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ABSTRACT
Freshwater supply remains limited in West Africa due to lack of operational governance frameworks. In 
this study, the Water flow and balance Simulation Model (WaSiM) and the Soil and Water Assessment Tool 
(SWAT) were applied in the Ouriyori catchment (14.5 km2, Benin) to assess hydrological ecosystem 
services (HES) in terms of service flow and service capacity using the ecosystem accounting framework. 
The modelling exercises indicated satisfactory goodness-of-fit coefficients greater than 75% with an 
absolute bias of less than 25%. The HES capacity was in general higher than the HES flow for crop and 
household (surface/groundwater) water supplies, indicating that the catchment can potentially supply 
more water under optimal storage and management conditions. Positive and negative shifts in service 
capacities of crop water and household supplies were observed over the simulation period. These 
significant results can support sustainable interventions in securing water and food productions through 
increasing HES flow and capacity.
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1 Introduction

Agriculture is the main activity in many regions of West 
Africa. However, the agricultural sector exhibits poor perfor
mance although it is characterized by a high labour turnover 
(Wani et al. 2011, Biazin et al. 2012, Hollinger and Staatz 2015, 
Tomšík et al. 2015, Sultan and Gaetani 2016). This partly stems 
from a high rainfall variability leading to crop water stress. 
Though many people and large areas in the region are suffering 
from insufficient water supply, spatially and temporally 
detailed information on water availability is rather limited 
(Schuol et al. 2008). Generating and providing information 
on water resources (status and trend) over a specific period of 
time therefore becomes a priority.

Several studies in West Africa have investigated water 
resources and factors influencing its availability (including 
climate and land use) at both local and regional scales 
(Hiepe 2008, Kasei 2009, Bossa and Diekkrüger 2012, Aich 
et al. 2015, Yira et al. 2016, Badou et al. 2017, Liersch et al. 
2019). A common approach used in these studies is the 
application of hydrological simulation models to evaluate 
feedbacks between environmental factors, human activities 
and water resources (Boorman and Sefton 1997). 
Furthermore, models were applied to improve water 
resources planning and allocation, as well as to quantify 
ecosystem services and diffuse potential water security 
issues (Sunsnik 2010).

Notwithstanding sustained efforts devoted to the develop
ment and improvement of hydrological models, still no single 
model is fully capable of capturing the response of hydrological 
processes under different conditions and for all catchments 
(Beven 2006, Duan et al. 2007). There are always trade-offs 
among models, and selection of the most appropriate one 
depends upon the objectives and data availability (Thapa 
et al. 2017). Indeed, several models with different assumptions 
and complexities have been used for water balance assessment 
in the region (Table 1). Among numerous physically based 
models, models such as SWAT (Arnold et al. 1998) and 
WaSiM (Schulla 2014, 2015) are widely used and accepted 
for water resources modelling and catchment management 
under different land-use and climate conditions at different 
scales (Legesse et al. 2010, Alam et al. 2011, Bossa et al. 2014). 
Moreover, these models account for the process-dependent 
hierarchization of landscape elements from local to regional 
scales (Bossa et al. 2014). The study of Kannan et al. (2007) in 
a small catchment (142 ha) using SWAT showed acceptable 
performance in flow simulation/partitioning for contaminant 
modelling. Nowadays, although the relevance of applying 
SWAT and WaSiM from local to regional scales in a West 
African context is no longer questionable, related uncertainties 
due to internal model structure, and procedures for discretiza
tion, aggregation, parameterization, etc., are still challenging 
issues when it comes to practical understanding and use of the 
model results to generate indicators such as service flow and 
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capacity. Table 1 reveals the use of one single model to evaluate 
water availability (Sintondji 2005, Bormann 2005; Hiepe 2008, 
Giertz et al. 2010, Bossa and Diekkrüger 2012, Yira 2016). 
However, the single model application is subject to some 
criticism, as it does not explicitly estimate the uncertainty 
associated with the choice of the hydrological model. The 
application of two or more models is suggested (Jian et al. 
2007, Breuer et al. 2009, Huisman et al. 2009, Foley 2010, 
Kebede et al. 2013, Golmohammadi et al. 2014, Badou 2016). 
Multi-model assessment is highly preferred as it adds confi
dence in the model outputs (Haddeland et al. 2011, Nasseri 
et al. 2014, Hattermann et al. 2018). The approach offers the 
possibility of identifying, within a set of models, the most 
suitable for hydrological prediction of a particular catchment. 
Various studies have applied a multi-model approach to com
pare their performance and thus identify the most robust one 
under specific conditions (e.g. Badou 2016).

Hydrological resources and processes have been identified as 
delivering ecosystem services that are fundamental to human 
livelihoods and the maintenance of natural resources (Pert et al. 
2010, Leh et al. 2013). However, the multi-model approach to 
hydrological ecosystem services (HES) assessment in the region 
is rare. Previous single model application studies have mapped 
and quantified HES using different approaches (e.g. Chan et al. 
2006, Le Maitre et al. 2007, Maes et al. 2012, Liu et al. 2013, Leh 
et al. 2013, Duku et al. 2015). It is worth mentioning that the 

evaluation of catchment hydrologic response enables the assess
ment of the multiple services provided by the ecosystem of the 
catchment. Ecosystem services can be defined as the profits 
people obtain from ecosystems, as defined in the Millenium 
Ecosystem Assessment (MA). Specifically, hydrological ecosys
tem services are the benefits produced by freshwater at land
scape scale to humans. It is an inherently holistic concept which 
moves away from the traditional silo-based approach dealing 
with discrete areas impacting on environmental quality, e.g. 
soil, water, to one that considers the interconnectivity of the 
natural environment and the need to consider this in decision- 
making (Sheate et al. 2012). The suggested modelling approach 
to HES in this study sustains the above need of considering the 
interconnectedness of the natural environment. Beyond this 
aspect, one should emphasize the need of improved knowledge 
of HES, since humans have changed ecosystems more rapidly 
and extensively in the last 50 years than in any similar time 
period in human history, degrading 60% of the world ecosys
tem services (MEA 2005). Overall, it is still critically challenging 
to implement an ecosystem service approach to environmental 
decision-making processes and to quantify the potential for 
such service provision in the future (Sheate et al. 2012).

This study is carried out in Ouriyori, a headwater catchment 
of the Volta Basin, that exhibits seasonally limited water avail
ability. The study aims to evaluate hydrological ecosystem ser
vices potential and use in the catchment, using the above- 

Table 1. Selected relevant studies on hydrology in tropical regions using SWAT and WaSiM models.

Study Models Location Resolution 
(spatial/temporal)

Catchment/ 
Plot size

Key results

Bossa et al. 2014 SWAT Ouémé catchment 
Benin

90 m, 250 m/daily 6980 km2 0.6 ≤ NSE ≤ 0.9 (discharge performance) and 
groundwater and runoff increase up to 
22% and 11%, respectively

Sintondji 2005 SWAT Terou sub-catchment 
/Benin

90 m/Weekly and 
monthly

2336 km2 Model performance: R2 = 0.7; ME = 0.7; IA > 
0.9 
Decrease in discharge and runoff up to 
10% and increase in sediment up to 16.6 
tons

Obuobie and 
Diekkrüger 2008

SWAT White Volta River 
basin/Ghana

90 m/monthly and 
daily

106 000 km2 Mixed trend of future annual discharge, 
surface runoff and baseflow under of 
future climate change

Kankam-Yeboah et al. 
2013

SWAT Pra and White Volta 
basins/Ghana

90/monthly 23 000– 
105 000 km2

Mean annual streamflow for the 2020s and 
2050s showed a decrease of 22% and 50%, 
respectively, and a decrease in streamflow 
(Pra basin)

Badou 2016 SWAT, HBV-light,UHP- 
HRU,WaSiM

Benin Portion of the 
Niger 
River Basin/Benin

30 m/Daily 39 726 km2 SWAT yielded the best score compared to 
other models: 
runoff, interflow and baseflow varied, 
respectively, by 56%–96%, 2%–41%, 
0–42% for SWAT and 31%–48%, 37%– 
59%, 7%–15% for WaSiM

Cornelissen et al. 2013 WaSiM, SWAT, UHP- 
HRU, GR4J

Térou catchment, 
Benin

90 m/- 344 km2 Good performance achieved: runoff, interflow 
and baseflow represent, respectively, 50%, 
26%, 24% for WaSiM and 45%, 0% and 
55% for SWAT

Yira et al. 2016 WaSiM Dano catchment, 
Burkina Faso

90 m/daily 195 km2 Successful multi-variate model validation 
using soil moisture, groundwater level and 
discharge 
Increase in discharge up to 5% 
Runoff, interflow and baseflow varied, 
respectively, by 60–83 mm, 4–11 mm and 
71–80 mm

Wagener et al. 2004 WaSiM-ETH White Volta 
catchment/Ghana- 
Burkina Faso

1 km2/daily 94 000 km2 No LULC change impact was observed, but at 
sub-catchment scale up to 7% increase in 
total discharge was simulated.
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discussed physically based hydrological models (SWAT and 
WaSiM). More specifically, it: (i) evaluates the ability of both 
models to simulate the water flow regime of the Ouriyori 
catchment, thus providing a first insight about the water 
balance of the catchment, (ii) evaluates the possible range 
of water balance components following the multi-modelling 
approach, and (iii) assesses the capacities and the flows of 
multiple hydrological ecosystem services. The outputs of this 
work may be useful for policy- and decision-makers for 
tackling human-induced water issues along with climate 
impacts at the catchment level.

2 Material and methods

2.1 Description of research area

This study was carried out in the Ouriyori catchment (Fig. 1). 
The research area is located in the northwest of Benin, between 
10°44ʹ12ʹʹN–10°55ʹ48ʹʹN and 1°01ʹ30ʹʹW–1°14ʹ30ʹʹW. The 
catchment is within the Dassari basin and covers an area of 
14.5 km2. The Ouriyori catchment is characterized by a hill
slopes (in the West) drained by a tributary of the Pendjari 
River. The slope across the basin is 4%. The long-term (1971– 
2013) average monthly rainfall from the nearest rainfall station 

Figure 1. Location of the study area.
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at 15 km (Tanguieta) was about 87 mm with two seasons: a 
rainy season, from May to mid-October, during which the 
maximum precipitation is reached in the months of August 
and September, and a dry season from November to April. The 
long-term temperature (1952–2010) of the nearest weather 
station located at 50 km (Natitingou) shows a daily range of 
between 15 and 39°C (Chabi 2016). The catchment is mainly 
dominated by croplands and fallow lands. The main soil types 
in the study area are tropical ferruginous soils that are relatively 
indurate and leached, hydromorphic soil and tropical ferrugi
nous soils with a dominant presence of Dystric Plinthosol. 
There is a lot of variation in the texture and structure of the 
soils. The texture of the soil is mostly sandy loam characterized 
by a lot of gravel. Based on the census data of the Institut 
National de la Statistique et de l’Analyse Economique 
(INSAE), the Benin population growth rate was around 
2.54% per year and the population density ranged from 11 to 
49 inhabitants per km2 during the period 2002–2013 (INSAE 
2015).

2.2 Modelling approach

2.2.1 Applied hydrological models
In this study, the WaSiM and SWAT models were applied. 
A brief description of the main processes used in both models 
is presented in Table 2. More details of the WaSiM model 
structure and various processes involved are provided in the 
WaSiM model description manual (Schulla 2015) and several 
early papers (e.g. Sintondji 2005, Hirekhan et al. 2007, 
Fasinmirin et al. 2012, Kasei 2009, Jung et al. 2012). Also, 
details on the SWAT model are provided in the SWAT 
description manual (Arnold et al. 1998) and extensively 

presented in previous studies (e.g. Obuobie and Diekkrüger 
2008, McCartney et al. 2012, Kankam-Yeboah et al. 2013). The 
SWAT model is suitable for evaluating the effects of land 
management practices on water resources in both large and 
small river basins (Sudjarit 2015, Me et al. 2015).

2.2.1.1 WaSiM. The Water flow and balance Simulation 
Model (WaSiM) is a deterministic, spatially distributed and 
physically based model for the simulation of the water cycle 
above and below the land surface (Schulla 2014). The hydro
logical processes simulated by the model include unsaturated 
flow, saturated flow, solute and sediment transport, surface 
energy balances and streamflow generation and routing. It 
also captures spatial variability of the catchment characteristics 
using spatially distributed data or boundary conditions such as 
vegetation, land use and soil properties, rainfall, topography, 
and climate among others (Schulla 2014). The model can be 
run in various spatial resolution (metre to kilometre grid up to 
5 km) and temporal resolution (minutes to days) depending on 
time resolution, the catchment size, the meteorological data 
and the available computing power (e.g. Kasei 2009, 
Fasinmirin et al. 2012, Yira 2016).

2.2.1.2 SWAT. The Soil Water Assessment Tool (SWAT) is 
a semi-distributed model. The model delineates the catchment 
and its sub-basins based on a digital elevation model (DEM). The 
model was developed by the US Department of Agriculture - 
Agricultural Research Service (USDA - ARS). Water balance is 
computed based on meteorological, soil, and land-use data 
(Arnold et al. 1998, Bansode and Patil 2016, Ayele 2017). 
SWAT can be used to evaluate the impact of land management 
on water, sediment yield, and agricultural chemical 

Table 2. Different components of the models (adapted from Cornelissen et al. 2013).

SWAT 2012 WaSiM

Soil module Soil is divided into root and unsaturated zones Richards’ equation
Percolation Storage routing; travel time, up and downward flow Function based on soil 

saturation and saturated 
conductivity

Infiltration SCS CN procedure (1972) Minimum of the fillable porosity 
and rainfall intensity

Overland flow SCS CN procedure (1972) Horton overland flow
Interflow Kinematic storage model Storage approach; comparing 

maximum and actual rate
Interception Storage approach; function of LAI Storage approach; function of 

LAI
Baseflow Linear storage approach Linear storage approach
Actual 

evapotranspiration
Calculated separately for 

evaporation (soil depth, water 
content) and transpiration (PET, LAI)

Separate calculation of 
evaporation from vegetated 
soils considering all soil layers 
and from bare soil for the first soil layer; both reduced by soil 
moisture content of first soil layer

Potential 
evapotranspiration

Priestley-Taylor, Penman-Monteith or Hargreaves Penman-Monteith (Monteith 1975)

Routing Lane’s Method, Continuity 
equation using Manning’s 
equation

Kinematic wave approach 
considering retention and 
translation

Spatial resolution HRU (Hydrological Response Unit) based Grid-based spatial discretization
Temporal resolution Daily Daily
Input data DEM, Land use map and 

properties, soil map and 
properties, climate variables 
(rainfall, temperature, wind 
speed, relative humidity, solar radiation,)

DEM, land-use map and 
properties, soil map and 
properties, climate variables 
(rainfall, temperature, wind 
speed, relative humidity, solar radiation)
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transportation in large or complex catchments for various periods 
of time. For pre- and post-processing purposes, the model applies 
its continuous long-term simulations of hydro-climatic variables 
(Sudjarit 2015) to give significant insights into the water balance, 
sediments, and pollutant transfer (Bossa 2012).

2.2.2 Applied dataset
The data used for this study are summarized in Table 3. The 
DEM was extracted from the Advanced Spaceborne Thermal 
Emission and Reflection Radiometer Global Digital Elevation 
Model (ASTER GDEM) at the US Geological Service (USGS) 
website. Daily meteorological and hydrological observed data 
within the catchment were collected from the Benin 
Meteorological Directorate (Benin Meteo) and from 
WASCAL Data portal (wascal-dataportal.org/). Other rainfall 
stations close to the study area were also used. Meteorological 
data gaps for a given station of the catchment were filled using 
data of the nearest stations (Natitingou and Tanguieta). The 
soil map of the Ouriyouri catchment was produced based on 
field surveys and following the Soil and TERrain (SOTER) 
approach within the frame of the WASCAL project-2013. 
Soil properties were mainly obtained from field survey and 
laboratory works. The van Genuchten parameters were used to 
derive the soil water retention function using the pedotransfer 
functions (PTF) after van Genuchten (1980). The land-use 
maps used for the study were obtained from WASCAL data 
portal (Forkour 2014). Other land-use properties such as leaf 
area index (LAI), albedo, interception factor, root depth, etc., 
were derived from previous works carried out in neighbouring 
catchments (Kasei 2009, Bossa and Diekkrüger 2012, 
Cornelissen et al. 2013, Yira et al. 2016) and from the general 
literature. Soil moisture data were obtained from the WASCAL 
data portal (at the soil moisture station in the catchment). Due 
to dysfunction of the equipment, soil moisture data were 
collected only during the year 2016 under fallow and cropland.

2.2.3 Model calibration and validation
The SWAT and the WaSiM models were run at a daily time 
step using the same climate, land use, soil and discharge 
dataset. Both models were calibrated for the period 
2014–2015 and validated for the period 2016–2017. The 
choice of calibration and validation periods in this study 
was based on the length of available hydroclimatic data. In 
addition, 3 years of data were considered as warm-up period 
for the models.

A number of parameters (nine in this study) need to be 
calibrated to set up WaSiM (Shulla 2014). These parameters 
include the saturated hydraulic conductivity with soil depth 
(Krec), the interflow drainage density (dr), the coefficient for 
surface flow (kd), the interflow storage coefficient (ki), the soil 
surface resistance for evaporation (rs_evaporation), the inter
ception surface resistance (rs_interception), the baseflow coef
ficient (K) in the equation qb ¼ Qo:exp � k=zð Þ with Qo the 
baseflow coefficient, the saturated hydraulic conductivity (Ks) 
and the soil moisture parameters. For the SWAT model, 
a semi-automatic and uncertainty analysis was performed 
applying the SUFI-2 procedure (Sequential Uncertainty 
Fitting version 2, SWAT-CUP interface (Abbaspour 2008)), 
involving 13 parameters. The SUFI-2 algorithm searches for 
the best-fitted parameter values by predicting uncertainties 
related to model structure, input and output data, model 
parameters (Abbaspour et al. 2004, 2007). Following the 
SUFI-2 approach and according to Abbaspour (2011) as well 
as Narsimlu et al. (2015), all the uncertainties are expressed by 
coefficients such as the p-factor (percentage of measured data 
bracketed by the 95% prediction uncertainty) and r-factor 
(ratio between the average thickness of the 95PPU band and 
the standard deviation of the measured data). The p-factor 
ranges between 0 and 1. The close the r-factor is to 1, the 
better is the model performance. Thus, these coefficients show 
the performance of the model during the simulation process 
(Taghvaye et al. 2016).

To evaluate the goodness of fit between the simulated and 
observed variables for both models, four evaluation criteria 
were applied: (i) the coefficient of determination (R2), 
(ii) the Nash-Sutcliffe efficiency coefficient (NSE) (Nash 
and Sutcliffe 1970), (iii) the Kling-Gupta efficiency (KGE) 
(Kling et al. 2012), and (iv) the percent bias (PBIAS) (Gupta 
et al. 1999). Simulations were deemed satisfactory when NSE 
≥ 0.5; KGE ≥ 0.5; R2 ≥ 0.5 following Moriasi et al. (2007) 
and absPBIAS ≤ 25%.

2.3 Assessment of hydrological ecosystem services

The Organization for Economic Co-operation and 
Development (OECD) and European Commission 
(EC) (2013) showed that the service flow of a catchment’s 
ecosystems can be classified into the capacity of the catchment 
to provide the services and the flow of hydrological services 
itself. Service flow is the contribution of an ecosystem, in space 

Table 3. Summary of the data collected and used in this study.

Data Properties of the data Parameters Sources

DEM 30 m x 30 m Slope, aspect, channel, curvature, sub-basin, etc ASTER GDEM
Climate 8 weather stations, 

1 synoptic station
Daily rainfall, temperature, wind speed, relative 

humidity, solar radiation
https://wascal-dataportal.org/geonetwork/apps/search/ and 

field data
Soil 1:200 000 Soil physical and chemical properties; van 

Genuchten parameters, Ks, θs, θres, BD etc.
https://wascal-dataportal.org/geonetwork/apps/search/ and 

field works
Land use 5 to 200 m Land use classes, root depth, leaf area index, 

albedo, interception factor, etc.
Landsat images 2012 (Kasei 2009, Forkuor et al. 2012, 

Cornelissen et al. 2013, Yira et al. 2016), field works
Soil moisture Daily (2016) Field and fallow https://wascal-dataportal.org/geonetwork/apps/search/ and 

field work
Discharge Daily (2014–2017) Discharge https://wascal-dataportal.org/geonetwork/apps/search/ and 

field work
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and time, to a utility function or a production function for 
human’s benefit. At the same time, the service capacity refers 
to the ecosystem condition and extent at a point in time and 
the resulting potential to provide service flows (EC et al. 2013).

The calibrated and validated model results are analysed 
along with the ecosystem accounting framework to quantify 
the flows and the capacities of hydrological ecosystem services 
using additional information such as demographical data. 
Crop water supply, household water supply (surface and 
groundwater supply) were the hydrological ecosystem services 
evaluated in this study. The interest of this study for these 
particular HES is justified by commonly critical issues for rural 
communities in terms of food and water security. Moreover, 
for both drinking and other household activities, groundwater 
is the main water source in the study area. The hydrological 
ecosystem services of interest and associated service flow and 
service capacity indicators are presented in Table 4.

2.4 Crop water supply

Crop water supply refers to the provision of plant available 
water during ecohydrological processes in rainfed agriculture 
systems (IWMI 2007, Zang et al. 2012). In a rainfed agricul
tural system, crop water stress is considerably reduced by soil 
moisture supply. In this study, crop water supply was 
restricted to upland crop (maize). Service flow of crop water 
is quantified as the total number of days during a growing 
period in which there was no water stress. In other words, it 
represents the days when the total plant water uptake was 
sufficient to meet plant water demand (Duku et al. 2015). As 
maize remains the most cultivated crop in the study area and 
represents more than 60% of agricultural areas (Forkour 
2014), for the sake of simplicity, only maize cultivation is 
considered in the crop water supply analysis. The growing 
period (GP) which refers to the time period between crop 
establishment and harvesting was 103 days for maize (Duku 
et al. 2015). The establishment of maize is in the month of 
June. Equation 1 (modified, after Duku et al. 2015) is used to 
compute the service flow. 

Sf ¼ N d1; d2; d3 . . . ; dn j Wstrs � 0:25ð Þ (1) 

where Sf is the service flow (d GP−1), N the number of days d1 
to dn and Wstrs is the daily water stress.

This approach was based on commonly applied FAO meth
ods for the determination of the length of growing periods in 
rainfed agriculture, gives an indication regarding the potential 

total number of days when there will be no crop water stress 
according to the crop type (FAO 1978, 1983). This is therefore 
relevant for the crop and water management.

The daily water stress is calculated by the model following 
equation (2): 

Wstrs ¼ 1 �
Tact

Tmax

� �

(2) 

where Tact is plant water uptake or actual transpiration (mm), 
and Tmax is maximum plant water demand or maximum 
transpiration (mm).

In this study, soil moisture supply is based on simulated soil 
moisture dynamics. This approach is used because precipita
tion attributes such as quantity, location, timing and intensity 
are slightly impacted by terrestrial ecosystem attributes at local 
scale (Duku et al. 2015).

The service capacity of crop water supply is expressed by as 
follows: 

SC ¼ N d1;d2; . . . :; dn jWpstrs � 0:25
� �

(3) 

where Sc is the service capacity (d year−1); N the number of 
days d1 to dn in a year when potentially there will be no water 
stress and Wpstrs is the potential daily water stress. Wpstrs is 
derived from the water balance and expressed as follows: 

Wpstrs ¼ 1 � ΔSWþ ETað Þ=ETP½ � if ΔSW> 0 (4) 

2.5 Household water supply

In this study, the household water supply is the amount of 
water extracted for household consumption for drinking and 
non-drinking (OECD 2013). The population in our research 
area obtained about 80% of their drinking water from ground
water (INSAE 2015). Water consumption per day per person 
was estimated to 30 L (UNDP 2017). These data considered 
both drinking and non-drinking water consumption of the 
households. The population of the catchment was about 1018 
with 143 households in 2013 (INSAE 2015). The water con
sumption per capita is kept constant and a population rate of 
3.06% per year (INSAE 2015) was used to estimate the popula
tion growth. Groundwater recharge, which is the amount of 
water entering the aquifer during a specific period of time, is 
quantified as the ecosystem capacity for groundwater extrac
tion. Meanwhile, the water yield, which is the amount of water 
contributing to the river network during a specific period of 

Table 4. Selected hydrological ecosystem services and associated service flow and service capacity indicators (GP is growing period) (following: EC, OECD 2013, Duku 
et al. 2015).

Hydrological ecosystem services Service flow indicator Service capacity indicator

Crop water supply Total number of days during the 
growing period in which 
there was no water stress 
(d GP−1)

Total number of days in a year when the sum of actual 
evapotranspiration and the amount of residual moisture added to 
the soil profile equaled or exceeded 75% of the potential 
evapotranspiration (d year−1)

Household water supply Groundwater supply Amount of groundwater 
extracted (mm year−1)

Groundwater recharge (mm year−1)

Surface water supply Amount of surface water 
extracted (mm year−1)

Water yield (mm year−1)
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time, is quantified as the ecosystem capacity to support surface 
water extraction (Arnold et al. 1998).

3 Results

3.1 Model calibration and validation

Based on literature review, in the calibration procedure, nine 
parameters were optimized for the WaSiM model against 13 
parameters for SWAT. The Soil Conservation Service Curve 
Number (CN2), the soil evaporation compensation factor 
(ESCO), the threshold water level in a shallow aquifer for capil
lary rise (REVAPMN), the effective channel hydraulic conduc
tivity (Ch_K2), and the soil available water storage capacity 
(SOL_AWC) were found to be the best-fitted parameters for 
the SWAT model following the SUFI-2 procedure. As for the 
WaSiM model, the interflow drainage density (dr), the coeffi
cient for surface flow (kd), the interflow storage coefficient (ki), 
the baseflow coefficient (K) and the baseflow coefficient (Qo) 
were the best following a one-factor-at-a-time sensitivity analy
sis. The calibrated values for both models are shown in Table 5. 
The quantifiers v_, r_ and a_ stand, respectively, for the sub
stitution of a parameter by a value from the given range mean 
values, relative change and absolute change. ALPHA_BF, 
GW_DELAY, GWQMN, SURLAG, RCHRG_DP, SOL_K, 

GW_REVAP and CH_N2 are, respectively, the baseflow alpha 
factor characterising the groundwater recession curve, the time 
required for water leaving the bottom of the root zone to reach 
the shallow aquifer, the soil available water storage capacity 
(SOL_AWC), the minimum water level for baseflow generation, 
the surface runoff lag coefficient, the deep aquifer percolation 
coefficient, the saturated hydraulic conductivity, the ground
water “revaporation” coefficient and Manning’s n value for the 
main channel.

3.2 Water balance components

Water balance components for each model used in the study 
(Table 6) were compared with the simulation results of other 
studies conducted in neighbouring basins. For both models, 
the performance statistics (R2, NSE, KGE and absPBIAS) 
revealed good simulations, ascertaining the ability of the mod
els to capture the discharge occurring at the catchment outlet.

SWAT generally shows higher performance compared to 
WaSiM, taking advantage of the SUFI-2 approach (Arnold 
et al. 1998) used for SWAT calibration against the one-fac
tor-at-a-time approach used for WaSiM. Consistently to that, 
surface runoff and baseflow are found to be the major dis
charge components simulated by the SWAT model, while 

Table 5. Calibrated and fitted parameter values in WaSiM and SWAT simulation.

Parameter name Initial range Calibrated range Fitted values Units

WaSiM
kd 1–110 - 40 -
ki 1–110 - 50 -
dr 10–100 - 22.4 -
K 0.1–2.5 - 0.5 m
Qo 0.1–2.5 - 0.1 mm d−1

SWAT
a_CN2.mgt [– 10;55] [34.57;52.06] 38.51 -
v_ALPHA_BF.gw [0.05;0.7] [0.40;0.64] 0.46 d
v_GW_DELAY.gw [0.01;20] [2.08;3.58] 2.22 d
v_GWQMN.gw [10;40] [19.74;24.32] 25.57 mm
v_ESCO.hru [0;0.15] [0.78;1.34] 1.14 -
v_SURLAG.bsn [0.1;0.5] [0.49;0.64] 0.58 -
v_RCHRG_DP.gw [0;0.01] [0;0.01] 0.01 -
r_SOL_K.sol [0.1;2] [0.43;1.29] 0.83 mm h−1

v_REVAPMN.gw [20;35] [35.64;38.83] 34.41 mm
v_GW_REVAP.gw [0.5;2] [1.11;1.76] 1.69 -
v_CH_K2.rte [1;15] [10.09;13.56] 13.84 -
r_SOL_AWC.sol [0;0.15] [0.03;0.05] 0.01 mm mm−1 (H2O/soil)
v_CH_N2.rte [0;0.5] [0.23;0.30] 0.28 -

Table 6. Catchment water balance for calibration and validation periods with corresponding performance statistics (percentage in 
parentheses).

Hydrological models Calibration (2014–2015) Validation (2016–2017)

WaSiM SWAT WaSiM SWAT

Rainfall (mm) 941.8 915.2 883.2 698
Etp (mm) 2186.8 1907.6 2238.6 1748.3
Eta (mm) 771.1 609.1 821.6 548.2
Total discharge (mm) 187.9 246.6 136.4 128.6
Surface runoff (mm) 122.5 (65.2%) 125.5 (50.9%) 97.1 (71.2%) 76.2 (59.3%)
Baseflow (mm) 0.5 (0.0%) 100.2 (40.6%) 0.4 (0.3%) 37 (28.8%)
Interflow (mm) 64.9 (35.6%) 20.8 (8.5%) 38.8 (28.5%) 15.4 (11.9%)
R2 0.7 0.8 0.7 0.8
NSE 0.7 0.8 0.7 0.8
KGE 0.7 0.9 0.6 0.8
absPBIAS (%) 24.7 3.6 22.8 16.2
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WaSiM rather indicated surface runoff and interflow as the 
major simulated discharge components (Table 6). These 
results of SWAT are similar to the findings of Bossa and 
Diekkrüger (2012) in the Ouéme basin and are also in line 
with the results obtained in the Terou basin (Cornelissen et al. 
2013). Meanwhile, the results achieved with the WaSiM model 
corroborate the findings of Yira (2016) and Kasei (2009) in the 
Dano catchment and the Volta basin, respectively (Table 7). It 
is also reported, following SWAT applications, that baseflow 
was the most predominant streamflow process in the White 
Volta basin (Oboubie 2008), in the Okpara basin (Sintondji 
et al. 2013) and the Couffo basin (Sintondji et al. 2017). Besides 
differences in model parameterizations, the rainfall interpola
tion techniques (the closest of the centroid sub-basin for 
SWAT and the inverse distance weighting method for 
WaSiM) of each model may explain the differences in simu
lated discharge components.

3.3 Simulation of streamflow

The calibration and validation can be judged as good for both 
models based on the statistical coefficients. However, for SWAT, 

the p-factor failed to achieve a threshold of 0.70 for streamflow 
for both the calibration and validation phases. The percentage of 
the prediction uncertainty (95PPU) enveloped only 31% of the 
estimated flow for the simulations. This percentage is partly due 
to the length of available climatic dataset. Regarding the r-factor, 
a coefficient of 0.14 was obtained for the calibration step and 
0.20 for the validation step. As for the achieved p-factor, it only 
bracketed 25% to 55% of the observed discharge.

High correlations were shown between the observed and 
simulated daily discharge (Fig. 2), indicating good performance 
for both models. The difference between the observed and simu
lated mean discharge for the calibration period was estimated as 
0.006 and 0.038 m3 s−1 for the SWAT and WaSiM models, 
respectively, against 0.011 and 0.014 m3 s−1 for the validation. 
In general, one can see that SWAT slightly underestimated the 
discharge against an overestimation for the WaSiM model over 
both the calibration and validation periods (Fig. 2).

3.4 Soil moisture

Simulated and observed soil moisture with WaSiM were com
pared at two different soil depths (6 and 24 cm), which 

Table 7. Water balance components of neighbouring catchments.

Authors Model Study area (catchment) Streamflow components (%)

Surface runoff Baseflow Interflow

Kasei 2009 WaSiM Volta basin (West Africa) 23–30 10–12 60–69
Yira 2016 Dano (Burkina-Faso) 38–50 3–11 45–56
Cornelissen et al. 2013 Terou (Benin) 50 24–25 25–26
Badou 2016 Benin portion of the Niger River basin (Benin) 31–48 37–59 7–15
Bossa and Diekkrüger 2012 SWAT Ouémé basin (Benin) 34–54 46–66 -
Cornelissen et al. 2013 Terou (Benin) 43–45 55–57 0
Badou 2016 Benin portion of the Niger River basin (Benin) 56–96 2–41 0–42
Oboubie, 2008 White Volta basin (West Africa) 32–35 65–67 0
Sintondji et al. 2013 Okpara (Benin) 39–44 55–60 1
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Figure 2. Observed and simulated discharge for (a) during the calibration period and (b) the validation period for both WaSiM and SWAT models. R2, NSE and KGE refer 
to Pearson product-moment-correlation-coefficient, Nash-Sutcliffe efficiency and Kling-Gupta efficiency, respectively, and absPBIAS refers to the absolute value of 
PBIAS.
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encompasses the top 30 cm of the soil profile in the year 2016. 
Since soil water retention parameters (soil permeability, bulk 
density, available water content of soil, hydraulic conductivity, 
field capacity and wilting point) were derived from laboratory 
analysis, they were not optimized for the calibration. For the 
SWAT model, soil moisture was extracted at the hydrologic 
response unit level from the final model output. Thus, the simu
lated soil moisture content was converted into relative soil moist
ure (percentage) and later into total soil moisture for each soil 
layer. The results indicate good performance for WaSiM: the 
model is able to simulate the dynamic of soil moisture across 
two different layers. In the first layer (6 cm), simulated and 
observed soil moisture shows good agreement proving that the 
model was able to capture the dynamic of soil moisture (Fig. 3 
(a)). An under-estimation (up to 0.05 vol.) of the soil moisture is 
observed for the middle of the year (June–August). In a similar 
way, the comparison of simulated and observed soil moisture in 
the second layer (24 cm) revealed good agreement as well (Fig. 3 
(b)). However, an overestimation (up to 0.05 vol.) may be 
observed, particularly at the beginning and end of the year 
(September–December). Given that SWAT simulates soil moist
ure only for the whole soil profile and not for individual soil 
layers, it has not been considered for soil moisture simulation. 
One has to recall that, for this study, observed soil moisture data 
were available for the upper two soil layers.

3.5 Hydrological ecosystem services

Table 8 shows service flow and service capacity for both mod
els. For the simulated 4 years, the mean annual values of crop 

water supply service capacity range from 42 to 49 d year−1 with 
an average of 45 d year−1 for the catchment and a standard 
deviation of 3 d year−1 for the SWAT model, whereas, for the 
WaSiM model, the mean annual values of the same service 
capacity ranges from 56 to 97 d year−1 with an average of 85 
d year−1 and a standard deviation of 19 d year−1. Regarding the 
mean seasonal values of the service flow, it ranges according to 
SWAT simulations, from 27 to 45 d GP−1 with a mean of 42 
d GP−1 and a standard deviation of 13 d GP−1. In a similar way 
for the WaSiM model, the mean seasonal values of the service 
flow range from 23 to 68 d GP−1 with a catchment mean of 51 
d GP−1 and a standard deviation of 19 d GP−1. Therefore, 
compared to the maize growing period, i.e. 103 days (Duku 
et al. 2015), the crop water supply service capacity, irrespective 
of the hydrological model, indicates that the crop undergoes 
water stress for at least 25 days per growing cycle. This implies 
that even if other crop growth factors (soil fertility, nutrients, 
temperature, soil type) are optimized, crop yield is likely to 
remain low due to water stress.

The mean annual values of service flow and service capacity 
of groundwater supply and surface water supply are also shown 
in Table 8. As may be seen, there is an increasing trend in 
service flow of crop water supply. The service flow (ground
water extraction) within the catchment is significantly higher 
than the service flow of surface water supply (surface water 
extraction). This situation, as already stated, may be due to the 
fact that groundwater is the major water source (drinking and 
non-drinking) for household consumption in the catchment. 
While surface water is only available for a couple of months, 
groundwater is potentially available throughout the year. 
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Figure 3. Comparison of simulated and observed soil moisture at a daily time step: (a) at the first horizon at 6 cm depth, and (b) of the second horizon at 24 cm depth. 
R2: Pearson product-moment correlation-coefficient; RMSE: refers to root mean square error.

Table 8. Hydrological ecosystem services and associated service flow and service capacity indicators with WaSiM and SWAT models.

Hydrological ecosystem service Service flow indicator Service capacity indicator

2014 2015 2016 2017 2014 2015 2016 2017

WaSiM
Annual rainfall (mm) 880.56 1002.96 983.02 783.39 880.56 1002.96 983.02 783.39
Crop water supply (d GP−1) (d year−1)

23 54 57 68 56 92 97 93
Household water supply

Groundwater supply
(mm year−1)

64.1 64.8 65 69.1 116.5 133 112.4 107
Surface water supply 16 16.5 17 17.5 147.9 228 158.9 113.8

SWAT
Annual rainfall (mm) 853.8 976.5 839.04 557 853.8 976.5 839.04 557
Crop water supply (d GP−1) (d year−1)

27 45 40 37 43 45 49 42
Household water supply

Groundwater supply
(mm year−1)

64 64.8 65 69.1 107.9 183.3 101.4 65.8
Surface water supply 16.1 16.5 17 17.5 179.5 326.1 185.5 80.8
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According to the WaSiM model, the service capacity of ground
water supply increased from 116.5 to 133 mm (from 2014 to 
2015), and decreased thereafter from 112.4 to 107 mm (from 
2016 to 2017). With the SWAT model, for the same periods, the 
capacity of groundwater supply followed a similar trend, 
increasing from 107.9 to 183.3 mm (from 2014 to 2015), and 
decreasing from 101.4 to 65.8 mm (from 2016 to 2017). Thus, 
the groundwater availability was higher for the years 2014 and 
2015, compared to the years 2016 and 2017, as a consequence of 
inter-annual rainfall variability.

With regard to the surface water supply, the service flow 
ranges from 16.05 to 17.53 mm year−1. Meanwhile, the service 
capacity decreased, from 228.01 to 113.81 mm year−1 with 
WaSiM and 326.14 to 80.79 mm year−1 with SWAT between 
2015 and 2017. The annual surface water capacity is high with 
SWAT compared to WaSiM. In addition, the catchment shows 
a high service capacity of surface water supply consistently 
with the simulated water yield. This situation occurred fre
quently in savanna and shrubland where areas are hydrologi
cally sensitive (Agnew 2006, Duku et al. 2015).

A weak capacity of ecosystems to sustain human welfare 
over time is a measure of ecosystem degradation (OCED 
2013). A high swing is observed in the crop water service 
flow with WaSiM, whereas a mixed direction is observed 
with SWAT. High values of crop water supply capacity were 
observed for both models with a lower value after 2016. For 
groundwater, a lower service capacity was observed for both 
models after 2015. The same situation was observed for surface 
water supply capacity.

4 Discussion

For both WaSiM and SWAT, the daily simulations responded 
well to rainfall events. In addition, the overall performance – in 
terms of R2, NSE, KGE and absPBIAS – can be judged as good, 
especially considering the limited data conditions of the study 
(Chaibou Begou et al. 2016, Yira 2016). On a daily basis, R2 was 
0.7 and 0.8, respectively, for WaSiM and SWAT in the calibra
tion period and 0.7 and 0.8 in the validation period. NSE was 0.7 
for WaSiM and 0.8 for SWAT for the calibration and validation 
periods, while KGE varied between 0.6 and 0.7 for WaSiM and 
0.8 and 0.9 for SWAT (calibration and validation steps, respec
tively). The absPBIAS was lower than 25% for both models.

These results are comparable to those of Badou (2016), 
Obuobie and Diekkrüger (2008), Yira (2016) and Bossa and 
Diekkrüger (2012) in nearby basins. Although observations are 
limited for discharge components, compared to reference stu
dies in the region, the water balance appears relatively well 
simulated. However, differences in discharge components can 
be noted between the two models. This difference may be 
related to the model parameters’ optimization during the 
simulation. The uncertainty analysis showed a relatively low 
satisfaction as the 95PPU only bracketed 31% of the observed 
discharge. These results are comparable to the findings of Osei 
et al. (2018) who achieved a 95PPU that bracketed only 45% of 
the streamflow data. With the exception of the p-factor, the 
performance indicators (R2, NSE, KGE and absPBIAS) showed 
satisfactory performance of the models.

The empirical distinction and separate characterization of 
service capacity and service flow are essential in understanding 
the dynamics of service provision and in planning and devising 
sustainable management options (Duku et al. 2015). One 
notices that service capacity is higher than the service flow, 
meaning an under-utilization of HES in the catchment a priori. 
This implies, among others, that the catchment can potentially 
supply more water needed for maize growth and other related 
crops having similar water requirements assuming optimal 
water management conditions. It was shown by Shaxson and 
Barber (2003) that crop water supply is one of the main 
limitations for crop production in rainfed agriculture systems 
and thereby the major factor causing low crop yield in semi- 
arid areas.

The water service flow is lower than the service capacity of 
the catchment for household water supplies. As groundwater 
remains the major source of water for consumption by house
holds, the service flow in terms of groundwater extraction was 
significantly higher than the service flow of surface water 
supply. It should be noted that the service capacity of ground
water supply is lower than that of the surface water supply. 
Despite a high service capacity, service flow for surface water 
supply is only possible for a limited period (July to December) 
before rivers dry up. This highlights the need for storage and 
management of surface water to improve water availability in 
the catchment.

Consistently with the annual rainfall, the service capacity 
for groundwater supply exhibited high values from 2014 to 
2015 and low values thereafter. Notwithstanding this variabil
ity due to the inter-annual rainfall of the catchment, the 
catchment is capable of supplying groundwater services. This 
situation is comparable to the results achieved in the Ouémé 
catchment (which is close to the Ouriyori), where service 
capacity was found to be high too (Duku et al. 2015).

5 Conclusion

The SWAT and WaSiM models were calibrated and validated 
in the Ouriyori catchment (14.5 km2) using, amongst others, 
daily observed climate and discharge data. Both models were 
able to reproduce adequately the daily discharge at the catch
ment outlet, although the SWAT simulations achieved higher 
performance. The study confirms the ability of both models to 
reproduce hydrological conditions of small catchments of 
some square kilometers. It is worth mentioning that Wallace 
et al. (2018) achieved satisfactory simulation results with little 
effect of catchment size on simulated flows, applying the 
SWAT model for catchments ranging from 20 to 680 km2.

The SWAT and WaSiM models have successfully supported 
the computation of reliable and meaningful HES indicators 
through simulated data (plant growing days with water stress, 
actual evapotranspiration, residual soil moisture, potential 
evapotranspiration, groundwater recharge, water yield, etc.). 
Thus, HES capacity and flow, which are the key components 
that need to be measured to capture the full dynamics of 
ecosystem service provision, were estimated and showed that 
the service capacities for both crop and household water sup
ply are higher than their service flow. Furthermore, a high 
service capacity of surface water compared to that of the 
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groundwater was shown, while the service capacity of crop 
water supply was revealed higher than its service flow. These 
significant results suggest that strategic sustainable actions 
may be taken to increase water and food security and subse
quently improve resilience and adaptation to climate variabil
ity. Amongst other actions, water retention systems can be 
implemented in such a way as to extend the availability period 
of surface water and groundwater supply capacity (and use). In 
addition, rice production and off-season farming may be 
implemented, taking advantage of the water availability, 
despite the prevailing inter-annual rainfall variability. 
Actions could include the implementation of soil and water 
conservation systems to considerably increase the ground
water recharge (capacity) through the recharge of aquifers. 
This study showed that hydrological modelling can lead to 
reliable hydrological ecosystem service assessment with rele
vant and suitable information for sustainable management of 
catchment ecosystem services and decision-making.
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