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Abstract 
Sustainable management of Ivory Coast’s freshwater reserve at a catchment scale 
is an essential way in the policies of land use sustainable management. Thus, the 
implementation of physical conceptual semi-distributed SWAT model required 
a good knowledge of the watershed and a large number of physic-chemical data 
available that have been prior adapted to Ivory Coast’s climatic and soil condi-
tions. The whole simulation span was divided into calibration set (1982-1986) 
and validation set (1987-1990). The SUFI-2 algorithm was used for parameters op-
timization. The sensitivity analysis focused on 8 parameters related to runoff, soil, 
evaporation, main channel and groundwater. The performance criteria were based 
on the P-factor, R-factor and the two objective functions which are Nash-Sutcliffe 
coefficient and the coefficient of determination. Although Taabo river basin like 
African basins suffers from a significant lack of data, the objective functions 
showed the robustness of the model to climate variability. The calibration launched 
during a wet period gave objective functions higher than 0.7 while validation 
performed in less humid period gave performance criteria around 0.6. During 
the simulation period, Taabo river basin daily green water ranged from 0.044 
to 50.257 mm/day with a total average of 3,090.9 mm per year. As for blue 
water, it is ranged from 0.032 to 0.552 mm/day with an annual total average of 
29.19 mm. 
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1. Introduction 

Highly in great demand by all and sometimes at very large scale, freshwater or 
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blue gold remains the natural resource without which, life on earth is not possi-
ble. Its scarcity, fragility and unequal distribution particularly on African conti-
nent has led to massive population displacement and in more serious situations, 
famine and death. Ivory Coast like other African countries is not sheltered from 
these spatial variability problems of water. Indeed, despite the heavy rainfall, the 
country faces problems of drinking water supply due to inadequate water re-
sources, especially in dry season [1]. Besides, the problem of water availability is 
much more apparent in some regions compared to others. To remedy this, the 
Ivorian government launched in 1970, the National Fund for Water (FNH) to bring 
safe drinking water to populations who do not yet benefit. However, the lack of 
knowledge on water resources has hampered investigations. It is in this context 
that this study was conducted. The purpose of this study is to quantify the cur-
rent state of Ivory Coast freshwater resources. It will allow from a relevant diag-
nosis of all physic-chemical phenomena, the assessment at the catchment scale 
of major water resources. An approach of this problem through tools such as 
hydrological models [2] [3] [4] [5] appears as a decision support tool to consider 
[6]. There are a variety of hydrological models, however, the spatial heterogeneity 
of the soil and the interactions complexity between climate, soil and plants does 
not enable predict with certainty the effects of different measures [7] [8] [9] [10] 
[11]. Thus, the SWAT (Soil and Water Assessment Tool) model, taking into ac-
count the spatial heterogeneity of the soil has been tested on the Taabo watershed. 
The choice of this model was also motivated by the inclusion in its database, of a 
wide range of cultures with different cultural practices [12] [13] [14]. Similarly, its 
ability to assess the water resources availability has been tested and validated on 
the African continent by [15]. The freshwater resources of the basin produced by 
SWAT model are divided into two components: blue water or internal renewable 
water resource (IRWR) and green water [16]. Blue water is the freshwater of aqui-
fers, rivers and lakes that can be taken for various purposes including human 
consumption, irrigation, manufacturing, farming and hydropower. According to 
[17], it also supports aquatic ecosystems. It is quantified as the amount of water 
yield (which is the total amount of water leaving the subbasin and entering the 
main channel during a period time) plus the deep aquifer recharge (the amount 
of water from the root zone that recharges the deep aquifer during the time step) 
[11]. As for the green water, it is the precipitation part that naturally infiltrates 
into the ground and then returns to the atmosphere by transpiration from plants 
or evaporation from the soil surface. The water stored in the soil and productively 
used for plant transpiration is an important quantity particularly in rainfed agri-
culture [18]. [19] defined it as the sum of the green water storage (soil moisture (the 
amount of water in the soil profile at the end of a time period)) and the green wa-
ter flow (actual evapotranspiration (the amount of water release to the atmos-
phere from soil evaporation and plant transpiration)). The model may contain 
errors, the evaluation of its performance was possible using the SUFI-2 (Sequen-
tial Uncertainty Fitting-Version 2) algorithm of SWAT-CUP software [20] and [21]. 
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The SUFI-2 algorithm was chosen in this study because it proved its efficiency in 
the sensitivity/uncertainty analysis and calibration/validation of large watersheds 
demanding in terms of calculations. According to [16] and [22], it is capable of 
analyzing a large number of parameters and measured data from many gauging 
stations simultaneously. Thus, it is the most widely used algorithm in most hydrol-
ogy studies because it requires a smallest number of model runs to obtain satis-
factory results. 

2. Materials and Methods 
2.1. Study Area 

Knowledge of the water availability problematic in the watershed requires know-
ledge of all phenomena and processes involved in its configuration. Thus, the Taabo 
watershed used as test zone in this paper is situated in Ivory Coast precisely be-
tween longitudes 4˚59' and 7˚10' east and latitude 6˚07' and 10˚33' north. It cov-
ers an area of 59,506.66 km2, in which 2975.33 Km2 (either 0.05%) is located in 
Mali (neighboring country). Taabo river basin benefits an important river sys-
tem of which two artificial lakes that are Kossou and Taabo (Figure 1). 

Indeed, created in 1971, Kossou Lake with a length of 150 km and an area of 
1855 km2, is the largest lake in the basin. Its volume is estimated at full at 28.8 × 
109 m3. As for Lake Taabo established in 1975, is located at 120 km downstream 
of Kossou Lake. Its lake covers an area of 69 km2 and stocks a volume of 630 × 
106 m3 of water [23]. At the relief level, although having high altitude by location, 
Taabo watershed relief is mostly flat. The contributions transiting in the river ba-
sin come from tributaries of soil leaching, falling dead leaves and rejects of hu-
mans, animals and insects feces. The forte presence of human combined with its 
activities at the catchment surface has diverse repercussions both on water health, 
and socio-economical activities [24] [25] [26]. Among the water health consequences, 
one can non-exhaustively enumerate, sedimentation, acidification, pollution by heavy 
metals and eutrophication. 

2.2. SWAT Simulator Description 

SWAT model is the result of nearly 18 years of research initiated by the Agricul-
tural Research Service of the Agricultural Department of the United States (United 
States Department of Agriculture (USDA) Agricultural Research Service) [27]. It 
is a semi-distributed, conceptual physical model that operates on a continuous ba-
sis with a daily time step. Some authors whom [28] and [29] considered it as an 
empirical model. This empirical consideration is because it includes some empi-
ricism in particular in the representation of runoff (Curve Number method) or 
groundwater flow simplified from some empirical parameters such as the coeffi-
cient of drying up. Its license inducing-free use allows novice modeler to be sup-
port by the very large user community through its forums. SWAT offers also oppor-
tunities for changing and adjusting certain aspects of its source code for an adap-
tation to local conditions. It allows therefore managing heterogeneous watersheds 
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Figure 1. Study area. 

 
in terms of landscape, land use, pedology and relief notwithstanding the size [14]. 
SWAT can also function in the absence of hydrometric data [30]. Thus, its coupl-
ing with GIS (Geographic Information System) as GRASS® or ArcGIS® is very use-
ful as it promotes raster, vector and alphanumeric data management. This is a 
well-integrated agronomic and hydrological tool because its validity was tested 
on watersheds to various spatial-temporal scales and different agronomic and 
geological context. Among others, it has been tested in Morocco (227 km2) by 
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[31]; France (302 km2) by [7] and (385 km2) by [8]; Quebec (630 km2) by [32]; 
Switzerland (1700 km2) by [33]; New Zealand (2180 km2) by [34]; United States 
(4550 km2) by [35]; Mali (100,120 km2) by [36] and [37]; Senegal watershed 
(400,000 km2), Volta watershed (400,000 km2), Niger watershed (2.2 million km2) 
by [11] and throughout Africa by [15]. 

2.3. SWAT Model Functioning 

In its setting up, SWAT subdivides the hydrological modeling of the basin into two 
phases [17]. In the first phase, which is the land phase of the hydrologic cycle, the 
model manages the amount of water, sediment loads, nutrients and pesticide flow-
ing into the main channel of each subbasin. The second phase concerns the wa-
ter transport, i.e. the movement of water, sediment, nutrients and other pollutants 
through the river network to the basin outlet. Depending on the number of HRU 
(Hydrologic Responses Unit), which is the basic unit of calculation, SWAT is able 
to reproduce in a few minutes or a few hours, several years of farming practices 
and hydrological functioning. Its hydrological structure reproduces water balance 
in a simplified manner through several interconnected modules via specific al-
gorithms [38]. 

To simulate the availability of Taabo catchment water resources, the ArcSWAT 
2009 related to ArcGIS 10.0 software was used. The ability of SWAT model to 
reflect the reality of the land is largely dependent on the accuracy and reliability 
of the input variables values of the model that will be incorporated. For its oper-
ation a database, which in most cases was freely obtained were used. Thus, Digi-
tal elevation model (DEM) used in this study was obtained by the mosaic of Shut-
tle Radar Topography Mission (SRTM) 35_10, 35_11 and 36_11 images at the res-
olution of 90 m.  

The land use map of Côte d’Ivoire of 2012 was obtained from the Center of 
Cartography and Remote Sensing (CCT (in French)) at a scale of 1/900,000. The 
soil map established by FAO in 1995 at a spatial resolution of 10 km taking into 
account 5000 soil types and physic-chemical properties of two soil layers whose 
depths range from (0 - 30 cm) and (30 to 100 cm) [11]. Daily weather data of 56 
stations (56 for precipitation and 56 for temperature) from the monthly weather 
statistics at a resolution of 0.5˚ were obtained from monthly Climatic Research 
Unit (CRU) using the daily weather generator algorithm dGen. This work has been 
realized by [15]. There range from 1972 to 1990. Daily flow data from 1982 to 
1990 were requested from the National Office of Drinking Water (ONEP in 
French). To reduce the duration of simulation, HRU (which is the result of the 
unique combination of land use, pedology and slope) was based on dominant tex-
ture and land use option. The Hargreaves and variable storage methods were re-
spectively used to calculate evapotranspiration and hydrological flow. Surface 
runoff was simulated using a modification of the SCS Curve Number method (CN) 
[13]. The duration of the simulation which spread on 13 years was divided into 
three parts. The first period from 1978 to 1981 was used to warm up the model 
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and the two other years (1982-1986 and 1987-1990), respectively used for the 
model calibration and validation. Model calibration determines the best, or at least 
a reasonable parameter set while validation ensures that the calibration parameter set 
performs reasonably well under an independent data set [39]. 

2.4. SUFI-2 Algorithm 

The SUFI-2 algorithm (Sequential Uncertainty Fitting) of SWAT-CUP software 
[20] is a program which enables sensitivity analysis, uncertainty analysis, cali-
bration and validation of SWAT model. SWAT model should undergo sensitivi-
ty analysis which consists of identifying most sensitive parameters to be tested in 
the model. The choice of these parameters was based in part on the literature 
(such as studies performed by [11] [15] [37] [40] [41] and on the other hand, the 
combination of Latin-hypercube and one-factor-at-a-time sampling strategy [42]. 
The uncertainty of input parameters in SUFI-2 is described as a uniform distri-
bution, while model output uncertainty is quantified at the 95% prediction of un-
certainty (95PPU) [43]. The 95PPU is calculated at the 2.5% and 97.5% levels of 
the cumulative distribution of an output variable obtained through Latin hyper-
cube sampling, disallowing 5% of the very bad simulations [20]. The degree to which 
all uncertainties are accounted for is quantified by a measure referred to as the 
P-factor, which is the percentage of measured data bracketed by the 95% predic-
tion uncertainty (95PPU) [11] [44]. The goodness of calibration/validation and 
uncertainty prediction is judged on the basis of closeness of the P-factor to 100% 
and also by small uncertainty band depicted by R-factor. This R-factor which quan-
tifies the strength of a calibration/uncertainty analysis is the average thickness of 
the 95PPU band divided by the standard deviation of the measured data. Simi-
larly, to these criteria, the algorithm offers several objective functions. Among these 
multiple objective functions, the Nash-Sutcliffe coefficient (NS) and the coeffi-
cient of determination R2 were chosen because they provide a more accurate as-
sessment of the model effectiveness in terms of the water flow and the absolute 
deviations [45]. The NS coefficient can vary from -∞ (for a very poor fit) to 1 
(which represents a strong link between the observed and simulated values). A 
NS below 0 indicates that the mean value of the variable should be the best pre-
diction of the model result [15]. The R2 is ranged from 0 to 1 for a perfect model 
[39]. A value greater than 0.5 reflects a good concordance between observed and 
simulated data [46]. 

3. Results and Discussion 
3.1. Sensitivity Analysis 

SWAT generates a thousand input files and so there are a vast number of para-
meters to consider. Since all the sensitive parameters do not have the same im-
pact on the model output variables, the Table 1 summarizes the SWAT model 
parameters range included in the final calibration/validation of Taabo river ba-
sin. On the 19 sensitive parameters listed in the bibliography for tropical humid  
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Table 1. Initial and final ranges of SWAT model parameters used in calibration. 

Stream flow parameters Definition Initial range Final range 

r_CN2.mgt SCS runoff curve number for moisture condition II −0.60 - 0.20 −0.37 - 0.11 

r_SOL_AWC.sol Available water capacity of the soil layer −0.20 - 0.60 −0.33 - 0.29 

v_ALPHA_BF.gw Base flow alpha factor 0.00 - 1.00 0.17 - 0.73 

v_GWQMN.gw Threshold contribution of the shallow aquifer of channel flow 100.00 - 3000.00 944.77 - 2677.23 

v_GW_DELAY.gw Groundwater delay time (days) 10.00 - 450.00 221.91 - 651.69 

v_CH_K2.rte Effective hydraulic conductivity in the main channel 15.00 - 250.00 48.28 - 183.82 

v_CH_N2.rte Manning roughness for main channel 0.00 - 0.30 0.14 - 0.44 

v_ESCO.hru Soil evaporation compensation factor 0.00 - 1.00 0.02 - 0.68 

With v_: parameter value is replaced by given value or absolute change; r: parameter value is multiplied by (1 + a given value) or relative change [20]. 
 
Table 2. Taabo SWAT model statistical analysis. 

Subbasin 
CALIBRATION VALIDATION 

P-factor R-factor R2 NS P-factor R-factor R2 NS 

15 0.74 1.93 0.73 0.72 0.84 1.27 0.59 0.58 

30 0.89 1.72 0.85 0.84 0.90 1.28 0.57 0.55 

52 0.72 1.98 0.86 0.86 0.83 2.04 0.66 0.57 

 
area, only 8 parameters relative to runoff (CN2), soil (SOL_AWC), groundwater 
(ALPHA_BF, GWQMN and GW_DELAY), main channel (CH_K2 and CH_N2) 
and evapotranspiration (ESCO) are judged to be sensitive to Taabo sensitivity 
analysis.  

3.2. Calibration and Validation 

The results of statistical analysis give good values for coefficient of determina-
tion and Nash Sutcliff efficiency and performance criteria as well practically both 
for calibration and validation (Table 2). 

Following stopping criteria of SUFI-2 model (P-factor and R-factor), the ob-
servation data are very good because in general, more than 80% are framed by 
the 95PPU. Besides, all the simulated meet the performance criteria established 
by [46] [39] [29] [47] and [48]. The Taabo SWAT model showed its robustness 
because for validation period, all stations have higher efficiency criteria than 0.5. 
Similar values of the model were obtained by some authors [40] [41]. The great 
thickness of uncertainty strip is in part due to political crisis with corollary the 
lack of measurements steady. Also, among 82 subbasins discretized, only 11 pre-
cipitations and 5 temperature gages (on which some of them are outside of the 
river basin) are selected. In that situation, [47] suggests that the number of rain-
fall stations be equal to the number of subbasins for the model to be more accu-
rate. Figure 2 shows the reproduction of Taabo river basin flow in which all the 
simulated river flow (Best_sim) matches well with the observed values. 
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Figure 2. Measured and simulated daily outflow (left calibration period 1982-1986 and right validation period 1987-1990). 

3.3. Assessment of Water Reserves 
3.3.1. Green Water 
During the simulation period (Figure 3), Taabo river basin daily green water is 
ranged from 0.044 to 50.257 mm/day with a total average of 3090.9 mm per year. 
The west part of the river basin (around Morondo and Seguela), upstream of 
Kossou lake (at Beoumi) and around Yamoussoukro, Oume and Sinfra localities 
are not favor for rainfed agriculture. It is for this reason the area in these parts 
are dominated by grass. Otherwise, because of the presence of gold mine reduc-
ing the presence of canopy between Kossou and Taabo lakes, the amount of wa-
ter in the soil and to be evaporated is lower. The presence of lake (Kossou Lake) 
in the center part of Taabo river basin with high value of actual evapotranspira-
tion increases the intensity of green water. 
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Figure 3. Evolution of different components of green water in Taabo catchment from 1982 
to 1986. 

3.3.2. Blue Water 
The flow and resources of Taabo blue water quantity and quality are closely de-
termined by management practices of land users upstream. Indeed, as the cat-
chment is much used for agriculture, the values of blue water are ranged from 
0.032 to 0.552 mm/day (Figure 4). Outside surroundings Kossou Lake, all Taabo 
river subbasins contain less water ranging from 0.032 to 0.136 mm/day. The [49] 
which worked in Ivory Coast found that these areas are bit favorable for the im-
plantation of manual drilling. The subbasin around Kossou Lake contains more 
blue water. The annual total average of blue water for the simulation period giv-
en by the model is 29.19 mm. 
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Figure 4. Evolution of different components of blue water in Taabo catchment from 1982 
to 1986. 

4. Conclusion 

The study of Taabo river basin hydro-system consisted to determine the differ-
ent freshwater resources from an agro-hydrological model. Despite its relative 
oldness, SWAT model remains little known in Côte d’Ivoire. So, this study is the 
first of its kind. The freshwater of Taabo river basin was simulated from 1978 to 
1990 which split into three periods including warm up (1978-1981), calibration 
(1982-1986) and validation periods (1987-1990). The SUFI-2 algorithm was used 
for parameter optimization. Thus, 8 parameters were chosen for sensitivity analy-
sis. Similarly, two criteria were used to stop iterations and two for the objective 
functions. The calibration period gave good results. However, because of the qual-
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ity of observation data, the model did not well represent the validation period. In 
the Taabo river basin, the green water is higher than the blue water. This study 
explains why the surface waters of the river basin are much used for drinking 
water of population near to the stream. 
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