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ARTICLE INFO ABSTRACT
Keywords: Study region: Nakanbé River watershed in the West Africa Sahel (WAS).
Climate change Study focus: This study aims to better understand the hydrological behavior of WAS watersheds,

Environmental change
Climate-environment interaction
Budyko framework

Sahelian hydrological paradox
Nakanbé River watershed

which experienced Sahelian hydrological paradoxes (SHP). Budyko framework was employed to
evaluate the impact of climate change, environmental change and climate-environment interac-
tion on surface runoff change in seven nested watersheds (38 — 21,178 km2) over the period
1965-2018.

New hydrological insights for the region: Based on time-series stationarity statistical tests, the study
period was divided into one baseline period (1965-1977) and three impacted periods
(1978-1994, 1995-2006 and 2007-2018). Compared to the baseline period, the period
1978-1994 was characterized by a decrease in precipitation and an increase in runoff (first SHP).
During the period 1995-2018, the runoff coefficient, which increased despite the observed re-
greening, was interpreted as evidence of the second SHP. The impact study showed that envi-
ronmental change was the main driver of the first SHP (contribution reached +175 %), then
climate-environment interaction became increasingly dominant during the second SHP (contri-
bution reaching +68 %). The watersheds evolution in Budyko framework showed that the Fu
Budyko-type model parameter appears to be a good indicator of soil water holding capacity
spatio-temporal variability. Our results highlight the consequences of climate and environmental
changes on surface runoff in the Sahelian context and might help in developing informed land
management and restoration strategies to control runoff coefficients.

1. Introduction

Climate change (CC) and environmental change (EC) affect the hydrological behavior of most rivers watersheds in the world (Bai
et al., 2019; Descroix et al., 2018; Grijsen et al., 2013; Kang et al., 2020; Karambiri et al., 2011; Mango et al., 2011; Piemontese et al.,
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2019; Svensson et al., 2005). At the watershed scale, EC includes changes in land use and land cover (LULC) and soil physical
properties. Thus, the hydrological cycle of the watersheds has undergone profound modifications. Floods have become increasingly
devastating and water resources threatened (Descroix et al., 2018, 2009; Kundzewicz et al., 2005; Mangini et al., 2018; Nka et al.,
2015; Paturel et al., 2003; Robson, 2002; Svensson et al., 2005). Given such drastic changes, a better understanding of watersheds
hydrological behavior is critical to implement effective measures for surface runoff regulation, or at least, to strengthen resilience. The
studies examining the impacts of CC and EC on water resources have been often used to investigate the hydrological behavior of
watersheds (Dooge, 1992; Kang et al., 2020; Mango et al., 2011; Pellarin et al., 2013; Piemontese et al., 2019; Taylor et al., 2011;
Zhang et al., 2019). According to Bloschl et al. (2007) and Sivapalan et al. (2003), the methods used to assess CC and EC impacts on
water resources can be summarized into upward and downward approaches.

The so-called upward approach starts with a thorough understanding of physical processes to further set up a detailed hydrological
model based on conservation equations (Bloschl et al., 2013). This approach requires a long time series of climate and environmental
data. In addition, the detailed models are multi-parametric, which might lead to an increase in uncertainties in the results, hence an
overall increased difficulty in analyzing the outputs in a given study context (Bloschl et al., 2007). The so-called downward approach
seeks to explain the behavior of the hydrological system as a whole. It consists of analyzing the evolution of hydrological response to
come up with hypotheses, which explain the mechanisms and conditions underlying the observed trends (Harman and Troch, 2014).
The downward approach includes statistical/empirical methods (linear regression, machine learning), conceptual frameworks
(Budyko, Tomer-Schilling) and analytical methods (Arora, 2002; Budyko, 1974; Guo et al., 2019; Peng et al., 2013; Tomer and
Schilling, 2009; Zuo et al., 2014; Zhu et al., 2019; Zhang et al., 2017). In this set, the Budyko framework (Budyko, 1974) is widely used
for impact studies in hydrology through parametric models. Such models do not require environmental data; however, the signatures
of environmental dynamics are captured through the evolution of actual evapotranspiration (AE), defined as a function of potential
evapotranspiration (PE) and precipitation (P) (Budyko, 1974; Sposito, 2017). Climate elasticity and decomposition of the Budyko
curve are the two techniques used to quantify the impacts.

The climate elasticity-based method quantifies the impact of CC on water resources and the remainder is attributed to non-climatic
factors (Arora, 2002). The Budyko curve decomposition is a conceptual method that partitions runoff change into impacts of CC and
human interference (Wang and Hejazi, 2011), which assumes that runoff change is solely due to CC and human interference. However,
the interaction between climate and environment is recognized at all spatio-temporal scales (Dearing, 2006; Diello, 2007; Gao et al.,
2014). Therefore, it is essential to isolate the impact of CC, EC and climate-environment interaction on water resources.

In the Budyko-type model, the impact of human interferences is quantified through a parameter largely controlled by environ-
mental variables (Li et al., 2013). Several studies have shown that the value of the Budyko parameter is a function of the proportion of
the watershed covered by vegetation (Ning et al., 2019; Teuling et al., 2019; Zhang et al., 2004, 2001, 1999), but the relationships
established were not stable and varied across studies (Donohue et al., 2011; Jiang et al., 2015; Li et al., 2013; Liu et al., 2019; Ning
et al., 2019; Wang and Tang, 2014; Zhang et al., 2004, 2019a).

Among the several studies applying the Budyko framework to assess the contributions of CC and EC to surface runoff change, only
Lietal. (2013) took into account the Niger River watershed in West African Sahel (WAS). Most of the impact studies carried in the WAS
have been limited to assessing the effects of CC (Grijsen et al., 2013; Karambiri et al., 2011). A few studies gave an interest in the effects
of EC but were limited to qualitative assessments (Nka et al., 2015) or based on upward approaches through hydrological modeling
(Gal et al., 2017; Yonaba et al., 2021). However, the scarcity and the low quality of data that characterize Africa (Hasan et al., 2018;
Mahé, 2006) severely hamper the application of such upward approaches (Bloschl et al., 2007). The WAS is known for the fragility of
its hydrological system, for which a wide range of questions remains unanswered. Since 1950, the climate in this zone has been
characterized by i) a continuous increase in potential evapotranspiration (PE) due to global warming; ii) a wet period (1950-1970),
followed by a drought period (1970-1990) and recovery of precipitation since the 1990s (De Longueville et al., 2016; Lebel and Ali,
2009; Mahé, 2006). Since the 1980s drought, the hydrological behavior of some hydro-systems has become paradoxical (Descroix
et al., 2018; Mahé and Paturel, 2009; Wendling et al., 2019). The first Sahelian hydrological paradox (SHP), characterized by an
exacerbated increase in runoff, occurred during the drought. The second SHP, characterized by an increase in the runoff coefficient
despite the general re-greening of the WAS, has been observed since the precipitation recovery (Descroix et al., 2018). These SHPs
fostered flooding, overflowing in hydraulic infrastructures, erosion and land degradation.

The Nakanbé River is an important tributary of the Volta River in West Africa. It takes its source from the Sahelian zone in Burkina
Faso and it is one of the main freshwater resources of the country (Ibrahim, 2012). A significant part of its drainage area (Nakanbé at
Wayen) is located in the WAS and has also been experiencing changes in the hydrologic regimes (Diello, 2007; Mahé et al., 2005;
Paturel et al., 2017). The overflow of the large Bagré dam (downstream of Wayen station) in 1994, two years after its impoundment, is
such an example (Mahé et al., 2005; Paturel et al., 2003). Therefore, the Nakanbé watershed is an interesting case study to shed light on
the evolution of the WAS watersheds hydrological behavior by assessing the isolated and combined impacts of CC and EC on surface
runoff change.

The objectives of this study were: i) to quantify the contributions of CC, EC and climate-environment interaction to surface runoff
change across seven nested watersheds; ii) to investigate the relationship between Budyko model parameter and the vegetation
coverage.
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2. Study area and data
2.1. Study area

The study area (Fig. 1) lies in the Sahel characterized by a short wet season (June-October), higher variability in precipitation, high
evapotranspiration rates and significant thermal amplitudes. The average annual precipitation varies between 200 mm and 1200 mm
and potential evapotranspiration ranges between 1500 and 3000 mm per year. The Nakanbé River is an important tributary of the
trans-boundary Volta River shared by Benin, Burkina Faso, Ivory Coast, Ghana, Mali and Togo. The Nakanbé River watershed in
Burkina Faso covers about 15 % of the country with high population density and shelters more than 50 % of its water reservoirs
(Ibrahim, 2012). The watershed relief is generally flat with altitudes varying between 259 and 526 m. The crystalline basement, which
occupies the underground watershed, is not favorable to a significant mobilization of groundwater resources. Upstream Wayen
gauging station, several natural and artificial reservoirs can be found in the Nakanbé watershed, the most important of which are the
Bam Lake (41 million m3), the Dourou dam (100 million m®) and Ziga dam (200 million m3) impounded in 1995 and 2000 respectively
(Fig. 1). The Ziga dam is mainly used for water supply to Ouagadougou (the capital city of Burkina Faso) and the Dourou dam is mainly
used for agricultural purposes. In the Nakanbé watershed, LULC changes were significant over the period 1972-1992, but have become
stable since 1992 (Diello, 2007).
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Fig. 1. The Nakanbé nested watersheds at Wayen (38 - 21,178 km?), located in the West Africa Sahel, with drainage network, water bodies,
available rain gauges, synoptic stations and runoff gauges.
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2.2. Hydro-climatic data

Hydro-climatic data used in this study included precipitation (P), potential evapotranspiration (PE), actual evapotranspiration (AE)
and surface runoff (R). Fig. 2 shows the flowchart used for data processing. In general, the quality control of the observed data collected
consisted of an exploratory analysis to detect outliers and gaps. Some additional checks specific to each type of data were also carried
out. At the end of data quality control, the valid observations were used to identify the appropriate databases to fill in the gaps after
bias-correction, if necessary.

Hydrological data concerned the daily discharges over the period 1965-2018 at seven gauging stations in the Nakanbé River
watershed (presented in Fig. 1), six of which were provided by the hydrological services ("Direction Générale des Ressources en Eau,
DGRE") in Burkina-Faso. The daily data from the Tougou watershed gauging station was provided by 2iE Institute for the period
2004—-2018. As shown in Fig. 3, these data have several gaps. In this study, it has been assumed that a valid year is a year without
missing data during the wet season (June-October). Furthermore, when the river cross-section at the gauging station underwent
significant changes without updating its rating curve, all data measured after the modification were declared missing. Thus, three
gauging stations (Wayen, Ramsa and Rambo) had valid data for more than 20 years (Fig. 3). Annual runoffs at Wayen station after the
construction of Ziga and Dourou dams (from 1995) were reconstructed based on monitoring data obtained from DGRE and water
withdrawals monitoring from the water and sanitation services ("Office National de I’Eau et de 1’Assainissement, ONEA") in Burkina
Faso.

The daily time series of P and PE came from the SIEREM database (Boyer et al., 2006) and the national meteorological services
("Agence Nationale de la Météorologie, ANAM") in Burkina Faso (Table 1). These included data from seventeen stations (among which
two are synoptic stations), as shown in Fig. 1. The meteorological data collected covers the period 1965—2015, but most of them ended
in 2000 (Fig. 3). To fill the gaps, the databases ARC.2, CHIRPSv2.0, MSWEPv2.2, TerraClimate and CRU TS v 4.03 (see Table 1 for
details) were identified. The two synoptic stations (OuagaAero and Ouahigouya) with complete data from 1965 to 2015 were used to
select the most suitable databases for the Nakanbé watershed.

For the precipitation time series, three databases (ARC v2, CHIRPS v2.0 and MSWEP v2.2) were compared to observations (at
synoptic stations) over the period 2000-2015 as it contained 90 % of the gaps. The Kling-Gupta Efficiency (KGE) performance criterion
(Gupta et al., 2009) and the Percent Bias, PBIAS (Moriasi et al., 2007) were applied to assess database performance. The ARC v2
database was finally selected as it presented the best performance overall (KGE > 0.8 and PBIAS < 2.6). Similarly, Dembélé et al.
(2020) and Dembélé and Zwart (2016) showed that ARCv2 is among the most suitable database in picturing precipitation over the
Volta basin and also over Burkina Faso. The quality of ARC.2 data after correction by Empirical Quantile Mapping (EQM) was not
significantly improved. Finally, ARC.2 was directly used to fill the gaps in the rainfall data for the rain gauges. The Thiessen polygon
method was used to spatialize the rainfall over the watershed. The Thiessen polygon method was selected because it is suitable for our
study area (Olawoyin and Acheampong, 2017) given the insufficient number of rain gauges and their heterogeneous distribution over
the watershed.

The comparative analysis of spatial PE databases (CRU TS v 4.03 and TerraClimate) with PE data from the two synoptic stations
(provided by ANAM) through the Mann-Whitney test (at the 5% level) showed that:

e there is no significant difference between annual PE provided by ANAM and those from TerraClimate (p-value = 0.0890);
e annual PE of CRU TS v 4.03 are significantly different from those provided by ANAM (p-value < 0.0001).

TerraClimate database also provides AE data at the same resolution and for the same period as PE. Therefore, the TerraClimate
database was considered as the source for PE and AE in this study.

Fig. 2. Flowchart of hydro-climatic data processing in this study: P (precipitation), PE (potential evapotranspiration), R (surface runoff) and AE
(actual evapotranspiration).
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Table 1
Overview of datasets used in this study.
Datasets Type of data Spatial resolution Temporal Period Source
resolution

Meteorological P, PE Point data (17 Daily 1965—-2015  Boyer et al. (2006); ANAM

observations stations)
Surface runoff R Point data (7 Daily 1965-2017 DGRE, 2iE

observations stations)
Dams Characteristics 371 dams NA NA
Filling of dams Monitoring (volume 2 dams (Ziga and Daily 1996_2018 DGRE

stored) Dourou)
Water withdrawals Withdrawals volume Point data (Ziga) Monthly 2004-2018 ONEA
ARC v2 P 10 km x 10 km Daily 1983-2018 Novella and Thiaw (2012)
CHIRPS v2.0 P 5km x 5 km Daily 1981-2018 Funk et al. (2014)
MSWEP v2.2 P 10 km x 10 km Daily 1979-2017 Beck et al. (2019)
TerraClimate P, PE, AE 1/24° (~4 km) Monthly 1958-2018 Abatzoglou et al. (2018)
. o University Of East Anglia Climatic Research Unit
CRU TS v 4.03 PE 0.5°%0.5 Monthly 1901-2017 (CRU) et al. (2020)
1985, 1996 and
Demography demography Municipality scale 200 6, an NA INSD
National Center for Atmospheric Research Staff

NDVI data NDVI 8 km x 8 km 2-weekly 1981-2015 (2018): Pinzon and Tucker (2014)
DEM data Digital Elevation 30m NA NA (ALOS, 2020)

Data

Note: ANAM : Agence Nationale de la Météorologie ; DGRE: Direction Générale des Ressources en Eau; 2iE: Institut International d’Ingénierie de I'Eau
et de I'Environnement; ONEA : Office National de I’Eau et de I’Assainissement ; INSD : Institut National de la Statistique et de la Démographie.

2.3. Altitude, vegetation and demographic data

The Digital Elevation Model (DEM) ALOS World 3D (AW3D), from the Japan Aerospace Exploration Agency (JAXA), was used in
this study. From this DEM data, the boundaries of the nested watersheds were extracted. The demographic data from 1985, 1996 and
2006 national censuses of the population were provided by INSD (Table 1). The population density was evaluated for administrative
and territorial units found within the Nakanbé watershed. The Normalized Difference Vegetation Index (NDVI) data used in this study
is from Pinzon and Tucker (2014) and is based on NOAA (National Oceanic and Atmospheric Administration) and EUMETSAT (Eu-
ropean Organization for the Exploitation of Meteorological Satellites) records, provided at 8 km x 8 km resolution over the period
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1981-2015.

3. Methodology

Fig. 4 outlines the methodological framework used in this study. Firstly, Pettitt test and segmentation procedure were applied to
split the study period into pre-change (baseline period) and change (impact periods). Sensitivity analysis based on the partial de-
rivative allowed selecting the most suitable Budyko-type model for West African Sahel (WAS). Secondly, the suitable Budyko-type
model chosen was used to quantify the impacts of CC/EC on the water resource of the seven nested watersheds through elasticity
and decomposition methods. A specific elasticity method developed allowed quantifying the individual impacts of CC and EC and the
impact of their interaction. Finally, correlation and regression research techniques were applied to explore the spatial variability of the
impacts and the relationship between the parameter of Budyko and the vegetation coverage (M).

3.1. Breakpoint detection methods

The Pettitt test (Pettitt, 1979) and the segmentation procedure (Hubert et al., 1989) for the detection of one or more breakpoints
respectively were applied to annual hydro-climatic and environmental time series data. Herein, the results obtained from the seg-
mentation procedure were considered only in the occurrence of numerous breaks and the results of the Pettitt test were considered for
single-breaks. We limited the use of the segmentation procedure due to the ambiguity around the significance level of its results
(Hubert et al., 1989): there is not a precise p_value assigned to each result.

3.2. Quantification of impacts of climate and environmental changes on water resources based on Budyko framework

Assuming negligible in the long term, changes in subsurface water storage and net heat transfer between the land surface and the
vadose zone (root zone), water and energy balances at the watershed scale become Eq.(1) (Sposito, 2017).

Purpose Methods Expected results
Visual inspection of times
series data
Breakpoints detection Breakdown of the study period
\‘ Statistic test of Petitt, /
and segmentation
procedure
Identification of suitable ,
Budyko-type model for the 3 Sensitivity analysis 3 Suitable Budyko-type model for
WAS the study area
Quantification of CC, EC Budyko Model using [ Isolated and combined impacts of
and  climate-environment | elasticity and curve __&| CCand EC
interaction impacts to runoff decomposition
Identification of significant
Effect of scale on CC and . .
REES »  Linear Regression » relationships between EC, CC
EC impacts . :
impacts and watershed size
Calculation of w by
: forcing a selected
Relationship between . >
P Budyko-type model with » w by grids (8kmx8km) and
Budyko-type model
parameter (w) and ~ P, PE and AE watersheds
vegetation coverage (M) SRR—— Relationship between wand M

Fig. 4. Methodological framework used in this study; WAS: West Africa Sahel, CC: climate change, EC: environmental change, P: precipitation, PE:
potential evapotranspiration, AE: actual evapotranspiration.
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AE=P—R
h=AE = f(P, PE (€))]
AE = PE -7 H )

where P[L/T] = Precipitation, AE[L/T] = Actual evapotranspiration, R[L/T] = Runoff, PE[L/T] = Potential evapotranspiration, h[M/
T3] = Sensible heat flux and L[M-L’1~T'2] = Latent heat of vaporization.
Dividing the terms in Eq.(1) by the precipitation (P) gives Eq.(2), which expresses the conceptual framework of Budyko (Budyko,

1974).
AE PE
o)
P (o)

where ¢ (ratio between PE and P) is the aridity index. The aridity index indicates the climate type and is the most widely used similarity
measure (Bloschl et al., 2013). Wetlands are characterized by low aridity index (¢ < 0.76) while an aridity index greater than 1.35
indicates an arid zone (MCVicar et al., 2012).

This framework is the basis of several models for estimating actual evapotranspiration (Dey and Mishra, 2017). Budyko parametric
models (Table 2) have been widely used to quantify the impacts of CC and human interferences on the hydrological response of
watersheds (Dey and Mishra, 2017; Li et al., 2019; Liu et al., 2019; Teuling et al., 2019; Zhang et al., 2019a).

The Budyko-type parametric models (Table 2) show that, in a given watershed, the evaporative index (4F) is a function of the aridity
index (¢) and the parameter (e). Therefore, Eq.(2) can be rewritten as in Eq.(3).
=) ®
where ¢ is the aridity index and e is the Budyko-type model parameter

The methods for assessing impacts used in the Budyko approach are climate elasticity and Budyko curve decomposition.

3.2.1. Budyko curve decomposition for quantifying impacts of climate change and human interferences on water resources

In the Budyko framework, based on global data, it has been shown that, under natural conditions (without human interference), the
evolution of the state of a watershed follows the Budyko curve (Budyko, 1974). Climate change (CC) leads to changes in aridity and
evaporative indexes (A to B’ in Fig. 5) of the watersheds (Wang and Hejazi, 2011), which translates as horizontal and vertical shifts,
while human interferences cause only vertical shifts. These shifts could be explained by the fact that the aridity index (¢ = PE/P) and
the evaporative index (AE/P) depend on the climate, whereas human activities only affect AE (Tomer and Schilling, 2009). Based on

Table 2
Parametric models based on the Budyko framework (Dey and Mishra, 2017; Du et al., 2016; Greve et al., 2016).
Authors f Advantages Limitations
v imensi is with ri AE
Fu (1981) 1+ ¢— (1+@™)™ Based on n.ilmensmna.l analysn's with rigorous Cannot be used when > > 1
mathematical reasoning and is the most used P
Y i i i AE
Choudhury (1+ ™)/ Generalized form of Pike (1964) equation Cannot be used when F > 1 and not used
(1999) P
alot
Zhang et al. _ Ll4me Cannot be used whenﬁ > 1 and not used
(2001) 1+me+¢! P
alot
Porporato et al. Y9 Stochastic model Useful when the saturation runoff
(2004) oy ¢ e formation mechanism is dominant

(Y Y

r(y) TG

Wang and Tang
(2014)

T+9—/(1+0)° —4y2-y)o

2y(2-y)

Du et al. (2016) 1+ ¢— (1+¢1|+;L)1/“

Greve et al. 1

(2016) T+g— (1+ (1 —yy) 'oh)k

Based on a generalization of the proportionality
hypothesis of the SCS model

Extension of Budyko hypothesis under unsteady state
Extension of Budyko hypothesis under unsteady state

&

Cannot be used when AFE > 1 and not used
a lot

) is not analytically estimable and if

AE
B < 1, it joins Fu (1986)

AE
if 7 < 1, it joins Fu (1986)

Note: In the model of Porporato et al. (2004), I'() is the gamma function and I'(, .) is the complete gamma function.

w, n,m, v, |, u, k, A and y, are dimensionless fitting parameters. w, n, m, v, y, u and k consider environmental change while A and y, are related to the
new boundary condition when evaporative index excess 1. w and n reflect the watershed characteristics (vegetation type, soil properties and
topography). m is the plant-available water coefficient. y takes into account the effect of the precipitation average height and the soil water holding
capacity. The parameter y is the ratio of two dimensionless numbers, i.e., the ratio of the initial evaporation ratio to the Horton index. u and k are
similar to the parameter w of Fu model.
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the above assumptions, Wang and Hejazi (2011) have shown that the contributions of CC (Ccqe) and human interferences (H) on the

runoff change in a watershed (which has gone from state A to state B, Fig. 6) can be quantified by Eq.(4).
pod P (A AL

" AR AR\ P, P, @
c. _ARc P () AE,\ R,
“e " AR ~ AR P, AR

where Ri, AR, AR¢ and ARy are respectively average annual values of runoff over baseline period, total runoff change, runoff change
due to CC and due to human interferences.

The following procedures were adopted to evaluate the isolated contributions of CC (Cg) and human interferences (H) to runoff
change in the nested watersheds of the Nakanbé River. The average annual aridity and evaporative indexes for baseline and impact
periods were, first, calculated based on the yearly average of P, PE and AE. Secondly, the selected Budyko-type model was forced with
the average of the aridity and evaporative indexes values over the baseline period to estimate the model parameter (e). Thirdly, the
estimated parameter (e) over the baseline period was used to compute the evaporative index due to climate change only (AE’; in
Fig. 5). Finally, the contribution of each factor (climate and human interference) to runoff change was quantified, as shown in Eq.(4).

3.2.2. Elasticity-based method to quantify impacts of climate change, environmental change and climate-environment interaction on water
resources

By deriving the runoff expression (from Eq (1) and (3)), the elasticity coefficients of climate () and environment (&), as well as the
contributions of CC (C¢), EC (Cg) and interaction of climate-environment (Cicg) were obtained (Eq.(5)). The details of the derivation
procedure are provided in the Appendix.

AP APE Ae 17 of —e of
AR = 8 SR e SR —C T e, =Y
(1+ﬂ)P1 /PEI} 1t e i/ lfj((/),e)aqaane 1 —f(p,e) de
AP APE | R,
= (1 Y il e 8
Ce {( +ﬁ)P1 PP, | ar 5)
AKR]
CE?EEZH
Cicg =1—Cc—Cg

where C¢, Cg and Cjcg are respectively the contributions of CC, EC and interaction of climate-environment to runoff change (AR). ez, Ry,
P; and PE; are respectively average values of the parameter, runoff, precipitation and potential evapotranspiration over the baseline

period. Ae, AP and APE are respectively, the variations in the parameter, precipitation and potential evapotranspiration between
baseline and impact periods.
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Fig. 6. Sensitivity analysis of models ((a) - Wang and Tang (2014), (b) - Fu (1981), (c) - Choudhury (1999)) and Nakanbé Watershed data fitness to
Fu and Choudhury models (d).

The derivation of the Budyko function does not consider the interactions between the variables P, PE and e. Therefore, the resulting
elasticity coefficients are assumed to be the eigenvalues of the climate and environment elasticities. These coefficients were used to
quantify the isolated impact of CC (C¢) and EC (Cg) on surface runoff variation. As such, the difference between the total change in
surface runoff and the isolated contributions of climate and environmental change can be attributed to the climate-environment
interaction (Cicg = 1-C¢-Cg). Indeed, it is already acknowledged that climate and environment are interrelated with each other
(Dearing, 2006; Gao et al., 2014). However, it should be admitted that the contribution of the climate-environment interaction (Cicg)
deduced here, might include model uncertainty. Further work is needed to estimate this uncertainty when the data requirement is met.

The elasticity coefficient of runoff to climate (f) is similar to that obtained by Arora (2002). The elasticity coefficients # and &,
which denote the level of sensitivity of runoff to climate (P and PE) and environmental changes (respectively), were used to analyze the
sensitivity of the Budyko-type models (Table 1) to the aridity index in order to identify the most suitable ones for the study area.

3.3. Identification of Budyko models adapted to the Sahelian context

The identification of Budyko models adapted to the Sahelian context was based on sensitivity analysis of Budyko type models to
aridity index, as the West African Sahel is characterized by a high aridity index. It should be recalled that the elasticity coefficients (f§
and e.) are also sensitivity coefficients (McCuen, 1974) because they are based on the derivative of each Budyko function.

Among all the models based on the framework of Budyko, Fu (1981) model has been the most widely used (Fathi et al., 2019).
Furthermore, a comparative study (Zhang et al., 2004) has shown that the Fu model is better than that of Zhang et al. (2001). The
equation of Porporato et al. (2004) is useful when the saturation runoff formation mechanism is dominant over the Hortonian runoff
(Table 2). As the hydrological response of watersheds in WAS is characterized by the Hortonian runoff generation (Casenave and
Valentin, 1991), the models, which can be used, are those of Choudhury (1999); Fu (1981) and, Wang and Tang (2014). The
two-parameter models (Du et al., 2016; Greve et al., 2016) are an extension of the model of Fu (1981). A sensitivity analysis, based on
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elasticity coefficients of runoff to aridity index, was carried out to identify the most suitable models for the study area among those of
Fu, Choudhury and Wang and Tang.

Fig. 6 (a, b and c) shows the evolution of the elasticities of climate () and environment (&) as a function of aridity index (¢) for
each of the three models. Choudhury (1999) and Fu (1981) models showed similar results: § reaches its highest values from ¢ = 2,
while ¢, increases continuously with ¢. With Wang and Tang (2014) model,  and ¢, are more sensitive when ¢ < 2. Therefore, this
model does not appear relevant for our case study and even for the WAS in general, where the aridity index is likely to reach higher
values (¢ > 2, as shown in Fig. 6.d). The models of Fu and Choudhury models seem to be the most suitable based on sensitivity analysis.

The fitness quality of the Nakanbé watershed at Wayen data to Fu and Choudhury models over the period 1965-2018 was assessed
using the Root Mean Square Error function (Eq. (6)).

(7). (7),

where N is the data series length; (’%) - (%E) represents the difference between simulated and observed evaporative indexes. (6)
i i
The result showed that both models (Fu and Choudhury) fit well to the data (Fig. 6.d) with the same Root Mean Square Error (RMSE
= 0.04). The lag in the data over the period 2007—2018 is certainly due to the effect of environmental change because Budyko
functions adjustment by a fixed parameter implies neglecting the watershed environmental change. The Fu model was applied in this
study because it is mathematically based and the most widely used (Table 2)

2
2018
1

RMSE = , | Z

i=1965

O]

3.4. Exploring the relationship between Fu model parameter (w) and vegetation coverage (M)

The vegetation coverage (M) is one of the main characteristics of the land surface, which largely controls the spatial variability of
the parameter relating to the environmental conditions in Budyko-type models (Ning et al., 2019; Teuling et al., 2019; Zhang et al.,
2004, 2001, 1999). In this study, remotely sensed vegetation information was used to estimate the vegetation coverage (Li et al., 2013)
through the Normalized Difference Vegetation Index (NDVI) as shown in Eq.(7):

NDVI — NDV1,,

M= T min
NDVl,.c — NDVI,;,

(7)

where M indicates the vegetation coverage; NDVI,.x and NDVI;, are NDVI values for dense forest (0.80) and bare soil (0.05),

Table 3
Breakpoints in annual hydro-climatic time series data in the nested watersheds of Nakanbé at Wayen over the period 1965-2018.
Pettitt test Segmentation procedure
Breakpoints and mean before / after (Significance level: 10 Breakpoints and mean before/

Nakanbé River Watersheds Variables (mm)

p-value %) after
Year Before After Year Before  After
. 0.000 1997 6020  740.6 1997  602.0  710.1
) 2014 7101  869.8
Wayen (21,178 km®) PE 0.018 1982 20154  2,081.0
R 0.067 1977 9.9 20.1/ 23.5%
’ 0.000 2000 5962  770.4 2000 5962  734.6
Yilou (11,276 km?) 2014 7346  895.7
PE 0.034 1982 2,019.2 2,079.3
) P 0.009 1997 586.4  692.5
Tempelga (4,906 km") PE 0.024 1982 2,042.8 21095
0.000 1993 5431  709.6 1981 587.6  451.5
P 1990 4515  620.5
Ramsa (3,826 km?) 2006 6205 7925
PE 0.072 1982 2,057.7 2,115.0
R 0.106
0.000 1997 533.4 7075 1969 6502  497.2
P 1993  497.2  657.0
Rambo (2,471 km?) 2014 657.0  870.0
PE 0.082 1982 2,067.8 2,126.0
R 0.110
. ) P 0.004 1990 571.4  736.1
Dombré (1,060 km™) PE 0.063 1982 2,036.8 2,091.5
) P 0.004 1990 571.1 7365
Tougou (38 km®) PE 0.070 1982 2,050.1  2,105.2

Empty tiles indicate non-detection of breakpoint.
" Considering the runoff reconstituted after the construction of Ziga and Dourou dams.
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respectively.

The relationship between w and M was assessed through regression. For this purpose, the values of the parameter w were calculated
by forcing the Budyko-type model of Fu (1981) with long-term average data of P, PE and AE at watersheds (7) and grid (276 NDVI
grids) scale.

The regressions performance was assessed through the coefficient of determination R? (Eq.(8)).

2
283

S-(M; — F)(w; — )
R = i=1 (€)
Z(Mi -Mmy ;(Wi —w)?

i=1

where M and w are the averages (over the 276 grids and 7 watersheds, i.e. 283) of vegetation coverage (M) and the Fu model parameter
(w), respectively. (8)

4. Results
4.1. Hydro-meteorological and environmental changes in the Nakanbé watershed at Wayen

Table 3 presents the results of breakpoints detection tests performed on the annual hydro-meteorological time series in seven nested
watersheds of the Nakanbé River. We investigated the change in runoff through the three gauges with at least 20 valid years of records
(Wayen, Ramsa and Rambo). The Pettitt test identified 1977 and 1982 as break-years in the time series data of R and PE respectively,
whereas various breakpoints during 1990-2000 were identified in P time series in the nested watersheds of the Nakanbé River.
Additionally, the segmentation procedure identified 1969, 1981, 2006 and 2014 as breakpoints in precipitation time series. As the
period 2015-2018 is relatively short, 2014 was not considered as a breakpoint year. The breakpoints years 1969 and 1981 showed a
significant reduction in precipitation, while the breakpoints over the period 1990-2000 and in 2006 indicated a significant increase.

As shown in Fig. 7.a for the whole watershed, annual precipitation decreased from 1965 to 1981, reaching its lowest values during
the 1981-1990 period. Since 1990, a recovery in precipitation has been observed, which intensified from 2007. The runoff coefficient
of the Nakanbé watershed at Wayen increased from 1965 to 2018 (Fig. 8.b) despite the drought of the 1980s and the impoundment of
Dourou (100 million m® in 1995) and Ziga (200 million m?® in 2000) dams. In the absence of these two dams, the average runoff
coefficient over the period 2007-2014 would be 6 % against 1.5 % over the period 1965-1977. The increase in runoff despite the
decrease in precipitation over the period 1965-1990 is reminiscent of the first Sahelian hydrological paradox (Descroix et al., 2018;
Wendling et al., 2019).

The environmental change and its spatial variability were assessed through the vegetation coverage (M) and NDVI. Significant
spatial variability was observed in the vegetation cover of the Nakanbé watershed at Wayen (Fig. 8.a). The trend in NDVI from 1982 to
2015 (Fig. 8.b) showed a decrease from 1982 to 1984, an increase until 1993 and relative stability since 1993. The test of Pettitt
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Fig. 7. Evolution of annual precipitation (a) and runoff coefficient (b) in Nakanbé watershed at Wayen. Blue curve/line shows the trend and red
dashed lines, the breakpoints. Red stars represent the reconstituted runoff coefficient (RC2*) after the impoundment of Ziga and Dourou dams, P1/
RC1 refers to the period before breakpoint and P2/RC2 refers to the period after breakpoint. P designated precipitation and RC runoff coefficient.
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indicated 1993 as a breakpoint year in the average NDVI time series for all sub-watersheds (p-value < 0.05). The increase in runoff
coefficient over the period 1994-2018 (Fig. 7.b) despite the re-greening (Fig. 8.b) is reminiscent of the second Sahelian hydrological
paradox (Descroix et al., 2018)

It was also shown that population growth led to decreased vegetation in these locations (Diello, 2007). Table 4 indicates that from
1985 to 2006, the population density increased in all watersheds. The average population density of the watershed ranged from 50
inhabitants per square kilometer (hbts/km?) in 1985 to 62 in 1996 and 79 in 2006, with an important spatial variability. The
sub-watershed gauged by Dombré station exhibits the highest densities (98/122/156 hbts/km? respectively in 1985,/1996,/2006)
while the Rambo sub-watershed has the lowest densities (32/45/56 hbts/km? respectively in 1985/1996,/2006). It is instructive to
point out that the Dombré sub-watershed shelters Ouahigouya city, the fifth-largest city in Burkina Faso.

In summary, the evolution of hydro-meteorological and environmental time series showed significant breaks before 1982 (in PE, P
and R), over the period 1990-2000 (P, NDVI with the impoundment of the two large dams) and after 2006 (P). Based on these
breakpoints, the study period was divided into one baseline period (1965-1977) and three impacted periods (1978—1994, 1995—2006
and 2007—-2018). In the Nakanbé watershed at Wayen, the period 1978—1994 was the driest and characterized by the highest aridity
indexes (Fig. 9) and lowest NDVI values (Fig. 8.b). The periods 1995—2006 and 2007—2018 compared to 1978—1994 were charac-
terized by a decrease in the aridity index (Fig. 9.b to d). Overall, from 1965 to 2018, runoff has increased in all nested watersheds.
However, over the period 1978—1994, runoff derived from the water balance exhibited a decrease compared to the period 1965-1977
in the sub-watersheds of Rambo (28.59 mm vs. 41.82 mm) and Ramsa (38.26 mm vs. 43.29 mm).

4.2. Separated and combined effects of climate and environmental changes on water resources in the nested watersheds of Nakanbé

Based on the identified sub-periods (subsection 4.1), the elasticity and decomposition methods (Eq.(4) and (5)) were applied to
quantify the contributions of each factor (climate and environmental changes) to runoff change. The decomposition method made it
possible to quantify the impacts of climate change (C¢q.) and human interferences (H) and the elasticity method developed in this study
allowed the quantification of the impacts of CC (C¢), EC (Cg) and climate-environment interaction (Cjcg). The analysis of the results
showed that H includes Cg and Cycg. Fig. 10 showed that elasticity and decomposition-based methods gave similar results (R? = 0.99).

In the following, only the results based on the elasticity method are presented (Table 5). The elasticity coefficients analysis showed
that runoff is more than twice as sensitive to environmental change (EC) than climate change (CC). The negative value of impact
indicates a contribution in the opposite direction to the runoff variation. The analysis of the individual and combined contributions of
CC and EC to runoff changes showed that:

Table 4
Demography in nested watersheds of Nakanbé River.

Population density (inhabitants/km?)

Nakanbé River nested Watersheds

1985 1996 2006
Wayen (21,178 km?) 49.82 61.97 79.01
Yilou (11,276 kmz) 54.16 66.62 84.89
Tempelga (4,906 km?) 40.86 49.64 66.27
Ramsa (3,826 km?) 50.65 66.72 84.17
Rambo (2,471 km?) 31.81 44.88 55.75
Dombré (1,060 km?) 97.60 121.83 156.04
Tougou (38 km?) 56.97 62.94 79.30
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Table 5
Elasticity coefficients and contributions of climate and environmental change to runoff change relative to the baseline period (1965-1977).

Contributions (%)

Elasticity coefficients

Nested watersheds 1978-1994 1995-2006 2007-2018
i €e Cc Cg Cice Cc Cg Cice Cc Ce Cice

Wayen 2.33 —4.85 —63 133 29 2 63 36 10 23 68
Yilou 2.09 —4.64 -37 102 35 3 41 56 11 21 68
Ramsa 1.33 -3.96 198 -93 -5 157 —-56 -1 95 -9 15
Tempelga 1.55 —4.05 -96 175 21 7 82 11 34 40 26
Dombré 1.43 -3.99 -8 75 33 15 58 27 58 14 28
Rambo 1.31 —4.01 88 26 -14 17 60 23 23 27 50
Tougou 1.34 -3.90 -6 71 35 11 57 32 28 25 47

p=Runoff elasticity coefficient to climate; e.= Runoff elasticity coefficient to the environment; Cc, Cg and C;cg designate the respective contributions
of climate change (CC), environmental change (EC) and climate-environment interaction to runoff change. Partial contributions greater than 100 %
are due to negative partial contributions and C¢+Cicg+Cg = 100 %.

e Over the period 1978—1994, EC was the leading cause of the increased runoff at Wayen, Yilou, Tempelga, Dombré and Tougou. In
the Ramsa and Rambo watersheds, the drought (increased aridity) was dominant and decreased the surface runoff.

e From 1995 to 2018, the precipitation recovery contributed positively to the increase in runoff in all watersheds (C¢> 0 and AR > 0).

e During the period 1995—2006, the contribution of EC was the highest in all watersheds except Ramsa and Yilou. In the Ramsa
watershed, CC was the predominant factor, while the climate-environment interaction was the most important in the Yilou
watershed.
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e Over the period 2007—-2018, climate-environment interaction has been the main factor causing the increase in surface runoff in
four watersheds (Wayen, Yilou, Rambo and Tougou) against two for CC (Ramsa and Dombré) and one for EC (Tempelga).
e Between 1978 and 2018, the impact of climate-environment interaction increased.

The seven nested Nakanbé watersheds at Wayen (with surface ranging from 38 to 21,178 km?) were considered to assess the spatial
scale effect. Fig. 11 shows that the absolute value of the elasticity coefficient is proportional to the size of the watersheds. However, the
low regression coefficients (5-107° for climate and —4-10~° for the environment) explain the non-detection of a significant relationship
between the impacts and the size of the watersheds.

4.3. Evolution of the state of Nakanbé nested watersheds under the Budyko framework from 1965 to 2018

Fig. 12 shows the evolution of the states of the seven Nakanbé nested watersheds under the Budyko framework and helps in un-
derstanding the effects of CC and EC on water resources (Table 5). According to Wang and Hejazi (2011), Fig. 12.a shows the impacts of
possible watershed state shifts in the Budyko framework. A decrease or increase in aridity index implies the respectively positive or
negative contribution of CC to runoff increase. Over the period 1978-1994, the increase in aridity index (all the watersheds shifted to
the right in Fig. 12.b to h) justifies the negative contribution of CC to the increase in runoff. The precipitation recovery (all watersheds
moved to the left in Fig. 12.b to h) caused the positive contribution of CC to the increase in runoff since 1995. Also, Fig. 12. (b to h)
shows that the nested watersheds located in the northwest (Ramsa, Rambo, Dombré and Tougou) have the lowest parameter w. The
northern part of the watershed is globally characterized by a very low vegetation cover (Fig. 8.a) and high aridity indexes (Fig. 9).
Therefore, it could be concluded that low vegetation cover coupled with a high aridity index lead to low w values. In the Budyko
framework, unilateral decrease/increase in evaporative index translates into a decrease/increase in the model parameter (w), leading
to positive/negative contribution of human interferences to runoff change, respectively. The decrease in vegetation can be caused by
direct anthropogenic actions (deforestation) or by CC. Thus, a change in w can be attributed to direct anthropogenic activities or
climate-environment interactions. Therefore, the parameter w is a potential global environmental indicator, including direct and
indirect changes in the environment of the watershed being studied.

In the nested watersheds of the Nakanbé River, the transition from the baseline period (1965-1977) to the impacted periods
(1978—-1994, 1995—2006 and 2007—2018) was characterized by (Fig. 12):

e a continuous degradation, translated by a decrease in the parameter (w) value from 1965 to 2018 in the Wayen and Yilou
watersheds.

e an improvement of environmental conditions (increase in w) from 1965 to 1977 followed by degradation (decrease in w) from 1978
to 2018 in the Rambo sub-watershed.

e a degradation (reduction in w) from 1965 to 1977 and an improvement from 1995 to 2018 in the Ramsa and Dombré sub-
watersheds. In the Ramsa sub-watershed, w was relatively stable (between 2.30 and 2.41) due to the opposite environmental
dynamics of Rambo and Dombré sub-watersheds it controls.

e a mixed trend in the evolution of w in the Tougou and Tempelga sub-watersheds.

Therefore, the evolution of the global environmental parameter (w) explains the estimated EC and climate-environment in-
teractions contributions to the runoff change (Table 5). According to the elasticity coefficients found in the nested watersheds of
Nakanbé, environmental degradation leads to an increase in runoff, while the increase in w leads to runoff decrease. From 1965 to
2018, EC globally contributed positively to the increase in runoff due to environmental degradation. Since 1995, CC has contributed
positively to runoff increase due to the precipitation recovery. Over the period 2007—2018, climate-environment interaction has
contributed most to the increase in runoff in most watersheds (4 out of 7, as compared to 2 for CC and 1 for EC). From these results, it
appears that the first Sahelian hydrological paradox (the runoff increase despite precipitation decrease over 1978—1994) was caused
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Fig. 11. Evolution of runoff elasticity coefficient to climate change and environmental change with the watershed size.
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Fig. 12. Evolution of the nested watersheds of Nakanbé in the Budyko framework. In (a) dKc and dKh mean runoff coefficient change due to climate
change and human interferences, respectively.

by environmental degradation. In contrast, during the second paradox (increase in runoff coefficients after the precipitation recovery
despite the general re-greening), climate-environment interaction was dominant.

4.4. Relationship between the parameter (w) and vegetation coverage (M) in Nakanbé watershed

The seven nested watersheds and 276 grids (8 km x 8 km) were used to look for a link between w and M over the period
1978—-1994. Specific-values of w (for watersheds and grids) were obtained by forcing the Budyko model of Fu with aridity and
evaporative indexes. Fig. 13 illustrates the spatial variability of the parameter w in the Nakanbé watershed at Wayen. Fig. 14 shows
that a linear regression model between w and M is optimal and significant (R? = 0.53, p_value < 2.2.107'%) and is given by Eq.(9).

w=0627 x M+ 098 ©)

The parameter (w) is positively correlated and proportional to the long-term averaged annual vegetation coverage (M) (Fig. 14), as
also found by Li et al. (2013). In the Nakanbé watershed at Wayen, the value w = 7.25 was found for dense forests and w = 0.98 for
completely bare soils, whereas in comparison with Li et al. (2013), these values were w = 3.52 for dense forests and w = 1.16 for bare
soils. The regression slope between w and M in Nakanbé watershed (6.27) is higher than that obtained by Li et al. (2013) (2.36), which
means that for the same change in M, the w in Nakanbé watershed will vary by a factor of about 3 from that estimated by the regression
model of Li et al. (2013).
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5. Discussions and conclusion
5.1. Impact of climate-environment interaction on water resources

In this study, the difference between the total change in runoff and the contribution of climate change (CC) and environmental
change (EC) was assumed to be the impact of climate-environment interactions (Eq.(5)). The impacts study showed that (Fig. 10. and
Table 5):

e the impact of human interference (H) quantified using Budyko curve decomposition is the sum of the impacts of EC and climate-
environment interaction,

e Budyko curve decomposition and elasticity methods lead to similar results and,

e from 1978 to 2018, the impact of the climate-environment interaction increased.

Although the impact of climate-environment interaction calculated here could include uncertainties in estimating CC and EC
impacts, the values obtained allow us to assume that these uncertainties could not change the observed trends. At a watershed scale, CC
can induce EC (Dearing, 2006; Gao et al., 2014). Thus, the impact of climate-environment interaction could be as a result of indirect
feedback from the climate: climate influences the environment, which in turn affects the runoff. In the West African Sahel (WAS), the
heavy nature of rainfall intensity plays a significant role in forming soil overcrusting, which hampers infiltration and promotes runoff
(Ribstein, 1990; Valentin, 1985; Valentin et al., 2004). The increase in soil overcrusting in WAS (Descroix, 2018), likely attributable to
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the increase in the intensity of extreme rainfall (Panthou et al., 2018, 2014), would be one of the major causes of the rise in the impact
of climate-environment interaction on runoff in Nakanbé watershed at Wayen. Therefore the effect of the climate-environment
interaction should be given much attention, as in the face of climate change, rainfall intensity is expected to increase in the WAS
(Diedhiou et al., 2018).

5.2. Towards a better understanding of the hydrological behavior of the Nakanbé watershed

The results obtained in this study highlighted that environmental change (EC) was the main driver of runoff change in the nested
Nakanbé watersheds at Wayen from 1978 to 1994. However, since 1995, the climate-environment interaction has become increasingly
prominent. This result is expected to be the same throughout the West Africa Sahel (WAS) due to the high sensitivity of runoff to EC in
arid zones (Fig. 6.a to ¢). In arid zones (¢ > 2), runoff change is at least twice as sensitive to EC as climate change (CC). These findings
quantitatively explain the causes of the two Sahelian hydrological paradoxes (Dardel et al., 2014; Descroix et al., 2018). The impact of
precipitation change mainly determines the impact of CC on surface runoff, as the elasticity coefficient of runoff to PE (epg) is lower
than that of P (ep = 1 + | epg |). The analysis of the spatial variability of the impacts did not reveal any spatial organization. The
non-detection of a significant trend between CC and EC contributions and watershed size is undoubtedly due to the size of the wa-
tersheds considered, although the relationship between surface runoff and scale is already acknowledged to be complicated in the
study area (Mounirou, 2012; Mounirou et al., 2020). Indeed, Pouyaud (1986) proposed that 30,000 km? should be considered as a
significant "break surface’ in the analysis of the effect of spatial scale of CC and EC on surface runoff in the Volta River watershed in
Burkina Faso; while the size of the watersheds in this study ranged from 38 to 21,178 km?. Below 30,000 km?, the influence of CC
(especially precipitation) is shadowed by that of EC (especially the development of bare soils and crusting, which are predominant in
smaller watersheds).

In Budyko-type models, the environmental dynamic is analyzed through the model parameter (w in the Fu equation). As shown by
Li et al. (2013), there is a good relationship between the vegetation coverage (M) and w in the Nakanbé watershed at Wayen, but the
regression coefficient is higher (Fig. 14). The Nakanbé watershed studied is located in an arid context with high values of w for the
same given M in a wet context (Li et al., 2019). The high variation observed between the regression coefficient obtained by Li et al.
(2013) and that indicated by this study might be related to the under-representation of arid watersheds in the work of Li et al. (2013)
(less than 10 %). It is, therefore, necessary to establish the relationship between w and M for each climatic zone. The relationship
obtained in this study is indicative of the Nakanbé watershed at Wayen and it might be necessary to integrate other watersheds before
concluding at the full WAS scale.

From 1965 to 2018, the value of parameter w decreased in most of the Nakanbé nested watersheds. This evolution of w is consistent
with the downward trend in the soil water holding capacity (WHC) suggested in the Nakanbé River watershed (Diello, 2007; Mahé
etal., 2005; Paturel et al., 2017). Furthermore, the factors influencing w and WHC are the same: climate and watershed characteristics
(Albergel, 1987; Dunne and Willmott, 1996; Jiang et al., 2015; Li et al., 2013; Mahé et al., 2005; Zhang et al., 2019b). The parameter w
can therefore be compared to the WHC of the watershed. In the Dombré sub-watershed, the parameter w increased from 1978 to 2018
despite the increase in the population density (98-156 hbts/km? from 1985 to 2006, see Table 4). This observation is at par with the
fact that beyond a certain population density, an inverse process of environmental dynamics can be observed (as in the population
theory of Boserup): populations are forced to limit the area of cultivated land and to adopt improved agricultural techniques and shift
to intensive agriculture geared towards productivity. Indeed, several studies in different African territories showed that the increase in
population density can lead to a virtuous agricultural intensification, leading therefore to the improvement of soil fertility and the
reduction of soil erosion (and an increase in WHC of soils) (Demont and Jouve, 2000; Descroix, 2018; Luxereau and Roussel, 1997;
Planel, 2008; Tiffen et al., 1994). It is worth mentioning the case of M. Yacouba SAWADOGO (Right Livelihood Award 2018), known as
the man who stopped the desert (Thor West et al., 2020): between 1980 and 2018; he created a forest (of about 40 ha) from barren and
abandoned land in Gourga located in Ouahigouya municipality (in Yatenga province, northern Burkina Faso) in the Dombré
sub-watershed area. This result was achieved through the implementation of the soil and water conservation technique called "zai",
which contributes to reducing runoff to promote infiltration, supplying crops and mitigating dry spells (Nyamekye et al., 2018; Zouré
etal., 2019). Water harvesting techniques have therefore enabled to increase WHC of the soils in the Dombré sub-watershed. Thus, the
parameter w of the Fu model is a good indicator of the spatio-temporal variability of soil WHC in the Sahelian part of the Nakanbé River
watershed.

Water holding capacity (WHC) is an essential parameter in most hydrological models. The WHC data available to date are those
given in the FAO Soil Map (FAO, 1981; FAO/IIASA/ISRIC/ISS-CAS/JRC, 2012). The FAO Soil map for the WAS is based on soil surveys
and information gathered in the 1960s (Nachtergaele et al., 2010) and, therefore, might be outdated. The use of time-varying values of
soil WHC can improve the performance of hydrological model applications in the WAS watersheds (Diello, 2007; Mahé et al., 2005;
Paturel et al., 2017). In the light of this study results, the parameter w can therefore be used to provide time-varying soil WHC to this
end.

According to the elasticity coefficient of runoff to environmental change (Table 5), the relationship between vegetation coverage
(M) and the parameter (w) in the watershed of Nakanbé at Wayen (Eq.(9)), an increase in vegetation coverage (M) would lead to an
increase in w by order of 1.45-1.80 and a decrease of runoff by order of 2.43 to 3.36. Therefore, the adoption of an adequate envi-
ronmental management policy to promote environmental restoration might help in mitigating the increase in runoff coefficient, which
is reported to be the cause of significant flooding events throughout the WAS (Coulibaly et al., 2020; Nka et al., 2015; Sighomnou et al.,
2013; Tazen et al., 2019).
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6. Conclusion

This study focused on seven nested watersheds located in the Sahel part of Nakanbé River in Burkina Faso. It aimed to identify a
suitable Budyko-type model for arid contexts, such as in West Africa Sahel (WAS) and to analyze the impacts of climate change (CC),
environmental change (EC) and climate-environment interaction on water resources in Nakanbé watershed at Wayen. The Budyko-
type model of Fu was found to be appropriate through a sensitivity analysis. Therefore, the isolated and combined impacts of CC
and EC on runoff change were quantified based on elasticity and Budyko curve decomposition methods. From these results, the
evolution of the hydrological behavior of Nakanbé watershed at Wayen was assessed through the analysis of the spatio-temporal
variability of the parameter w (from the Fu model) and its relationship with the vegetation coverage (M).

Our results confirmed that the Nakanbé watershed at Wayen had undergone the two Sahelian hydrological paradoxes. From 1965
to 2018, the runoff coefficient increased: the runoff coefficient over the period 2007-2014 became 4 times higher than that of the
period 1965-1977. The environmental conditions of the watershed area are characterized by low vegetation coverage, albeit pre-
senting a substantial variability. The impact studies showed that elasticity and Budyko curve decomposition methods gave similar
results (RZ = 0.99). The impact of human interferences quantified by the decomposition method includes the impacts of EC and
climate-environment interactions. From 1978 to 1994, EC had been the main driver of runoff change in the Nakanbé nested watersheds
(contribution reached 175 %), but climate-environment interaction became increasingly predominant (contribution reached 68 %
over the period 2007—2018). The analysis of the variability of the impacts did not reveal a significant trend between CC/EC con-
tributions and watershed size. However, in the Nakanbé watershed at Wayen, there is a good and consistent relationship between the
vegetation coverage (M) and the parameter w. From 1965 to 2018, w decreased in all watersheds except in that of Dombré, possibly due
to the long-term implementation of water-harvesting techniques, which is effective in the increase of the soil water holding capacity
(WHC). Therefore, w appears to be a good indicator of the spatio-temporal variability of the soils WHC, which could be used to
generate time-varying values of WHC to improve the performance of hydrological models.
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Appendix A. Derivation of the Budyko framework for obtaining the expressions of climate and environmental elasticity as
well as the impacts of climate change, environmental change and climate-environment interaction

According to Eq.(3), the conceptual framework of Budyko can be rewritten in Eq. (A1):

AE
P =f(p.e)
_PE (A1)
@ = P

where AE, P and PE are, respectively, the annual average of actual evapotranspiration, precipitation and potential evapotranspiration
over the study period. ¢ is the aridity index, e the parameter which considers the environmental dynamic and f the Budyko function.

Assuming negligible in the long-term changes in subsurface water storage and net heat transfer between the land surface and the
vadose zone, we have:

(A2)

{ AE=P—R
R=P[l —f(p,e)]
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where R is the annual average of runoff over the study period

By omitting the interactions between P, PE and e, we can write:

dR g dP+aa dPEJr(;Rd
%:%: 1 —f(p,e) — Pg—f% —f((p,e)-i-(p%,becauseg—i:—%
AR = B—R = Bf 040 = 740—()]( becausea—q) 1 o
dPE _ OPE 09 0PE  dg’ OPE P
®_ L
de e

By integrating the expressions of the partial derivatives into that of the complete derivative of R and after readjustments, we obtain the
expressions of climate and environment elasticities as well as those of the contributions of climate, environment and climate-
environment interaction to the runoff change (Eq. A4):

P! P
1 —f(p,e) +<p£ —% g];
dR = RdP RAPE Rd
P—flp.e)] " PI—flg.0)] *P[lf Flg.a]
oL s I
a(p dP a(ﬂ dPE % de
dR=R|l1+—F—|—=—-R ——_R =
T | P Tl PE“T=f(pe) e
»
_ @_ dPE de @ (3_f _ —e 9
dR=\(1+h5—F PE}RJ“?” At v 0¢et€”_1—f(‘/’ve)a{ A9
AP APE Ae
AR = {(1+ﬂ)7—ﬂﬁ]l€+ee—
APE] R
ce=|a4n G -1 | ik
Ae R
CE:S(,?A—R
CICE:lfcz‘fce

f and €. are related to the elasticities of the climate and the environment, respectively. C¢, Cg and Cicg are the respective contributions
of climate change, environmental change and climate-environment interaction to runoff change.

Appendix B. Supplementary data

Supplementary material related to this article can be found, in the online version, at doi:https://doi.org/10.1016/j.ejrh.2021.
100828.
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