-test at 5% level, p-value = 0.026). Also, this value is associated with higher variance, probably due to the diverse nature of the vegetation cover types on these soils [START_REF] Mounirou | Measuring runoff by plots at different scales: Understanding and analysing the sources of variation[END_REF][START_REF] Mounirou | Multi-scale analysis of runoff from a statistical perspective in a small Sahelian catchment under semi-arid climate[END_REF]. Therefore, a reduction in natural vegetation leads to an increase in runoff. However, as this LULC type represents the smallest portion of the space occupied in the Tougou watershed (i.e. 6 to 2.5% between 1999 and 2017), this effect is not perceptible on the overall runoff response. Cultivated areas have a calibrated CN2 of 76.5±6.3, which is intermediate between bare/degraded soils and natural vegetation. It should also be noted that this CN2 value is significantly lower than that of degraded soils (Student T-test at 5% level, p-value = 0.036), but significantly greater than that of natural vegetation (Student T-test at 5% level, p-value = 0.026). Therefore, if an increase in cultivated areas at the expense of natural vegetation is observed, it results in an increase in surface runoff. However, if it comes at the expense of degraded soils, surface runoff is expected to decrease.

Deep aquifer recharge (DEEP_AQ) was estimated in [START_REF] Koïta | Recharge Estimation of Hard Rock Aquifers under Sahelian Climate Conditions Using Water Table Fluctuation: Case Study of Tougou Catchment, Burkina Faso[END_REF] at 40.5 mm (on annual average) over the period 2010-2015, approximately 6.6% of annual rainfall in Tougou watershed. In the SLU scenario, deep aquifer recharge is 26.5 mm (4.3% of annual rainfall), compared to a value of 42.5 mm (6.5% of annual rainfall) obtained in DLU scenario. This process appears to be better represented (on average) when LULC changes are considered during the simulation (DLU scenario). As for actual evapotranspiration (AET), the values obtained are 319.9 mm (SLU) and (33.4 mm (DLU). The higher value in the DLU scenario is probably related to its larger share increase in cultivated areas. These values are overall close to estimates of 1-2 mm.d -1 reported by [START_REF] Niang | Fonctionnement hydrique de différents types de placages sableux dans le sahel burkinabè 167[END_REF] in northern Sahelian Burkina Faso. In 

Simulation of runoff in the historical period (1952-2003)

Simulation of the Sahelian paradox

The Fig. 7a shows the annual rainfall and simulated runoff over the 1952-2003 period under four scenarios with a static LULC map input (1952, 1973, 1986 and 1999) and a fifth scenario integrating dynamically LULC maps from 1952 to 1999. The comparison of results with static LULC conditions (SLU1952, SLU1973, SLU1986 and SLU1999) reveals that surface runoff increases with the share in bare/degraded soils. On the other hand, with dynamic LULC conditions (DLU_HIST), the annual runoff profile is close to that of SLU1952 (between 1952 and 1960), then closer to that of SLU1973 (i.e. between 1969SLU1973 (i.e. between and 1978)), then to that of SLU1986 (i.e. between 1986SLU1986 (i.e. between and 1995) ) and finally to that of SLU2000 (i.e. between 1996SLU2000 (i.e. between and 2003)).

The Fig. 7b compares the distribution of annual runoff values over the three sub-periods P1, P2 and P3 and for the different simulation scenarios. It can be observed that, under static LULC conditions (SLU1952, SLU1973, SLU1986, SLU1999), the average runoff in P3 period (i.e. 1991-2003) is always lower than that of the P1 period (i.e. 1952-1968).

Conversely, in the DLU_HIST scenario, in which LULC conditions are dynamic, a paradox appears between period P3 (with a higher average annual runoff: 134.2 ± 42.7 mm) and the period P1 (with a lower average annual runoff: 123.8 ± 41.9 mm), despite a decrease in annual rainfall in P3 period (by 13.5% pertaining to period P1). This observation is reminiscent of the Sahelian paradox observed in a handful of Sahelian hydro-systems, the causes of which are attributed to the combined effects of a deteriorating climate and the changes in soil surface conditions [START_REF] Albergel | Sécheresse, désertification et ressources en eau de surface : application aux petits bassins du Burkina Faso, in: The influence of climate change and climatic variability on the hydrologic regime and water resources[END_REF][START_REF] Karambiri | Crues et érosion hydrique au Sahel: étude et modélisation des flux d'eau et de matières sur un petit bassin versant pastoral au nord du Burkina Faso[END_REF][START_REF] Mahé | Augmentation récente du ruissellement de surface en région soudano-sahélienne et impact sur les ressources en eau[END_REF][START_REF] Mahé | The impact of land use change on soil water holding capacity and river flow modelling in the Nakambe River, Burkina-Faso[END_REF][START_REF] Mahé | 1896-2006 Sahelian annual rainfall variability and runoff increase of Sahelian Rivers[END_REF][START_REF] Gal | The paradoxical evolution of runoff in the pastoral Sahel: analysis of the hydrological changes over the Agoufou watershed (Mali) using the KINEROS-2 model[END_REF][START_REF] Descroix | Evolution of Surface Hydrology in the Sahelo-Sudanian Strip: An Updated Review[END_REF]. (1952-1968), P2 (1969-1990) and P3 (1991-2003) The analysis of the temporal evolution of the annual runoff simulated in DLU_HIST scenario (Fig. 7c) shows that during the period P1, the average runoff is 123.8 (± 41.9) mm, and is reduced to 91 (± 54.3) mm in the period P2 (relative decrease of 26.5%). Over the period P3, the average annual runoff increased to 134.2 (± 42.7) mm (relative increase of 47.4%).

The relative changes in annual average for various hydrological processes in the historical period are presented in Table 7. Changes in rainfall between P1, P2 and P3 subperiods (decrease of 26.5% in P1→P2, increase of 25.6% in P2→P3, overall decrease of 7.7% in P1→P3) were significant, whereas fluctuations in average annual PET were less pronounced. During P1→P2 transition, the loss of natural vegetation and the increase in bare/degraded soils induced a significant decrease in actual evapotranspiration (15.2%), percolation (55.5%), surface runoff (26.4%), lateral flow (41.3%) and water yield (34.8%). In the P2→P3 transition, the significant rainfall recovery, coupled with the increase in cultivated soils induced a significant increase in actual evapotranspiration (15.6%), percolation (44.6%), surface runoff (47.4%), lateral flow (59.5%) and water yield (44.6%). Overall, in the P1→P3 transition, the significant decrease in rainfall and the LULC changes (loss of natural vegetation, increase in bare/degraded and cultivated soils) resulted in a significant decrease in actual evapotranspiration (1.9%), percolation (35.7%), lateral flow (6.4%) and water yield

(5.7%); however, an increase in surface runoff (8.3%) occurred (Supplementary document, Fig. S13). 

Modes of variability of rainfall and surface runoff

The modes of variability of rainfall and runoff are depicted in the wavelet power spectra shown in Fig. 8, superimposed with standardized annual values. Standardized rainfall values are decreasing from 1952 up to the mid-1970s. Between 1975mid-1970s. Between and 1990, the values remained low on average but presented a higher variability. In the 1990s, an increase in rainfall is observed (Fig. 8a). An increased variability in the standardized annual runoff in the 1970s is observed, followed by an increase in the surface runoff after the 1990s (Fig. 8b). The annual rainfall continuous wavelet power spectrum (Fig. 8c) shows high and significant interannual fluctuations (2-4 year band) in 1975-1983 and in 1986-1995. These fluctuations are superimposed on a hint of fluctuation in the early 1960s in the 4-6 year band; then a strong quasi-decadal fluctuation (6-8 year band) and a multi-decadal fluctuation (12-16 year band) in 1970-1990, although being not significant. These findings are consistent with previous studies pertaining to the Sahelian rainfall regime [START_REF] Lebel | Recent trends in the Central and Western Sahel rainfall regime (1990-2007)[END_REF]. The annual runoff wavelet power spectrum (Fig. 8d) shows significant inter-annual fluctuations in 1975-1982 and in 1990-2000 in the 2-4 year band that appears to be modulated by rainfall variability, but to some extent by at least other factors, probably the watershed properties. Likewise, significant fluctuations in runoff are observed in the early 1960s in the 4-6 year band (Fig. considered in the analysis [START_REF] Sidibe | Interannual to Multi-decadal streamflow variability in West and Central Africa: Interactions with catchment properties and large-scale climate variability[END_REF]. Within the COI, the thin black contours designate fluctuations with a 10% significance level against red noise.

Separation of climate and LULC contributions to runoff

The isolated effects of climate and LULC change on runoff over the historical period are presented in Table 8. During the transition from period P1 to P2, a decrease in the average annual runoff of 32.8 mm (26.5% pertaining to P1) is observed and results from the contributions of the declining rainfall ( = -188.4%), slightly offset by LULC changes ( = 96.7%). On overall on the P1→P2 transition, the influence of climate on runoff is dominant and is opposed to the influence of LULC changes.

From the period P2 to the period P3, the recovery in annual rainfall (i.e. an increase of 123.1 mm, 25.7% pertaining to P2) and also in runoff (increase of 43.1 mm, 47.4% pertaining to P2) is observed. It is worth noting that during this transition, the increase in runoff is larger than the decrease observed in the previous transition (from P1 to P2). Moreover, the increase in runoff appears to be the combination of both effects of climate variability (in higher relative proportion) and LULC changes, which contributed positively in respective relative proportions of = 75% and = 19%.

Overall, from P1 to P3, a decrease in rainfall of 50.2 mm (7.7% pertaining to P1) and a paradoxical increase in annual runoff of 10.4 mm (8.4% pertaining to P1) are observed. The runoff increase is the result of the decrease induced by the rainfall ( = -297%) and the higher increase induced by LULC changes ( = 393.1%).

These observed trends of surface runoff evolution are consistent with the observed LULC dynamics in the Tougou watershed. The transition from P1 to P2 periods is a time slice dominated by natural vegetation, which favours infiltration at the expense of runoff. Between 1969 and 1990, natural vegetation was converted to bare/degraded soils, which led to an increase in surface runoff potential. After 1990, bare/degraded soils were converted to cultivated areas, which are of intermediate runoff potential. Given that cultivated areas on average during periods P1 and P3 are of similar magnitude, it can be considered that the loss of natural vegetation to bare/degraded soils and cultivated areas could be held responsible for the increase in surface runoff despite the decrease in rainfall.

Discussion

The main contributions of this study are the quantification of the added value of hydrological modelling with dynamical LULC input through the SWAT model. It was found that the temporal patterns of hydrological processes, especially surface runoff, are better represented and quantified on average when accounting for changes in LULC during the simulation period. The study also shows that integrating dynamical LULC input is critical at picturing effectively the Sahelian hydrological paradox in the Tougou watershed, which is an interesting and key insight for further modelling studies in Sahelian environments. Finally, the isolated contributions of climate (i.e., rainfall) and LULC change to runoff variation in Tougou watershed were evaluated between P1, P2 (1969-1990) and P3 (1991-2003) periods.

The dominant role of LULC in runoff evolution between P1 and P3 period is highlighted and quantified.

changes occurring in the landscape within this time frame are expected to be significant enough to affect hydrology.

The LUP module in SWAT was used in several studies and in general, an increase in accuracy has been reported in the simulation of hydrological processes compared to the use of static LULC: 2.9% in the estimation of flood quantiles [START_REF] Koch | The Effects of land use change on hydrological responses in the choke mountain range (Ethiopia)-a new approach addressing land use dynamics in the model SWAT, in: Managing Resources of a Limited Planet[END_REF]; 13% and 15% respectively on the prediction of runoff and groundwater flow [START_REF] Pai | SWAT2009_LUC: A Tool to Activate the Land Use Change Module in SWAT 2009[END_REF]; 1.2 to 12% on daily discharges [START_REF] Lamparter | Modelling hydrological impacts of agricultural expansion in two macro-catchments in Southern Amazonia, Brazil[END_REF]; 36% and 40% on runoff and sediment respectively [START_REF] Moriasi | SWAT-LUT: A Desktop Graphical User Interface for Updating Land Use in SWAT[END_REF]. An improvement in performance indicators (NSE, PBIAS, KGE) was also reported in the calibration and validation periods with dynamic LULC input [START_REF] Teklay | Evaluation of static and dynamic land use data for watershed hydrologic process simulation: A case study in Gummara watershed, Ethiopia[END_REF]. On the other hand, [START_REF] Lee | Development of advanced web-based SWAT LUC system considering yearly land use changes and recession curve characteristics[END_REF] did not notice any significant improvements on the performance indicators with dynamical LULC input but reported, instead, a better representation of the temporal patterns of runoff, baseflow and groundwater recharge. Moreover, [START_REF] Wagner | Dynamic integration of land use changes in a hydrologic assessment of a rapidly developing Indian catchment[END_REF] showed that a dynamic representation of LULC is necessary when LULC changes are non-linear changes over the simulation period. But when LULC changes are monotonic over time, a static representation is likely to produce equally good results. In this study, however, despite the linear evolution of LULC types during the base period, the DLU scenario was found to produce significantly better simulation results.

Impact of climate and LULC changes on runoff

The comparison of the average runoff between different sub-periods in this study helped to identify a paradoxical evolution of surface runoff in the Tougou watershed. From the results, the static land use scenario always grasped the surface runoff increase trend from P2 period (1969-1990) to P3 period (1991-2003), because of the increase in rainfall. However, with the dynamic representation of LULC changes, runoff in P3 (1991-2003) period becomes even slightly higher than in P1 (1952)(1953)(1954)(1955)(1956)(1957)(1958)(1959)(1960)(1961)(1962)(1963)(1964)(1965)(1966)(1967)(1968)) period, as described as in the hydrological Sahelian paradox [START_REF] Albergel | Sécheresse, désertification et ressources en eau de surface : application aux petits bassins du Burkina Faso, in: The influence of climate change and climatic variability on the hydrologic regime and water resources[END_REF][START_REF] Karambiri | Importance of soil surface characteristics on water erosion in a small grazed Sahelian catchment[END_REF][START_REF] Mahé | The impact of land use change on soil water holding capacity and river flow modelling in the Nakambe River, Burkina-Faso[END_REF][START_REF] Diello | Interrelation climat-homme-environnement dans le Sahel Burkinabé: impacts sur les états de surface et la modélisation hydrologique[END_REF][START_REF] Paturel | Using land cover changes and demographic data to improve hydrological modeling in the Sahel: Improving hydrological modelling in the Sahel[END_REF]. Also, LULC changes in the historical period in this study clearly exhibit non-linear trends, especially bare/degraded and cultivated soils, during P2 and P3 periods. Such nonlinear trends, as well as the associated interaction effects are explicitly integrated in the dynamic scenario and might further explain the improved simulation results obtained in this scenario.

This study highlighted that the changes observed in surface runoff and attributable to LULC dynamics were mainly due to the conversion of natural vegetation. [START_REF] Séguis | Simulated impacts of climate change and land-clearing on runoff from a small Sahelian catchment: Climatic and anthropogenic effects on Sahelian runoff[END_REF], for example, showed that the loss of natural vegetation, replaced by cultivated areas in the Wankama watershed (Niger), led to an increase in surface runoff of about 30 to 70% between the periods 1950-1975 and 1975-1992. Similarly, several other studies [START_REF] Casenave | A runoff capability classification system based on surface features criteria in semi-arid areas of West Africa[END_REF][START_REF] Karambiri | Importance of soil surface characteristics on water erosion in a small grazed Sahelian catchment[END_REF][START_REF] Leblanc | Land clearance and hydrological change in the Sahel: SW Niger[END_REF][START_REF] Mounirou | Measuring runoff by plots at different scales: Understanding and analysing the sources of variation[END_REF][START_REF] Mounirou | Multi-scale analysis of runoff from a statistical perspective in a small Sahelian catchment under semi-arid climate[END_REF] have also pointed the dominant role of land clearance in runoff production in the context of Sahelian soils. [START_REF] Valentin | Responses of soil crusting, runoff and erosion to fallowing in the sub-humid and semi-arid regions of West Africa[END_REF] explained that the loss of plant cover leads to changes in the soil surface hydraulic properties. Bare/degraded soils in Sahelian landscapes tend to develop crusts at the surface under the action of erosive agents, which further limits infiltration and promotes surface runoff.

It is recognized in Sahelian rural hydrology that runoff remains controlled by climate and LULC conditions [START_REF] Diello | Interrelation climat-homme-environnement dans le Sahel Burkinabé: impacts sur les états de surface et la modélisation hydrologique[END_REF][START_REF] Mahé | 1896-2006 Sahelian annual rainfall variability and runoff increase of Sahelian Rivers[END_REF][START_REF] Amogu | Increasing River Flows in the Sahel?[END_REF][START_REF] Karambiri | Assessing the impact of climate variability and climate change on runoff in West Africa: the case of Senegal and Nakambe River basins[END_REF]Descroix et al., 2012;[START_REF] Amogu | Runoff evolution due to land-use change in a small Sahelian catchment[END_REF], although the relative contributions of these factors have been very little investigated yet. [START_REF] Aich | Comparing impacts of climate change on streamflow in four large African river basins[END_REF][START_REF] Aich | Climate or Land Use?-Attribution of Changes in River Flooding in the Sahel Zone[END_REF] showed that [START_REF] Lioubimtseva | A multi-scale assessment of human vulnerability to climate change in the Aral Sea basin[END_REF]. In the Tarim river basin (in China), however, a decrease in surface runoff between 1960-1972 and 1973-2015 was observed, for which LULC changes and anthropogenic activities were found to be the major causes over climate variability [START_REF] Xue | Identification of potential impacts of climate change and anthropogenic activities on streamflow alterations in the Tarim River Basin[END_REF].

Limitations of the study

In this study, some limitations should be acknowledged. LULC information for the historical period comes from two separate sources: LULC maps of the Tougou watershed in 1952 and 1973 from [START_REF] Marchal | Yatenga: nord Haute-Volta: la dynamique d'un espace rural Soudano-Sahélien[END_REF]and LULC maps of 1986and LULC maps of , 1999and LULC maps of , 2009 and 2017 derived from the classification of Landsat satellite data. It should be mentioned that these maps are inevitably marred by inaccuracies related to the processing chain.

Also, hydrological modelling is carried with fixed model parameters during the observation period (2004)(2005)(2006)(2007)(2008)(2009)(2010)(2011)(2012)(2013)(2014)(2015)(2016)(2017)(2018) and the historical period . As such, hydrological processes are simulated in a fashion which might not necessarily reflect a potential break in the hydrological behaviour of the watershed. This form of stationarity is inherent to hydrological models and can be addressed through time-varying parameters [START_REF] Pathiraja | Time-varying parameter models for catchments with land use change: the importance of model structure[END_REF][START_REF] Li | Spatiotemporal impacts of land use land cover changes on hydrology from the mechanism perspective using SWAT model with time-varying parameters[END_REF]. In this study, an explicit integration of the LULC dynamics was preferred, assuming that LULC properties remain invariant in time, which hypothesis might not entirely hold [START_REF] Thirel | Hydrology under change: an evaluation protocol to investigate how hydrological models deal with changing catchments[END_REF]. Our approach is, however, simpler to implement, while the observed changes in hydrological processes can be intuitively linked to variations in LULC conditions.

Finally, it should be noted that the framework used in this study to isolate the climate and LULC impacts on runoff changes assumes these factors are independent; and that specific catchment properties (topography, soil types) are invariant over time, which could have (to a lesser extent) affected our results.

Despite these limitations and assumptions, the findings in this study deliver interesting insights into the practice of hydrological modelling, especially regarding the adoption of dynamical integration of LULC information.

Conclusions

In this study, the added value of hydrological modelling with dynamical LULC input was assessed. With the SWAT model, two modelling scenarios were compared during the monitoring period 2004-2018 in the Tougou watershed under semi-arid climate: a first scenario using a static LULC map in 1999; a second scenario, dynamically integrating LULC maps in 1999, 2009 and 2017. Both scenarios showed satisfactory performance in calibration (and validation), although the dynamic LULC scenario performs higher overall and was found to be more accurate (on average). The static scenario, however, presents systematic overestimation of surface runoff and underestimates of infiltration and recharge.

Using calibrated model parameters, surface runoff was reconstituted for the historical period from 1952 to 2003. Three sub-periods were further identified, corresponding to different ecohydrological situations of the watershed: a first pre-drought and wet period (1952)(1953)(1954)(1955)(1956)(1957)(1958)(1959)(1960)(1961)(1962)(1963)(1964)(1965)(1966)(1967)(1968), a second drought period ) and a third post-drought and wet period (1991)(1992)(1993)(1994)(1995)(1996)(1997)(1998)(1999)(2000)(2001)(2002)(2003). It was first demonstrated that the so-called Sahelian hydrological paradox reported in a handful of hydro-systems in the region could only be reproduced with a dynamic LULC integration.

Second, between these three sub-periods, the isolated effects of climate and LULC conditions were evaluated. During the transition from the first (wet) to the second (drought) period, the decrease in rainfall mainly contributed to the reduction of runoff. However, this effect was attenuated by the significant loss of natural vegetation, which was replaced by bare/degraded soils, resulting in increasing runoff. From the second (drought) period to the third (wet) period, the rainfall recovery and the increase in bare/degraded areas contributed to the increase in runoff. The comparison of the first (wet) period (i.e. 1952-1968) and the third (wet) one (i.e. 1991-2003) revealed an increase in runoff despite the reduction in rainfall.

Finally, over the historical period, LULC conditions play a dominant role in surface runoff change. Therefore, it can be concluded that the conversion of natural vegetation into cultivated areas led to a significant increase in the runoff potential of the Tougou watershed.

This study highlights new considerations for the implementation and use of hydrological models. It turns out that the performance of hydrological models is related to the consideration of spatio-temporal evolution in LULC conditions. The findings of this study are relevant for hydrologists and to a larger extent, for water resource managers, as they argue for dynamic integration of LULC information in hydrological modelling, especially in the case of rapidly changing watersheds.

Fig. 1 .

 1 Fig. 1. Location of the Tougou watershed in northern Burkina Faso, within the Yatenga province. (a) Elevation, hydrography and location of raingauges (PA1 through PA5) used for rainfall monitoring in the watershed from 2004 to 2018. (b) Soil types map in the watershed (IGB, 2002). (c) Slope map, derived from elevation data (ASTER GDEM v3; Spacesystems, 2019).

  was selected to simulate hydrological processes in Tougou watershed. SWAT is an open-source, physically-based and semi-distributed model. It simulates hydrology at the scale of a Hydrological Response Unit (HRUs), which is a lumped area defined as a unique combination of soil type, slope class and LULC type within a sub-basin. SWAT simulates the hydrological cycle based on the water balance as given by Eq. (1):

Fig. 2 .

 2 Fig. 2. LULC categories adopted in this study. (a, b) Bare/degraded soils (Dg). (c, d) Cultivated areas (Cv). (e, f) Natural vegetation (NVg). Photographs in panels a, c and e were taken during the dry season (in May 2017), whereas panels b, d, f were pictured during the rainy season (in August 2017).

  estimated daily rainfall in Tougou watershed on day > ∈ {1,2, … ,365 (BC 366)} in dekad 5 and ,/ 4 is the observed daily rainfall at Ouahigouya station on the same day > (Supplementary document, Figs. S3-S4). Daily minimum, maximum temperatures and Penman-Monteith PET data monitored at Ouahigouya station (1961-2003) were also used as input to the model. Missing values from 1952 to 1960 were simulated with the SWAT model built-in stochastic weather generator. The estimated annual rainfall values at Tougou from 1952 to 2003 are presented in Fig. 3a.

  breakpoints, the data was successfully checked for normality with the Shapiro-Wilk (p-value = 0.649) and Anderson-Darling tests (p-value = 0.613) at the 5% level. The years 1968 and 1990 were identified as breakpoints with significant changes in average annual rainfall. Three sub-periods were then defined for further analysis: the period P1, from 1952 to 1968, with an average annual rainfall of 652.3 mm; the period P2, from 1969 to 1990, with an average annual rainfall of 479.0 mm; and the period P3, from 1991-2003, with an average annual rainfall of 602.1 mm. Annual PET values from 1952 to 2003 are shown in Fig. 3b, with no significant breakpoints.

Fig. 3 .

 3 Fig. 3. Annual rainfall and PET historical period from 1952 to 2003 in Tougou watershed. (a) Annual rainfall values and averages for different time periods: P1(1952-1968), P2 (1969-1990) and P3 (1991-2003) sub-

  and the Segmentation Neighbourhood (b) Annual PET and averages in P1, P2 and P3 periods. No significant breakpoints were detected in annual PET values between 1952 and 2003.

Fig. 4 .

 4 Fig. 4. Simulated runoff values (at the monthly time step) during the 2006-2018 period: (a) SLU scenario and (b) DLU scenario. Monthly values were obtained by summing over months the daily raw outputs from simulations.

Fig. 5 .

 5 Fig. 5. Comparison and error estimation between simulated and observed runoff in SLU and DLU scenarios. (a) Flow duration curve for daily average runoff during 2006-2018 period. FDC curve for DLU scenario is closer to the curve for observed values. (b) Assessment of relative errors in SLU and DLU scenarios for extreme runoff values (return periods of 5-100 years).

  comparison, Koïta et al. (2017) evaluated annual AET values of 323-350 mm.yr -1 over the 2010-2015 period in the Tougou watershed.

Fig. 6 .

 6 Fig. 6. Annual hydrological balance simulated in SLU and DLU scenario. (a) Hydrological balance in the 2006-2018 period. SLU scenario simulates less actual evapotranspiration, percolation, groundwater discharge and deep aquifer recharge, but overestimates surface runoff. (b) Annual runoff during 2006-2018, simulated in SLU and DLU scenarios. Systematic overestimation in SLU scenario is clearly pictured, whereas annual DLU

Fig. 7 .

 7 Fig. 7. Simulated annual runoff in the historical period (1952-2003). (a) Annual runoff simulated in static LULC scenarios (SLU1952, SLU1973, SLU1986, SLU1999) and DLU scenario (DLU_HIST). (b) Boxplots comparing the distribution of annual runoff values in P1(1952-1968), P2 (1969-1990) and P3 (1991-2003) sub-periods in

  sub-periods in static and dynamic LULC scenarios. The boxplots read as follows: the lower horizontal bar is the minimum value in the distribution, followed by Q1 (25 th percentile) median, Q3 (75 th percentile) and maximum. Triangle arrow-up black dots represent the average of the distribution. In all static scenarios, runoff decreases from P1 to P3 period. However, the Sahelian paradox is reproduced with the DLU_HIST scenario. (c) Annual runoff simulated in DLU_HIST scenario, showing the change in average annual runoff between P1, P2 and P3 subperiods.

  8d), followed by significant fluctuations in 1975-1985 in the 6-8 year band. These significant signals follow the patterns observed in rainfall fluctuation (Fig. 8c) and at similar timescales.In definitive, it appears that runoff is primarily driven by rainfall in the Tougou watershed and is mostly driven by inter-annual to quasi-decadal fluctuations. Secondly, fluctuations are more significant in surface runoff and are also persistent in the longer term, which suggest that watershed properties (i.e. LULC changes) further modulate surface runoff variability, as it was also suggested by[START_REF] Sidibe | Interannual to Multi-decadal streamflow variability in West and Central Africa: Interactions with catchment properties and large-scale climate variability[END_REF] for hydro-systems in the West-African Sahelian region.

Fig. 8 .

 8 Fig. 8. Modes of variability in rainfall and runoff during the historical period (1952-2003) in Tougou watershed. (a, b) Standardized rainfall and runoff (respectively) series. (c, d) Continuous wavelet power spectra of rainfall and runoff (respectively). The thick black contour designates the limits of the cone of influence (COI) (in which edge effects might distort the picture), out of which fluctuations are shown with a darker shade and were not

  climate and LULC change had a roughly equal contribution to the increased frequency of floods in the Sahelian part of the Niger basin (downstream of Diré, in Mali).[START_REF] Sidibe | Interannual to Multi-decadal streamflow variability in West and Central Africa: Interactions with catchment properties and large-scale climate variability[END_REF] highlighted that in the West African Sahel, LULC change (i.e., land degradation) was a major driver in surface runoff fluctuations over the period, further amplified by climate variability. Our study, however, highlighted contrasting effects of climate and LULC changes as over the historical period, it was found that the climate had a dominant effect, first attenuated (in the wet period 1952-1968) and then heightened (during the drought period by LULC changes. Outside the Sahel region, in other arid environments, climate variability was found to be a major driver in runoff evolution. Relevant examples include the Aral Sea basin (in Central Asia) where the increase in temperatures and PET had a dominant effect over the LULC changes during the 1960-2000 period, resulting in heightened desiccation of the Aral Sea

Table 1 .

 1 Input data for the SWAT model in Tougou watershed.

	Input data	Description	Details	Source
		Digital elevation model (DEM)		
	Elevation		30x30m (Fig. 1a)	(Spacesystems,
		ASTER GDEM v3		
				2019)
	Slope	Derived from DEM data	30x30 m (Fig. 1c)	
			resampled to 30x30m	
	Soil type	National soil map dataset (1:1,000,000)		(IGB, 2002)
			(Fig. 1b)	
		Field surveys, aerial photographs	1952, 1973	(Marchal, 1983)
	LULC			in this study, see
		Landsat images supervised classification	1986, 1999, 2009, 2017	
				section 2.3.2.
		Daily records at Ouahigouya station	1952-2017	ANAM
	Rainfall			
		Daily records in Tougou watershed	2004-2018	Monitoring
		Daily minimum and maximum records at		
	Temperature		1961-2017	ANAM
		Ouahigouya station		
	PET	Daily records at Ouahigouya station	1961-2017	ANAM
	Runoff	Daily records at Tougou watershed outlet	2004-2018	Monitoring
	ANAM: National Meteorology Agency in Burkina Faso.		

Table 2 .

 2 List of selected SWAT model parameters for sensitivity analysis in Tougou watershed.

				Initial	
	N°	Parameter	Description		Unit
				range	
	1	CN2	SCS Curve Number (Mockus, 1972)	25 -98	-
	2	SOL_AWC	Available soil water content	0 -1	-
	3	ESCO	Soil evaporation compensation factor	0 -1	-
	4	EPCO	Plant uptake compensation factor	0 -1	-
	5	CH_N2	Manning's n roughness value for the main channel	0.01 -0.3	[s.m -1/3 ]
	6	CH_K2	Effective hydraulic conductivity in main channel alluvium	0 -300	[mm.hr -1 ]
	7	REVAPMN	Threshold depth of water for "revap" to occur	0 -500	[mm]
	8	OV_N	Manning's n roughness for overland flow	0.01 -30	[s.m -1/3 ]
	9	SOL_K	Saturated hydraulic conductivity	0 -300	[mm.hr -1 ]
	10	ALPHA_BF	Baseflow recession constant	0 -1	[d -1 ]
	11	RCHRG_DP	Deep aquifer percolation fraction	0 -1	-
	12	GW_REVAP	Groundwater "revap" coefficient	0.02 -0.2	-
	13 GW_DELAY	Groundwater delay time	0 -500	[d]
	14	CANMX	Maximum canopy storage	0 -100	[mm H2O]

Table 3 .

 3 Simulations scenarios used to separate contribution of climate and LULC change to runoff.

	Simulation	Climate	LULC	Response	Description
		S1	1952-1968	1952-1968	a!,Q	LULC and climate data from 1952-1968 period
	P1→P2	S2 S3	1969-1990 1952-1968	1952-1968 1969-1990	a!_a$, a!_a$,	Changing climate while holding LULC constant Changing LULC while holding climate constant
		S4	1969-1990	1969-1990	a$,Q	LULC and climate data from 1969-1990 period
		S4	1969-1990	1969-1990	a$,Q	LULC and climate data from 1969-1990 period
		S5	1991-2003	1969-1990	a$_ac,	Changing climate while holding LULC constant
	P2→P3	S6 S7	1969-1990 1991-2003	1991-2003 1991-2003	a$_ac, ac,Q	Changing LULC while holding climate constant LULC and climate data from 1991-2003 period
		S1	1952-1968	1952-1968	a!,Q	LULC and climate data from 1952-1968 period
	P1→P3	S8 S9	1991-2003 1952-1968	1952-1968 1991-2003	a!_ac, a!_ac,	Changing climate while holding LULC constant Changing LULC while holding climate constant
		S7	1991-2003	1991-2003	ac,Q	LULC and climate data from 1991-2003 period
	P1→P2 refers to the comparison between P1	

Table 4

 4 

	describes the fractions of each

occurred, as a result of the severe droughts which occurred in the Sahel region

Table 4 .

 4 LULC share and changes from 1952 to 2017 in Tougou watershed.

	LULC	1952	1973	LULC distribution (%) 1986 1999	2009	2017
	NVg	46.0	29.0	6.7	6.6	5.7	2.5
	Dg	3.0	12.0	46.9	44.8	36.4	33.6
	Cv	51.0	59.0	46.4	48.6	57.9	63.9
	Periods	1952-1973	1973-1986	LULC change (%) 1986-1999 1999-2009	2009-2017	1999-2017
	NVg	-17.0	-22.3	-0.1	-0.9	-3.3	-4.2
	Dg	+9.0	+34.9	-2.2	-8.4	-2.7	-11.1

Table 5 .

 5 Fitted values for the SWAT model parameters in SLU and DLU scenarios in Tougou watershed.

	Parameterization

Initial range Optimal values -SLU value [range] Rank Optimal values -DLU value [range]

  

						Rank
	r__CN2	± 30%	-0.0693 [-0.249 ; 0.057]	1	-0.0787 [-0.249 ; 0.057]	1
	v__EPCO	0 -1	0.2005 [0.091 ; 0.402]	2	0.2036 [0.091 ; 0.402]	2
	r__SOL_K	± 30%	0.2211 [-0.157 ; 0.272]	3	-0.0232 [-0.157 ; 0.272]	3
	v__GW_DELAY	0 -500	27.562 [25.203 ; 53.799]	4	52.584 [25.203 ; 53.799]	4
	v__RCHRG_DP	0 -1	0.2317 [0.078 ; 0.239]	5	0.3566 [0.078 ; 0.239]	5
	v__GW_REVAP	0.02 -0.2	0.1409 [0.065 ; 0.156]	6	0.0948 [0.065 ; 0.156]	6
	r__OV_N	± 30%	-0.2994 [-0.595 ; 0.152]	7	-0.3038 [-0.595 ; 0.152]	7
	v__CH_K2	0 -300	65.128 [23.66 ; 114.30]	8	50.173 [23.66 ; 114.30]	8
	r__SOL_AWC	0 -0.5	0.3466 [0.326 ; 0.405]	9	0.3707 [0.326 ; 0.405]	9
	v__REVAPMN	0 -500	259.90 [247.69 ; 416.06]	10	344.08 [247.69 ; 416.06]	10
	v__CH_N2	0.01 -0.3	0.2357 [0.175 ; 0.287]	11	0.178 [0.175 ; 0.287]	12
	v__ALPHA_BF	0 -1	0.493 [0.367 ; 0.790]	12	0.3791 [0.367 ; 0.790]	11
	v__ESCO	0 -1	0.9973 [0.966 ; 1.000]	13	0.9879 [0.966 ; 1.000]	13

Table 6 .

 6 Performance evaluation and model uncertainties in SLU and DLU scenarios. 

	Performance	SLU scenario	DLU scenario
	Timescale				
	metric	Calibration	Validation	Calibration	Validation
	KGE	0.84	0.86	0.95	0.94
	PBIAS (%)	-14.30	-7.30	-2.30	2.90
	Daily				
	p-factor	0.62	0.79	0.71	0.86
	r-factor	0.48	0.47	0.55	0.60
	KGE	0.82	0.92	0.83	0.90
	PBIAS (%)	-14.30	-7.50	-2.40	2.70
	Monthly				
	p-factor	0.72	0.88	0.72	0.94
	r-factor	0.97	1.00	1.02	1.26
	For the daily time step, performance criteria were evaluated using the daily raw outputs from the SLU and DLU
	scenarios, since the model was run at the daily time step. The monthly time step values were obtained by
	aggregating the daily raw outputs (by summation over months) prior to the calculation of performance metrics.

Table 7 .

 7 Relative change in annual average for hydrological processes between P1, P2 and P3 sub-periods.

	Hydrological		Relative change (%)	
	Processes	P1→P2	P2→P3	P1→P3
	Rainfall	-26.5%*	25.6%*	-7.7%*
	PET	-2.1%	1.7%	-0.5%
	AET	-15.2%*	15.6%*	-1.9%*
	SW	2.3%	3.2%*	5.5%*
	PERC	-55.5%*	44.6%*	-35.7%*
	SURQ	-26.4%*	47.4%*	8.3%
	LATQ	-41.3%*	59.5%*	-6.4%*
	WYLD	34.8%*	44.6%*	-5.7%
	The asterisk (*) indicates significant relative changes in annual average value (non-parametric Mann-Whitney
	U test at the 5% level).			

Table 8 .

 8 Isolated effects of climate and LULC change to runoff during 1952-2003 period on Tougou watershed.The values of ∆P and ∆Q were calculated as a difference in the average annual rainfall or runoff between two given periods. ∆Qcl, ∆Qlulc and ∆Q(cl⋅lulc) were calculated as defined in Eq. (11), whereas ηcl, ηlulc and η(cl⋅lulc) were calculated according to Eq. (12).

		ΔP	ΔQ	ΔQcl	ΔQlulc	Δ(cl⋅lulc)	ηcl	ηlulc	η(cl⋅lulc)
	Transition								
		(mm)	(mm)	(mm)	(mm)	(mm)	(%)	(%)	(%)
	P1→P2	-173.3	-32.7	-61.8	31.7	-2.7	-188.4%	96.7%	-8.2%
	P2→P3	123.1	43.1	32.4	8.2	2.6	75.0%	19.0%	6.0%
	P1→P3	-50.2	10.4	-30.9	40.9	-0.4	-297.0%	393.1%	3.9%
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Calibration of the SWAT model with static and dynamic LULC inputs

In this study, two modelling scenarios were compared: one integrating a static LULC input (SLU) (in 1999) on the Tougou watershed; the other integrating dynamic LULC inputs (in 1999, 2007 and 2017). From 1999 to 2017, the major LULC change observed in the watershed is the conversion of bare/degraded soils into cultivated areas, which decreases surface runoff. The two scenarios (SLU, DLU) presented satisfactory performances in calibration and validation, However, with significantly higher biases in the SLU scenario at different time scales (daily, monthly, annual). This seems to corroborate the hypothesis that the integration of LULC dynamics provides a better representation of the temporal patterns of hydrological processes. Interestingly, the satisfactory performance of the SLU scenario is reminiscent of the equifinality issue often arising with distributed and physically-based models, namely that might be several distinct optimal combinations of models parameters [START_REF] Abbaspour | A continental-scale hydrology and water quality model for Europe: Calibration and uncertainty of a high-resolution large-scale SWAT model[END_REF], regardless to their physical meaning. It is therefore advisable to analyse the outputs of the model from the perspective of several processes simultaneously to minimise such issues. In this study, for example, it was shown that the DLU scenario better depicted on average surface runoff, actual evapotranspiration and deep aquifer recharge based on the findings of previous research carried out in the Tougou watershed [START_REF] Koïta | Recharge Estimation of Hard Rock Aquifers under Sahelian Climate Conditions Using Water Table Fluctuation: Case Study of Tougou Catchment, Burkina Faso[END_REF][START_REF] Zouré | Modelling the water balance on farming practices at plot scale: Case study of Tougou watershed in Northern Burkina Faso[END_REF] and the region [START_REF] Niang | Fonctionnement hydrique de différents types de placages sableux dans le sahel burkinabè 167[END_REF].

It is also instructive to note that the differences between the SLU and DLU scenarios are quite small, even non-existent on a daily time step, but become sharper at monthly and annual timescales, meaning that by accumulating small differences, they become significant at larger timescales [START_REF] Fohrer | Hydrologic Response to land use changes on the catchment scale[END_REF]. In this study, the LULC information was updated roughly every ten (10) years. Similarly, [START_REF] Wagner | Comparing the effects of dynamic versus static representations of land use change in hydrologic impact assessments[END_REF] showed that updating LULC data by time steps of 5-9 years is sufficient to improve the modelling of hydrological processes since