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Abstract. Runoff simulation in highly anthropized catchments is complex, but essential for water management,
especially in poorly gauged and data-scarce hydrosystems of the West African Sahel. This study aims to eval-
uate the effect of different calibration schemes on runoff simulation. The physically-based and semi-distributed
hydrological SWAT (Soil and Water Assessment Tool) model is used to simulate daily runoff in the Nakanbé
catchment at Wayen station in Burkina Faso (in the West African Sahel) over the period 2006-2012. Four (4)
hydrometric stations (Dombré, Rambo, Ramsa and Wayen) gauging 4 nested catchments (ranging from 1060 to
21 178 km? in size) are considered. The added value of the consideration of nested catchments is assessed through
the following 3 calibration schemes: one-site (OS) at the entire catchment outlet (Wayen); multi-sites with nested
sub-catchments (MS1); and multi-sites without considering nested sub-catchments (MS2). The results indicate
that OS and MS2 schemes perform well (KGE > 0.7, |PBIAS| < 3 %), with MS2 scheme being superior (KGE,
PBIAS). However, the MS1 scheme (KGE = 0.68; PBIAS = —22.9 %) performed worse in comparison to the
traditional OS scheme. The comparison of the three modelling schemes provides evidence that accounting for
nested sub-catchments does not necessarily improve the quality of rainfall-runoff simulations. Yet, multi-site
calibration should be favoured when catchments are not nested.
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1 Introduction

The combined effects of climate and environmental changes
increase the complexity of runoff modelling. In highly an-
thropized catchments, for example, natural hydrological be-
haviour is altered, affecting the ability of hydrological mod-
els to simulate runoff, especially if detailed and accurate
data is not available (Zhang et al., 2013; Abbaspour, 2015;
Zanin et al., 2018). Physically-based and distributed/semi-
distributed models are known to be suitable for rainfall-
runoff modelling in such contexts (Zanin et al., 2018). How-
ever, these models generally involve large number of para-
meters. The calibration of distributed/semi-distributed and
physically-based models remains a challenging task.

Calibration is usually performed at the outlet of a single
catchment and does not always represents the hydrological
processes in the different river sub-catchments (Zanin et al.,
2018). Multi-sites/multi-variables calibration approaches are
therefore often applied to obtain realistic optimized param-
eter values (Cao et al., 2006; Zanin et al., 2018). These ap-
proaches often improve the simulation performance of hy-
drological models.

The Soil and Water Assessment Tool (SWAT, https:/
swat.tamu.edu/, last access: 13 October 2023) model is
a physically-based and semi-distributed agro-hydrological
modelling tool that allows the implementation of multi-sites
modelling. The SWAT model is widely applied around the
world and in Africa (Tan et al., 2020; Akoko et al., 2021).

The West African Sahel is known for the fragility of its
hydrological system, for which a wide range of questions
remains unsolved (Bloschl et al., 2019). Indeed, the hydro-
logical behaviour of some West African Sahel catchments
has been strongly affected by global change (Descroix et al.,
2018; Gbohoui et al., 2021; Yonaba et al., 2021a). Volta is
one of the most important rivers in West African and has its
source in the Sahelian part of Burkina Faso (Nakanbé River).
The Volta catchment is highly anthropized and shelters sev-
eral dams for hydroelectric or agricultural purposes. Previous
studies on modelling the runoffs of this river were mainly
devoted to its downstream outlets (Schuol et al., 2008; Sood
et al., 2013; Poméon et al., 2018). Furthermore, these stud-
ies did not analyse the effects of considering nested or non-
nested catchments in the multi-sites modelling process.

This study focuses on the headwater sub-catchments and
the Wayen station, whose gauged catchments covers the en-
tire Sahelian part of the Volta catchment. It aims to as-
sess various calibration schemes, namely one-site calibra-
tion (OS, at the entire catchment outlet) and different multi-
sites (MS) calibration schemes using the SWAT model and 4
nested catchments (ranging in size from 1060 to 21 178 km?)
in the West African Sahel.
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Figure 1. Study area (headwater catchments of the White Volta)
with drainage network, reservoirs, synoptic stations, rain gauges
and runoft gauges (data source: IGB and DGRE).

2 Material and methods

2.1 Study area

The study area covers the headwater sub-catchment of the
Nakanbé, located between 0°40" and 2°40' W longitudes and
12°20" and 14°00’N latitudes. The relief of the catchment
is generally flat with an extremely low average longitudinal
slope (Slope < 0.2 %).

The study area (Fig. 1) is a combination of four
nested catchments: Rambo (2471 km?), Dombré (1060 km?),
Ramsa (3826 km?), and Wayen (21 178 km?). The Rambo
and Dombré sub-catchments are nested within the Ramsa
sub-catchment, while Ramsa itself lies within the larger
Wayen catchment. The Wayen catchment shelters several
natural and artificial reservoirs of various sizes, the most im-
portant of which are shown in Fig. 1.

2.2 Data
2.2.1 Hydrometeorological data

To evaluate the OS and MS calibrations, 4 hydrometric sta-
tions (runoff gauges) are selected: Rambo, Dombré, Ramsa
and Wayen (whose location is presented in Fig. 1). The daily
runoff data available at these stations covers the period 1965—
2018. These stations were operational at different dates and
their records are filled with several gaps. Therefore, a com-
mon gap-free period for the 4 runoff gauges is used in this
study, which is the period 2006-2012. The data was obtained
from a national agency (in French, “Direction Générale des
Ressources en Eau”, DGRE) in Burkina Faso.

The characteristics of the 9 main reservoirs (shown in
Fig. 1) in the catchment were obtained from the DGRE. Wa-
ter withdrawals data at Ziga dam (close to Wayen runoff
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Figure 2. Land use and land cover map (data source: DGRE).
RNGE, AGRL, BARR and WATR are identification codes for the
LULC types implemented in SWAT.

gauge in Fig. 1) was provided by the national office in charge
of water and sanitation (in French “Office National de I’Eau
et de I’Assainissement”, ONEA) in Burkina Faso.

The meteorological data for the period 2006-2012 were
provided at the daily time step and included precipitation,
temperature (minimum and maximum), solar radiation, wind
speed, and relative humidity. The data was collected from the
national meteorology agency (ANAM-BF) in Burkina Faso
for 15 rain gauges and 3 synoptic stations (Fig. 1).

2.2.2 Ancillary data

The Digital Elevation Model (DEM) was downloaded from
the Japan Aerospace Exploration Agency (JAXA) web-
site (https://www.eorc.jaxa.jp/ALOS/en/aw3d30/index.htm,
last access: 30 June 2022). It has a spatial resolution of
30m x 30 m.

The Food and Agriculture Organiza-
tion (FAO) 1/5000000 digital soil map
(http://www.fao.org/soils-portal/soil-survey/
cartes-historiques-et-bases-de-donnees-des-sols/
carte-faounesco-des-sols-du-monde/fr/, last access:
30 June 2022) was used to generate the soil data needed for
SWAT. In terms of hydraulic characteristics, the catchment
basements are crystalline, which limits infiltration.

The land use and land cover (LULC) data were obtained
from the national geography institute (in French, “Institut
Géographique du Burkina”, IGB), and was further reclassi-
fied into 4 units: water, bare soil, cultivated areas and veg-
etation (Fig. 2). These units were deemed reliable to cover
the variability and physical processes in Sahelian landscapes
(Yonaba et al., 2021b; Paturel et al., 2016).
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Figure 3. Calibration/Validation schemes.

2.3 Model setup

The model setup is carried out through the ArcSWAT
2012.10_5.21 interface. SWAT simulates hydrology at the
scale of element areas known as Hydrological Response
Units (HRUs). HRUs are created from the overlay of sub-
catchment contours, LULC units, soil types, and slope
classes. The model outputs are estimated at the HRU scale
and summed up to obtain processes outputs at the sub-
catchment scale, further routed at the entire catchment outlet
(Neitsch et al., 2011).

Surface runoff is simulated through the Soil Conservation
Service (SCS) Curve Number (CN) method, and the Musk-
ingum method is further used for routing through the chan-
nel network system. Potential evapotranspiration is estimated
through the Penman—Monteith formula.

In this study, the model was set up over the period 1965—
2018 with a warm-up period of 3 years (1965-1968). The
common data period (2006-2012) for the 4 runoff gauges is
used to implement the modelling schemes.

2.4 Model calibration and validation

Based on a literature review of SWAT model applications in
West African Sahel (Schuol et al., 2008; Sood et al., 2013;
Adjei et al., 2015; Awotwi et al., 2015; Akpoti et al., 2016;
Poméon et al., 2018; Yonaba et al., 2021a), a set of 33 para-
meters is initially screened for sensitivity analysis Thus, 17
parameters (presented in Table 1) were selected and consid-
ered for calibration and validation.

The calibration/validation process was performed under
SWAT-CUP with the Sequential Uncertainty Fitting (SUFI2)
algorithm, which combines optimization and uncertainty
analysis (Abbaspour, 2015). The objective function used was
the Kling-Gupta Efficiency (KGE) criterion with an accept-
ability threshold of 0.5 (Thiemig et al., 2013). The under-
/overestimation of the model was assessed with the bias per-
centage (PBIAS) criterion. These criteria were defined in the
SWAT-CUP user manual (Abbaspour, 2015).

The effects of multi-sites modelling compared to tra-
ditional modelling at the catchment outlet are evaluated
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Table 1. SWAT parameters for model calibration.

Name Definition

CN_2 Curve number for moisture
condition II

OV_N/CH_N2 Manning’s n value for overland
flow/ main channel

SOL_AWC Available water capacity of the
soil layer

SOL_K Saturated hydraulic conductiv-
ity

SOL_Z Depth from soil surface to bot-
tom of layer

SOL_BD Moist bulk density

CH_K1/CH_K2 Effective hydraulic conductiv-

ity in tributary/main channel al-

luvium

MSK_CO1/MSK_CO2 Calibration  coefficient  of
Muskingum method

ESCO Soil evaporation compensation
factor

EPCO Plant uptake compensation fac-
tor

REVAPMN Threshold depth of water in the
shallow aquifer for “revap” or
percolation to the deep aquifer
to occur

GW_REVAP Groundwater “revap” coeffi-
cient

ALPHA_BF Baseflow alpha factor

RCHRG_DP Deep aquifer percolation frac-

tion

through three schemes presented in Fig. 3: one-site (OS)
at the entire catchment outlet (Wayen); multi-sites calibra-
tion with nested sub-catchments (MS1) and multi-sites with-
out nested sub-catchments (MS2). The modelling process in
SWAT is carried out through successive iterations. In this
study, each modelling scheme consisted of 3 iterations of 500
simulations: 2 iterations for parameters calibration et 1 itera-
tion for runoff simulation.

A comparative study of the results of the three modelling
schemes allowed us to evaluate the effects of the one-site and
the different multi-sites schemes on surface runoff simula-
tion at the Wayen outlet. The results of the MS1 scheme (in-
cluding nested catchments) compared to those of the MS2
scheme (non-nested catchments) allowed us to assess the
consideration of the upstream-downstream hydraulic con-

Proc. IAHS, 385, 435-441, 2024

Table 2. Performance of the three modelling schemes at Wayen
outlet.

Criterion (O MSI1 MS2
KGE 0.73 0.68 0.75
PBIAS (%) —1.30 —-229 —1.70

nections between nested catchments in the calibration pro-
cess.

3 Results and discussion

3.1 One-Site vs. Multi-Sites (nested or not) modelling

The performance of the different modelling schemes for the
Wayen runoff gauge is shown in Table 2. Further details on
the simulation results can be found in Gbohoui (2021).

The results indicated that OS (one-site calibration) and
MS2 (multi-site without nested sub-catchments) schemes are
good to very good (KGE > 0.7; [PBIAS| < 3 %) at Wayen
station. Previous attempts to model the runoff at Wayen sta-
tion using the SWAT model (Sood et al., 2013; Poméon et al.,
2018) resulted in weaker performance (KGE < 0.5). The im-
proved simulation performance attained in our study should
be related to the effort to integrate some characteristics of the
main water reservoirs. However, the availability of accurate
data on soil types and catchment management might have
further helped improving the accuracy of the simulations, es-
pecially at intermediate points within the catchment.

The MS2 scheme provided the optimal runoff simulation
results at Wayen (KGE =0.75). This suggests that the multi-
sites calibration scheme without nested sub-catchments
could therefore be applied to obtain regionalized parameter
values for the West African Sahel region from small catch-
ments distributed across all climatic zones.

The MS1 scheme (KGE=0.68; PBIAS = —22.9%)
performed less than the OS scheme (KGE=0.73;
PBIAS = —1.30%). Thus, it can be seen that the multi-
sites scheme with nested sub-catchments did not improve
significantly surface runoff simulation at the catchment
outlet (Wayen), while considering the hydraulic connection
between nested sub-catchments should have improved
the modelling performance. The underperformance of the
so-called multi-sites modelling scheme with nested sub-
catchments is also reported in previous studies (Migliaccio
and Chaubey, 2007; Zanin et al., 2018). The underlying
explanation might be related in the operating mode of
the optimisation algorithms. In multi-sites calibration, the
optimisation algorithms apply ratios to the outputs of each
catchment to obtain the final result (Migliaccio and Chaubey,
2007). However, the hydrological response at the outlet of
a downstream catchment considers the upstream sub-
catchments. Therefore, in the case of nested sub-catchments,
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Figure 4. Water balance of the White Volta catchment at Wayen
over the period 2006-2012. PERCO: Percolation, WYLD: Water
yield, ET: Actual Evapotranspiration.

such upstream sub-catchments are considered several times,
leading to an overall bias in the final result.

3.2 Water balance of the Nakanbé catchment at Wayen
station

The three modelling schemes led to similar results for the
water balance of the Wayen catchment. Figure 4 shows the
repartition of rainfall in the different components of the water
balance. Over the period 20062012, more than 70 % of the
rainfall is lost as actual evapotranspiration. The high evap-
otranspiration values observed in the Wayen catchment re-
flects the overall behaviour of the West African Sahel catch-
ments. In such context, evapotranspiration is the most impor-
tant term of the water balance (Derive, 2003).

4 Conclusion

In this study, we implemented several modelling schemes
to capture the hydrological response of the Nakanbé catch-
ment at Wayen station (21 178 km?). To this end, the SWAT
model is applied with one-site, multi-sites with and with-
out nested sub-catchments calibration schemes. The results
showed that the multi-sites without nested sub-catchments
scheme (MS2) performs well overall optimal (KGE =0.75
and PBIAS = —1.70 %).

The SWAT agro-hydrological model is widely used due
to its performance and wide range of applicability. However,
this study findings suggest that multi-sites modelling under
SWAT does not consider the upstream-downstream hydro-
logical connection in nested sub-catchment during calibra-
tion. Therefore, integrating such hydrological connectivity
in the model functioning is suggested to further improve the
performance of the model, especially when applied to such
contexts.
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