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Abstract 
Management of reservoir water resources requires the knowledge of flow in-
puts in this reservoir. Hydrological rainfall-runoff model is used for this 
purpose. There are several types of hydrological model according the descrip-
tion of the hydrological processes: black-box models, conceptual models, de-
terministic physical based model. SWAT is a semi-distributed hydrological 
model designed for water quality and quantity. This versatile tool has been 
used all around the world to assess and manage water resources. The main 
objective of the paper is to calibrate and validate the SWAT model on the 
watershed of Bafing located between 10˚30' and 12˚30' north latitude and 
between 12˚30' and 9˚30' west longitude to assess climate change on this river 
flows. A DEM with a resolution of 12.5 m × 12.5 m, the daily average flows 
and the daily observed precipitations on the period 1979-1986 (long period) 
are used as inputs for the calibration, while precipitations for the period 
1988-1994 are used for the validation. The sensitivity analysis was done to 
detect the most determining coefficients during the calibration step. It shows 
that 19 parameters are required. Then, the effect of the period on the para-
meters calibration is checked by considering first the whole period of study 
and then each year of the period of study. The Nash criterion was used to 
compare the calculated and the observed hygrographs in each case. The re-
sults showed that the longer is the period of calibration, the more accurate is 
the Nash criterion. The calibration per year gave a best Nash criterion except 
for a single year. During the validation, the parameters calculated on the long 
period lead to the best Nash criterion. The values of the Nash criterion cali-
bration and validation are very suitable. These results of calibration can be used 
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to study the long-term evolution of flow at Senegal River on Bafing Makana. 
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1. Introduction 

To promote self-sufficiency in food scarcity and to promote the income of the 
local population, to preserve the natural ecosystems and to mitigate the effects of 
climate change and extremes events and to accelerate their common economic 
development, Senegal, Mali, Mauritanea and Guinea West African countries 
have created the Senegal River Basin Development Authority (Organisation pour 
la Mise en Valeur du fleuve Senegal, OMVS, in French). The objective of this 
Organisation is of jointly managing the Senegal River and its drainage basin. 
Diama and Manantali Dam have been built, the first on Delta of Senegal River, 
the second on the Bafing River, the main tributary of the Senegal River. While 
Diama Dam aims mainly at stopping sea water intrusion in the Delta, Manantali 
Dam is a multi-purpose dam on the Bafing river in the Senegal River basin with 
a reservoir capacity which is of 11.3 km3. The dams system’s function is to regu-
late the Senegal River regime, to provide the water flows needed to irrigate 
375,000 hectares, to supply water to urban centers, to make navigation on the 
river possible, to produce about 800 Kwh of electricity, to cut off natural floods 
and thus reduce flooding, to prevent the rise of seawater in the low-flows in the 
delta, to improve the filling conditions of the dams. An accurate estimation of 
the availability of water resources is required by stakeholders and policy makers 
need to estimate the availability of water resources to plan and develop a given 
region. This requires a good understanding of the interactions between precipi-
tations, evapotranspiration, stream flow and water balance at spatial and tem-
poral scales in the catchment. Hydrological models are becoming increasingly 
useful in devising policies for management of storage reservoirs and mitigating 
extreme hydrological events like floods and droughts [1]. A hydrological model 
may be defined as a mathematical representation of the water cycle on a portion 
of a given catchment, in order to perform rain-runoff transformations. Hydro-
logical models can be classified according to the spatial description of the cat-
chment into lumped and distributed. A lumped model performs a simplified 
water balance over the whole catchment. Distributed models divide the basin 
into smaller subareas considering the spatial variability of the data and the mod-
el parameters [2]. Distributed hydrological models are now more and more able 
to simulate most of the complex basin hydrological processes because they can 
incorporate the remotely sensed and digital elevation model (DEM) data [3]. An 
intermediate category of models is that of semi-distributed models. In these 
models, the whole catchment is divided into smaller sub catchments whose cha-
racteristics are as uniform as possible. This allows them to combine the advan-
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tages of both lumped and distributed hydrological models [4]. 
Hydrological models can also be classified according to the way they describe 

the hydrological processes from conceptual empirical models to physically based 
distributed parameters models according the way they estimate runoff [5]. In 
conceptual models, hydrological processes are represented by simplified mathe-
matical equations, while in physically based models, hydrological processes are 
represented by conservation laws of fluid mechanics: momentum conservation 
and energy conservation [6]. There are many applications of hydrological mod-
elling in hydrology. [7] used two black-box models (GR2M and GR4J) to assess 
runoff on the Niger River basin. [8] applied deterministic models WRF-Hydro 
and HEC-HMS in southern Lebanon, Israel, West Jordan and Eastern Sinai to 
assess the performance of simulated hydrographs driven by various precipitation 
sources. [9] used HEC-HMS for flood forecasting in the Sturgeon Creek wa-
tershed in Manitoba, Canada. [10] used MIKE SHE to assess the applicability in 
the large-scale watershed of northern Chian.  

GIS based models are very useful in management of storage reservoirs and 
mitigating extreme hydrological events. Among these models, SWAT is becom-
ing more and more very popular in the community of water resources practi-
tioners. SWAT is a hydrological model that allows simulating the quantity 
(stream flow) and quality (pesticides, nutrients and sediments) of water [11] 
[12]. It also quantifies the impact of land management practices in large and 
complex watersheds. SWAT includes many useful components and functions for 
simulating the water balance and the other watershed processes such as water 
quality, climate change, crop growth, and land management practices. The 
SWAT model is a well-known tool, widely used in several cases in the word, and 
successfully adapted [13]. Authors such as [14] [15] [16] have used SWAT to 
simulate sediment yields and nutrient transfer processes. [17] modeled a four 
million km2 area in West Africa, including mainly the basins of the rivers Niger, 
Volta and Senegal with SWAT. [18] presented a set of papers where the SWAT 
model has been used in different fields.  

SWAT is characterized by a large number of parameters related to hydrology, 
water quality, biomass and crop yields predictions. Proper use of this model re-
quires two or three phases: sensitivity analysis, calibration and Validation. The 
sensibility analysis is very important to reduce the number of parameters and to 
determine the accurate of these parameters. [19] measures the significant of a 
parameter by determining the sensitivity of this parameter and the p-value with 
tstat. Since greater changes in output variables correspond to greater sensitivi-
ties, [20] measures the response of an output variable to the change in an input 
parameter with sensitivity index. The calibration consists to determine the mod-
el parameters; the validation ensures that the parameters describe very well the 
hydrological behavior of the watershed. The calibration procedure involved the 
adjustment of the SWAT parameters by using SWAT-CUP, PARASOL, SUFI-2 
or manually to check for the adequacy between SWAT calculated outflows the 
observed outflows. Swat model has been used to simulate streamflow and the 
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hydrological behavior of basins. [21] calibrated and validated SWAT model us-
ing hydrometeorological data from 1988 to 2001 on Xitiaoxi catchment situated 
in Huzhou, a city in northern Zhejiang Province. [22] applied an automated ca-
libration procedure implemented in SWAT2003 called PARASOL (Parameter 
Solution Method) on Biobio River Basin located in Central Chile. SUFI-2 algo-
rithm was used by [23] for the calibration SWAT model of the upstream gauge 
(Hester Creek) and downstream gauge (Flint River) for the monthly and daily 
flows. [24] used SWAT-CUP for automatic calibration of stream flow at Musi 
basin. SWAT has been applied in America, Asia, Europe and Africa on various 
watersheds extending from 3.35 to 114,345 km2 [25] [26] and [27] to assess im-
pact of climate change on water resources between 2046-2064 and 2080-2100 
respectively on lasser Zab and Al-Adhaim localed at Iraq; [28] to simulate the 
impact on local hydrology of a small agricultural watershed three climate change 
scenarios; [29] to simulate the impact of potential climate change on Creek basin 
hydrology; [30] to study the hydrological behaviour of the Sebou watershed 
(Morocco), [31] to simulate stream flow and estimate sediment yield and nu-
trients loss from the Murchison use this model. The objective of this paper is to 
describe the rainfall-run off processes in the catchment of the Bafing River, the 
main tributary of Senegal River upstream Bafing Makana stream gauge. The fi-
nal result is to help decision-makers of the OMVS in water resources manage-
ments. Empirical conceptual models such as GR4J at daily step and GR4J at 
monthly steps have already been calibrated and validated on the Bakoye, Faleme 
and Bafing tributaries to simulate rainfall runoff processes [32] [33] and [34]. 
These models are not well suited when characteristics of basin should be taken 
into account. That is why SWAT model has been used in this paper to simulate 
rainfall runoff processes on the river basin of Bafing River upstream Bafing Ma-
kana gauge station to estimate inputs flows at the Manantali Dam. The most 
sensitive parameters have estimated once a sensitivity analysis has been carried 
out. These parameters have been calibrated and validated on the whole period of 
study and on every year of the period of study then. Criteria of goodness of fit 
values indicate the SWAT hydrological model can be used to estimate the flow of 
the Bafing River at the Bafing Makana gauge station. Estimated and observed 
hydrographs have been compared through plots. Parameters estimated on the 
whole period of study have been found to be the best.  

2. Materials and Methods  
2.1. Study Area 

Senegal River originates in the Fouta Djalon mountains, in West AFrica. It 
crosses the countries of Guinea, Mali Mauritania and Senegal. This Basin Or-
ganization for the Development of the Senegal River (OMVS) is a regional co-
operative management body of the Senegal River which currently includes Gui-
nea, Mali, Mauritania, and Senegal. The study area is the watershed of Bafing 
located between 10˚30' and 12˚30' north latitude and between 12˚30' and 9˚30' 
west longitude [35] [36]. Bafing River is characterized by tropical climate with 
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annual mean temperature is 27.6˚C and annual mean rainfall of 1166 mm [37]. 
Figure 1 represents the study area and the area is 22,220 km2.  

2.2. Topographical and Climate Data 

Topography of the watershed was defined by digital elevation model (DEM) 
clipped out from the Shuttle Radar Topography Mission (SRTM) 12.5 × 12.5 m 
Digital Elevation Data https://vertex.daac.asf.alaska.edu/?#. Rainfall, Max and 
Min Temperature Solar radiation, RH, wind speed was obtained on  
https://globalweather.tamu.edu/. The daily average flows and the daily observed 
precipitations come from the Organization for the Development of the Senegal 
River Database. 

2.3. Soils and Land Use 

Land use and land cover map downloaded from the website  
(https://www.britannica.com/science) whose resolution is of 1 km × 1 km for 
Africa data sets has been used in this study. The Bafing river watershed consists 
of 4 different soil classes namely Acrisols, Cambisols, Leptosols and Regosols 
(Figure 2(a)). From the map (Figure 2(b)), it can be observed that there are 
around 5 classes of Land cover. An acrisol is a type of soil as classified by the 
Food and Agriculture Organization. It is clay-rich, and is associated with humid,  
 

 
Figure 1. Study area. 
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(a) 

 
(b) 

Figure 2. (a) Soil classes; (b) Land cover. 
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tropical climates. A Cambisol is a soil with a beginning of soil formation. Cam-
bisols are developed in medium and fine-textured materials derived from a wide 
range of rocks, mostly in alluvial, colluvial and aeolian deposits. Leptosol, one of 
the 30 soil groups in the classification system of the Food and Agriculture Or-
ganization (FAO). Leptosols are soils with a very shallow profile depth (indicat-
ing little influence of soil-forming processes), and they often contain large 
amounts of gravel. Leptosols are unattractive soils for rainfed agriculture be-
cause of their inability to hold water, but may sometimes have potential for tree 
crops or extensive grazing. Regosols are characterized by shallow, medium-to 
fine-textured, unconsolidated parent material that may be of alluvial origin and 
by the lack of a significant soil horizon (layer) formation because of dry or cold 
climatic conditions. Regosols in mountain areas are best left under forest. Land 
use and management of Regosols vary widely. Some Regosols are used for capi-
tal-intensive irrigated farming but the most common land use is low volume 
grazing. Figure 2(b) shows the types of land cover in the watershed. The most 
important major types of land use in the basin are: FRSD, RNGS, WWGR and 
CWGR covering of the total basin area Table 1. 

2.4. Description of SWAT Model 

SWAT (Soil and Water assessment Tool) is a semi-empirical and semi-physical 
based model developed by l’USDA (Agricultural Research Service) and running 
to daily [38]. It is a basin scale, continuous time, conceptual and long-term si-
mulation model that operates at daily and hourly time step [39]. This model has 
been developed for with areas from a few hundreds of km2 to several thousands 
of km2 [40]. SWAT system is embedded within a Geographic Information Sys-
tem (ArcGIS interface), in which different spatial environmental data, including 
climate, soil, land cover and topographic characteristics can be integrated. 
SWAT subdivides a watershed into sub-basins connected by a stream network, 
and further delineates Hydrological Reponses Units (HRU). HRU consists of 
unique combination of land cover and soils in each sub basin [41]. A kinematic 
storage is used to predict lateral flow, whereas return flow is simulated by creat-
ing shallow aquifer. The Muskingum method is used for channel flood routing 
[42]. The SWAT model is a comprehensive, continuous river system scale hy-
drological model that simulates interactions of major hydrological components  
 
Table 1. Characteristics of the soil and land cover in the watershed of Bafing River. 

Corresponding land cover 
use in the SWAT model 

Definition Area % 
Corresponding soil use 

in the SWAT model 
Area % 

FRSD Forest Deciduous Mixed 37.2 Acrisols 2.98 

RNGB Range Brush Land 57.7 Cambisols 2.88 

AGRL Agriculture Generic 0.02 Leptosols 91.25 

WWGR Crested wheatgrass 4.5 Regosols 2.87 

CWGR Western wheatgrass 0.5 
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on a daily time step. It is free and available on http://www.brc.tamus.edu/swat/. 
The required input data for the SWAT model, are topographic, climatic, soil and 
land use data [43] [44]. The simulation of the hydrological cycle is based on the 
water balance, which is carried out considering precipitation, evapotranspira-
tion, surface, lateral and base flow and deep aquifer recharge. The evapotranspi-
ration can be calculated using one of these three methods: Penman-Monteith, 
Hargreaves and Priestley-Taylor. The Pemman-Monteith method was selected in 
this case because it uses more physical parameters (daily maximum and mini-
mum temperature, wind speed, humidity and solar radiation). In addition, the 
Penman-Monteith option in SWAT incorporates the effects of increased CO2 
concentration on plant growth and evapotranspiration [45].  

SWAT simulates surface runoff with Soil Conservation Service (SCS) curve 
number (CN) and the Green and Ampt infiltration method [46]. SWAT use 
three methods for estimating potential ET: Penman-Monteith, Priestly-Taylor, 
and Hargreaves [47]. In this paper we use Soil Conservation Service (SCS) curve 
number (CN) for runoff and the Penman-Monteith for potential ET. The hy-
drological component is based on a water balance equation:  

( )0 day surf seep
1

t

T a qw
i

SW SW R Q E W Q
=

= + − − − −∑               (1) 

where t is the time in days, ( )mmtSW  and ( )0 mmSW  are the final and initial 
soil water content respectively, ( )day mmR  is precipitation, ( )seep mmW  is per-
colation, ( )surf mmQ  is runoff, ( )gwQ mm  is return flow, and aE  is evapo-
transpiration. 

The estimation of surface runoff can be performed by the model using the Soil 
Conservation Service (SCS) curve number method [48], and her equation is 
given by:  

( )
( )

2
day

surf
day

0.2

0.8

R S
Q

R S

+
=

+
                        (2) 

where is given by Equation (3)  
100025.4 10
CN

S  = − 
 

                        (3) 

S: drainable volume of soil water per unit area of saturated thickness (mm/day); 
CN = curve number. The Curve Number (CN) is a dimensionless parameter in-
dicating the runoff response characteristic of a drainage basin. The Curve Num-
ber method is based on these two phenomena. The initial accumulation of rain-
fall represents interception, depression storage, and infiltration before the start 
of runoff and is called initial abstraction.  

The Penman-Monteith method is calculated by the following formula Equa-
tion (4) [49]. 

( ) ( )0
net air

1

p z z a

c

a

H G C e e r
E

r
r

ρ
λ
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∆ ⋅ − + ⋅ −
=

 
∆ ⋅ ⋅ + 

 

               (4) 
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where Eλ  is latent heat flux density (MJ/(m2∙d)); E is evaporation rate (mm/d); 
Δ is saturation vapor pressure-the slope of the temperature curve; netH  is net 
radiation (MJ/(m2∙d)); G is ground heat flux density (MJ/(m2∙d)); airρ  is air 
density (kg/m3); pC  is specific heat at fixed air pressure (MJ/kg∙˚C); 0

ze  is sa-
turated vapor pressure at z height (kPa); ze  is the vapor pressure at z height 
(kPa); g is psychrometric constant (kPa/˚C); cr  is the impedance of the vegeta-
tion canopy (s/m); ar  is the diffusion impedance of the air layer (s/m). 

The SWAT model has been extensively documented and illustrated in other 
articles. A detailed description of SWAT, including extensive equations, a flow 
chart, and a discussion of model limitations, is given by [50]. 

2.5. Sensitivity Analysis 

Sensitivity analysis allows reducing the number of parameters to test for effective 
use of the model. The sensitivity analysis and the calibrations of the model are 
made using the SWAT-CUP or SUFI-2 program [19] [31]. The use of sensitivity 
analysis enabled identification of the most important parameters required to 
model the hydrological processes in the watershed of Bafing River. There are a 
large number of parameters in the SWAT model. In the literature we find many 
methods for the assessment of the parameters sensitivity of SWAT model [51] 
[41]. In this study we use the parameters frequently used in SWAT modeling [7] 
[20]. A set of 22 model parameters was employed in this sensitivity analysis to 
obtain surface runoff, percolation, and evapotranspiration processes. The influ-
ence coefficient method is one of the most common methods for computing 
sensitivity coefficients in surface and ground water problems. The method eva-
luates the sensitivity by changing each of the independent variables, one at a 
time. A sensitivity coefficient represents the change of a response variable that is 
caused by a unit change of an explanatory variable, while holding the rest of the 
parameter constant [52].  

 
Step 1: use default parameters;  
Step 2: default parameters are fixed except the one whose sensitivity is to be 

checked. Step 3: Model is run with the minimum value of this parameter and 
outputs of the run are stored (PET, Surface runoff, lateral flow, recharge, revap 
and percolation). 

Step 4: Model is run with the maximum value of this parameter outputs of the 
run are stored (PET, Surface runoff, lateral flow, recharge, revap and percola-
tion). 

Step 5: repeat 2 to 5 for all parameters 
Step 6: The sensitivity index of this parameter is calculated with outputs of 

steps 3 and 4 (Equation (3)) 
The formula of sensitivity index is given by the following Equation (9): 

min max
mean 2

P P
P

−
=                             (5) 
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min maxP P P∆ = −                              (6) 

min max
mean 2

F F
F

−
=                             (7) 

min maxF F F∆ = −                             (8) 

mean

mean

P F
C

F P
⋅ ∆

=
⋅∆

                             (9) 

Each parameter to check is composed two values (Maximum value et Mini-
mum value).  

iC  is the sensitivity index 

minP : Minimum value of parameter to check and it corresponds to six output 
values;  

maxP : Maximum value of parameter to check and it corresponds to six output 
values; 

minF : Is a set of six output values obtained by minP  for each parameter;  

maxF : Is a set of six output values obtained by maxP  for each parameter. 
The ranking depending on order of magnitude of sensitivity index.  

2.6. Calibration and Validation  

The calibration-validation procedure requires the selection of two different pe-
riods: one for calibration and a one or more for validation [30]. The calibration 
procedure involved the adjustment of the SWAT parameters manually or by us-
ing SWAT-CUP so that the resulting stream flows matched the observed in-
flows. In this study the calibration is performed manually. The validation period 
allows to assess whether the model has been properly settled, using one or more 
periods different of the calibration period. The choice of the period of study is 
based on the availability of data series used as inputs: 1961-2013 for river flow, 
1963-1986 and 1988-1994 for rainfall, 1979-2013 for Max and Min Temperature 
Solar radiation, RH, wind speed. The period 1979-1986 was selected for the cali-
bration of SWAT model. The most frequently used calibration procedure is 
through the optimization of model performances, which is carried out by com-
paring observed and simulated data. The parameters retained once the sensitivi-
ty analysis is performed are then used for the calibration step, first on the whole 
8 years of period of study, and then on each year of the period of the study. This 
leads to nine sets of parameters. For each period of calibration, statistical crite-
rions of goodness of fit indicated in Table 1 are calculated. Therefore, it is rec-
ommended that the model is tested to check its performances in real world ap-
plications, after calibration and before using it in practice. Such testing proce-
dure is called validation. The validation period is 1988-1994. 

2.7. Performance Evaluation of the Model 

Performance of the model was evaluated in order to assess how well the model 
simulated values fit the observed values. In Table 2, several statistical measures 
are available for evaluating the performance of a hydrologic model [53] [54]. These 
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are respectively the coefficient of determination (R2), the Nash-Sutcliffe effi-
ciency (NSE), the Percent Biais (PBIAS), Root Mean Square Error (RMSE) and 
Ratio of the RMSE to the standard deviation of the observations (RSR). 
Nash-Sutcliffe coefficient measures the efficiency of the model and it is efficien-
cies can range from −∞ to 1. The coefficient of determination provides a meas-
ure of how well observed outcomes are replicated by the model. Percent PIAIS is 
used for quantifying the volume errors. The RMSE can be positive or negative, it 
measures the average difference between observed and simulated values. The ra-
tio of the RMSE to the standard deviation of the observations the RSR value and 
provide additional information. These criterions are very useful in model as-
sessment because the dimensionless form of most of them allows to compare 
their performances on different catchments or periods. 

3. Results and Discussions  

SWAT model examines six (06) different sections which are: climate, hydrology, 
erosion, plantation growth, management and quality of water. We note here that 
our investigation will be focused to the sections “hydrology” only. The results of 
sensibility analysis, calibration and validation are presented in the following pa-
ragraph.  

3.1. Sensitivity Analysis 

The sensitivity analysis allows to detect the sensitive parameters. These parame-
ters will then be used for the calibration of the model. We have selected seven  
 

Table 2. Criteria for evaluating the performance of SWAT model.  

Statistical criterion Equations Values Classification of Performance References 

NSE 
( )
( )

2

21 obs sim

obs obs

Q Q

Q Q

−
−

−
∑
∑

 

0.75 < NSE ≤ 1.00 
0.65 < NSE ≤ 0.75 
0.50 < NSE ≤ 0.65 
0.4 < NSE ≤ 0.50 

NSE ≤ 0.4 
0.4 ≤ NSE ≤ 0.70 

Very good 
Good 

Satisfactory 
Acceptable 

Unsatisfactory 
Acceptable 

[53] 

R2 
( )( )( )

( ) ( )

2

2 2

obs obs sim sim

obs obs sim sim

Q Q Q Q

Q Q Q Q

− −

− ∗ −

∑
∑ ∑

 R2>0.5 
R2 values > 0.5 are regarded as 

acceptable for model simulation 
[54] 

PBIAS 
( )

( )
100obs sim

obs

Q Q
Q

− ∗∑
∑

 

PBIAS < ±10 
±10 ≤ PBIAS < ±15 
±15 ≤ PBIAS < ±25 

PBIAS ≥ ±25 

Very good 
Good 

Satisfactory 
Unsatisfactory 

[55] 

RMSE ( )obs simQ Q
n
−∑  

Value below half the 
standard deviation 

Satisfactory [56] 

RSR 
( )
( )

2

2
obs sim

obs obs

Q Q

Q Q

−

−
∑
∑

 

0.00 ≤ RSR ≤ 0.50 
0.50 < RSR ≤ 0.60 
0.60 < RSR ≤ 0.70 

RSR > 0.70 

Very good 
Good 

Satisfactory 
Unsatisfactory 

[57] 

obsQ  = Observed; simQ  = Simulated; obsQ  = Mean observed; simQ  = Mean observed. 
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extensions (Sol, Hru, Sub, Rte, Gw, Sub-Largand Mgt) during sensitivity analysis 
and five of them are finally retained. Increasing Soil parameters leads to increase 
of surface runoff and decrease of PET. When GW parameters decrease, return 
flow decreases while revap and recharge increase. When HRU parameters in-
crease, surface runoff, return flow and recharge increase. Table 3 presented the 
sensibility analysis results. Only eleven parameters are sensitive for surface ru-
noff, eight for Lateral flow, fifteen for Return flow and Revap, and twelve for 
Recharge.  

ALPHA_BF (days): Baseflow recession coefficient; CN2: Runoff curve para-
meter; ESCO: Soil evaporation coefficient; SOL_K: Saturated water conductivity 
coefficient; CH_K2 (mm∙h−1): River effective water conductivity coefficient; 
RCHRG_DP: Water table permeation; EPCO: Material transpiration coefficient; 
GW_delay (days): Delay time for aquifer recharge; GW_revap: Groundwater 
“revap” coefficient; GWQMN (mm): Threshold water depth in the shallow 
aquifer for base flow; Lat_Time: Lateral flow travel time; OV_N: Manning’s “n”  
 

Table 3. Parameters of sensitivity analysis model. 

Surface runoff Order Lateral flow Order Return flow Order Recharge Order Revap Order 

SOL_Z 1 SOL_K 1 WQMIN 1 REVAPMIN 1 WQMIN 1 

SOL_K 2 SOL_Z 2 CH_K1 2 SOL_Z 2 SOL_Z 2 

CN2. 3 CN2.MGT 3 SOL_Z 3 CH_K1 3 REVAPMIN 3 

CANMX 4 LAT_TTIME 4 REVAPMIN 4 DELAY 4 SOL_K 4 

CH_K1 5 CANMX 5 DELAY 5 SOL_K 5 DELAY 5 

LAT_TTIME 6 SOL_AWC 6 SOL_K 6 CN2.MGT 6 CN2.MGT 6 

SOL_CBN 7 SOL_BD 7 CN2.MGT 7 CANMX 7 CH_K1 7 

SOL_BD 8 SOL_CBN 8 CANMX 8 RCHRG_DP 8 CANMX 8 

SOL_AWC 9 CH_K1  SOL_BD 9 SOL_BD 9 SOL_AWC 9 

CH_N1 10 CH_N1  OV_N 10 SOL_AWC 10 RCHRG_DP 10 

OV_N 11 OV_N  CH_N1 11 SOL_CBN 11 SOL_BD 11 

ESCO 
 

ESCO  RCHRG_DP 12 ALPHA_BF. 12 REVAP.GW 12 

EPCO 
 

EPCO  ALPHA_BF. 13 CH_N1  ESCO 13 

CH-N2 
 

CH-N2  SOL_AWC 14 OV_N  EPCO 14 

CH-K2 
 

CH-K2  REVAP.GW 15 LAT_TTIME  ALPHA_BF 15 

DELAY 
 

DELAY  SOL_CBN  ESCO  SOL_CBN  

ALPHA_BF 
 

ALPHA_BF  LAT_TTIME  EPCO  CH_N1  

WQMIN 
 

WQMIN.GW  ESCO  CH-N2  OV_N  

REVAP 
 

REVAP.GW  EPCO  CH-K2  LAT_TTIME  

REVAPM 
 

REVAPMIN  CH-N2  WQMIN.GW  CH-N2  

RCHRG_DP 
 

RCHRG_DP  CH-K2  REVAP.GW  CH-K2  

SURLAG 
 

SURLAG  SURLAG  SURLAG  SURLAG  
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for overland flow; REVAPMN (mm): Threshold depth of water in the shallow 
aquifer for revap to occur; SOL_AWC: (mm H2O/mm soil)-Soil available water 
capacity; SOL_BD: (g∙cm−3): Moist bulk density; SOL_K (mm∙h): Saturated hy-
draulic conductivity; SURLAG (days): Surface runoff; CH_N2: Manning’s “n” 
value of the main channel (m−1/3s); SOL_Z (mm): Layer depth.  

3.2. Calibration of Model 

Sensitivity analysis gave us a first set of sensitive parameters. These parameters 
are calibrated manually on the period 1979-1986. The final values are presented 
in Table 4. In this table, we see that among the 22 parameters checked for sensi-
tivity, only 19 were retained for the calibration and validation. In Table 4 we 
have presented the nine sets of parameters values. The parameters related to soil 
are found to be more sensitive when the calibration is done on each year of the 
period of study (line 2 to 4, column 2 to 9).  

In Figure 3 we have presented the time evolution of the more sensitive para-
meters values when calibration is done year by year on the period of study (from 
1979 to 1986), the averaged value of these parameters, and the values of these pa-
rameters when calibration is made over the whole period of study (1979-1986). 
 

Table 4. Parameters values after manual calibration. 

Parameters 1979 1980 1981 1982 1983 1984 1985 1986 Mean SD RD. 1979-1986 

SOL_BD 1.33 1.1 1.42 1.42 1.64 1.45 1.43 1.31 1.40 0.15 0.11 1.38 

SOL_AWC 0.14 0.11 0.13 0.15 0.24 0.2 0.25 0.15 0.18 0.05 0.30 0.14 

SOL_Z 152 13 100 123 126 123 112 100 99.57 41.15 0.41 100 

SOL_CBN 7.27 7.54 7.27 7.27 7.69 7.27 7.27 7.27 7.37 0.16 0.02 8.12 

SOL_K 254 254 254 254 254 254 254 254 254 0.00 0.00 254 

CH_K1 300 300 300 300 300 300 300 300 300 0.00 0.00 300 

CH_N1 0.089 0.089 0.089 0.089 0.089 0.089 0.089 0.089 0.09 0.00 0.00 0.089 

OV_N 0.156 0.156 0.156 0.156 0.156 0.156 0.156 0.156 0.16 0.00 0.00 0.116 

LAT_TIME 0.035 0.035 0.035 0.035 0.035 0.035 0.035 0.035 0.04 0.00 0.00 0.035 

CANMX 100 100 100 100 100 100 100 100 100 0.00 0.00 100 

ESCO 0.79 0.79 0.79 0.79 0.79 0.79 0.79 0.79 0.79 0.00 0.00 0.8 

EPCO 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.80 0.00 0.00 0.9 

DELAY 254 254 254 254 254 254 254 254 254 0.00 0.00 254 

ALPHA_BF 0.688 0.688 0.752 0.688 0.688 0.688 0.688 0.752 0.71 0.03 0.04 0.688 

WQMIN 3327 3327 631 3327 621 621 621 3327 1782 1445 0.81 3327 

REVAP 0.127 0.191 0.127 0.191 0.09 0.1 0.09 0.191 0.14 0.05 0.33 0.191 

REVAPMIN 0.014 0.014 0.014 0.014 0.014 0.014 0.014 0.014 0.014 0.00 0.00 0.014 

RCHRG_DP 0.42 0.42 0.95 0.42 0.42 0.45 0.42 0.42 0.50 0.19 0.37 0.42 

CN2 39 39 39 39 39 39 39 39 39 0.00 0.00 39 

SURLAG 20 20 20 20 20 20 20 20 20 0.00 0.00 20 
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Figure 3. Evolution of the parameters.  

 
The Sol_BD (Figure 3(a)), the parameters values are neighboring from that ob-
tain from period 1979-1986. The Sol_AWC (Figure 3(b)), the values are trend to 
increase year in and year. The Sol_Z (Figure 3(c)), the parameters values are 
stabilizing from the year 1981. The Sol_CNB (Figure 3(d)), all parameters val-
ues are bellowed of the value of the period 1979-1986. The Alpha_BF (Figure 
3(e)), only two parameters values are above of the parameter value from period 
1979-1986. The QWMIN (Figure 3(f)) and The Revap (Figure 3(g)), all values 
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of this parameters are above of the average. The RCHRG_DP (Figure 3(h)), the 
parameters obtained are the same that obtain from period 1979-1986 except the 
parameters of years 1981 and 1984. 

In Table 5, we compare the global criteria for evaluating the performance of 
the calibration (column 2 to 6), the mean observed and model simulated flow on 
the period of calibration (column 7 and 8) and the observed and model simu-
lated depth of runoff on the period of calibration (column 9 and 10). According 
to Table 1, global criteria for evaluating the performance of the calibration 
(column 2 to 6) are very good except the R2 which is acceptable. 

In Figure 4 we plot observed mean annual flow against model simulated 
mean annual flow (Figure 4), and observed depth of runoff against model simu-
lated depth runoff (Figure 4). The determinant coefficient is about 0.8 what 
corresponds to a good adequation. 

The following Figure 5 presents the daily observed and simulated flow hy-
drograph when calibration is made year by year. Main features of the hydro-
graphs are restituted by the model.  

Figure 6 represents the terms of water balance corresponding to calibration 
made on every year of the period of study. We have noticed generally downward 
trend for time series of most terms of water balance (PET, Precipitation, Surface 
runoff, percolation, and recharge) except return flow and lateral flow time series 
where an upwards trend is observed. While Revap time serie seems to be trend 
free. What is remarkable here is that surface run off, percolation, and Recharge 
present null values for years 1983, 1984 and 1985 where rainfall is particularly 
low. And there are zero values for runoff and recharge in the same years between 
1983 and 1985. For return flow rates, the null values are observed for years 1979, 
1980, 1982 and 1983. 

We plot in Figure 7 the simulated mean annual flow against observed mean 
annual flow for calibration period (Figure 7(a) and Figure 7(b)). We have the 
confirmation that model underestimates peak flow and annual mean flow on the 
period of study and has difficulties to reproduce peak flow and mean annual 
flow: corresponding R2 values are very low. 

 

 
Figure 4. Comparison of annually observed and simulated mean flow and depth runoff for calibration. 
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Figure 5. Comparison of daily observed and simulated stream flow for the calibration by year. 

 
Table 5. Criteria for evaluating the performance of SWAT and Statistic evaluation of simulated versus observed average daily 
stream flow data on calibration. 

Years Nash R2 PBIAS RMSE RSR 
Obs. flow 

(m3/s) 
Sim. flow 

(m3/s) 
Obs. Depth of 
runoff (mm) 

Sim. Depth of 
runoff (mm) 

1979-1986 0.71 0.71 4.56 2.4 0.55 171 160 242 228 

1979 0.82 0.86 0.11 3.77 0.42 153 153 217 216 

1980 0.54 0.55 6.6 10.55 0.68 194 181 275 257 

1981 0.9 0.92 7.02 4.43 0.32 198 184 281 261 

1982 0.9 0.91 6.83 3.44 0.31 161 150 229 213 

1983 0.72 0.73 12.17 6.59 0.53 188 165 267 235 

1984 0.82 0.84 14.25 3.25 0.42 127 109 180 155 

1985 0.91 0.92 9.82 4.02 0.3 168 148 239 211 

1986 0.77 0.8 −8.43 6.49 0.48 175 188 248 267 

Mean 0.80 0.82 6.05 5.32 0.43 171 160 242 227 

SD 0.12 0.12 6.76 2.32 0.12     

Performance Very Good Acceptable Very Good 
 

Very Good     
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Figure 6. Water balance terms. 

 

 
Figure 7. Comparison of annually observed and simulated peak and average flow for the calibration period.  

3.3. Effect of the Period of Calibration on the Parameters 

The initial period was divided into 36 and the application results of parameters 
calibrated on the period 1979-1986 were presented in Table 6. The calibration 
period varies from two years to seven years. The Nash criteria are generally good 
over the periods studied. According to the lines A, B, D and E, we note that the  
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Table 6. Period effect. 

 
1 2 3 4 5 6 7 8 

 
Period 1979 1980 1981 1982 1983 1984 1985 1986 

 
NSE 0.77 0.47 0.88 0.90 0.5 0.72 0.75 0.72 

 
Period 1979-1980 1979-1981 1979-1982 1979-1983 1979-1984 1979-1985 1979-1986 

  
NSE 0.54 0.67 0.72 0.68 0.69 0.70 0.70 

 
A 

Period 1980-1981 1980-1982 1980-1983 1980-1984 1980-1985 1980-1986 
   

NSE 0.66 0.71 0.60 0.68 0.70 0.70 
  

B 

Period 1981-1982 1981-1983 1981-1984 1981-1985 1981-1986 
    

NSE 0.89 0.77 0.77 0.76 0.76 
   

C 

Period 1982-1983 1982-1984 1982-1985 1982-1986 
     

NSE 0.69 0.70 0.72 0.72 
    

D 

Period 1983-1984 1983-1985 1983-1986 
      

NSE 0.57 0.65 0.67 
     

E 

Period 1984-1985 1984-1986 
       

NSE 0.74 0.73 
      

F 

Period 1985-1986 
        

NSE 0.73 
       

G 

Nash Mean 0.70 0.67 0.73 0.75 0.66 0.71 0.73 0.72 H 

Performance Good Good Good Good Good Good Good Good 
 

 
Nash value increases as the period of calibration increases. On the lines C and F 
of this table, we note that the Nash criterion decreases as the period of calibra-
tion period increases. The results presented in this table show that with a few 
exceptions, Nash’s criterion is better when the calibration period is long. 

The parameters calibrated on each year were applied on the period 1979-1986 
and the results were presented in Table 7. The NSE value (0.69) obtained with 
the para-meters of year 1982 is the best. The mean value of this criterion is 0.57.  

A total 9 sets parameters were obtained during the calibration phase among 
this sets parameter those from 1979-1986 were showed a better result into the 
calibration and application. All parameters are used for the validation but the 
parameters of period 1979-1986 were retained for the validation of model.  

3.4. Validation of Model 

The model is validated on the period 1988-1994 with the 9 sets calibrated para-
meters. We present the results in Table 8. Based on the values of all the criteria, 
the set of parameters calibrated over the global calibration period better 
represents the Bafing River watershed upstream of Bafing Makana gauge station.  

We plot the simulated and observed peak flows (Figure 8(a)), and the simu-
lated and observed mean annual flows Figure 8(b) for validation period. It ap-
pears that model underestimates both peak flows and annual mean flows. 
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Table 7. Application of the parameters calibrated per year on the long period. 

Years NSE R2 PBIAS RMSE RSR 

1979 0.68 0.7 11.94 2.46 0.56 

1980 0.66 0.67 4.9 2.56 0.58 

1981 0.66 0.69 −10.96 2.58 0.59 

1982 0.69 0.72 1.89 2.43 0.55 

1983 0.24 0.70 −36.87 3.83 0.87 

1984 0.57 0.70 −14.52 2.87 0.65 

1985 0.39 0.69 −27.77 3.42 0.78 

1986 0.68 0.70 9.61 2.46 0.56 

Mean 0.57 0.70 −7.72 2.83 0.64 

SD 0.17 0.01 17.92 0.52 0.12 

Performance Satisfactory Acceptable Very Good 
 

Satisfactory 

 
Table 8. Criteria for evaluating the performance of SWAT and Statistic evaluation of si-
mulated versus observed average daily stream flow data on validation.  

 
Nash R2 PBIAS RMSE RSR 

Obs. 
flow 

(m3/s) 

Sim. flow 
(m3/s) 

Obs. Depth 
of runoff 

(mm) 

Sim. Depth 
of runoff 

(mm) 

1979-1986 0.65 0.67 18.24 3.41 0.59 201 165 286 234 

1979 0.63 0.67 24.84 3.50 0.61 201 151 286 215 

1980 0.64 0.66 15.33 3.46 0.60 201 170 286 240 

1981 0.63 0.63 5.21 3.52 0.61 201 191 286 271 

1982 0.64 0.66 16.1 3.43 0.60 201 169 286 240 

1983 0.42 0.60 −18.70 4.38 0.76 201 239 286 339 

1984 0.60 0.63 1.51 3.62 0.63 201 198 286 281 

1985 0.52 0.61 −10.04 3.99 0.69 201 221 286 314 

1986 0.62 0.65 23.01 3.56 0.62 201 155 286 220 

Mean 0.59 0.64 7.16 3.22 0.64 201 184 286 262 

SD 0.08 0.03 15.63 0.29 0.06     

Performance Sat. Acc. VG. 
 

Sat.     

SAT = Satisfactory; Acc = Acceptable; VG = Very Good. 

 

 
Figure 8. Comparison of annually observed and simulated peak and average flow for the validation period.  
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Figure 9. Comparison of daily observed and simulated stream flow for the calibration and the vali-
dation period. 

 
Period of study has difficulties to reproduce peak flow and mean annual flow: 
corresponding R2 values are very low.  

Figure 9 presents the results of calibration and validation on the whole period 
of study. It appears clearly that the model satisfactorily reflects the watershed's 
hydrological behaviour.  

4. Conclusion  

The objective of this study is to calibrate and validate the SWAT model on Baf-
ing River, the main tributary of Senegal River at upstream Manantali Dam. Sen-
sitivity analysis has first been carried out to detect the most sensitive parameters. 
19 parameters have been sensitive among the 22. These parameters have been 
calibrated first on the whole period of study and the on each year of this period. 
Validation of the calibrated parameters has been undertaken on the whole pe-
riod of study (1979-1986) and then on each year of the period of study. Accord-
ing to the Nash Criterion of quality, parameters calibrated on the whole period 
1979-1986 are the best. Plots of the estimated and observed hydrographs allow 
us to assess that SWAT hydrological model can be used to simulate the rain-
fall-runoff processes on Bafing River basin upstream Bafing Makana gauge sta-
tion for Manantali Dam operations. 
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