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The increasing energy demand coupled with the need to reduce greenhouse gas emissions and the 
threat of exhaustion of oil reserves make us consider a possible recourse to the use of biomass waste 
as a source of renewable energy. Nowadays, gasification is not yet economically and operationally 
attractive for the power industry and more research is needed to facilitate the process and improve the 
desirability of the gasification process. Gasification tests were conducted on five wastes char mainly of 
agro-sylvo-pastoral residues, in order to study the behaviors of char conversion based on experimental 
data. Peanut shells, palm shells, cashews nut shells, cashew wood and “kaicedrat” wood char obtained 
by pyrolysis at 450°C are used. The samples were gasified at three different reaction temperatures (950 
to 1050°C) in a fixed bed reactor, using steam or CO2 as gasification agent and with average fraction of 
particle size 630 and 3000 µm. The experimental parameters, which affect the char’s reactivity, are 
reviewed similarly to those related to the char and its structural features and operation parameters. 
Gasification kinetic conversion was studied at different models: the volume reaction model (VRM) and 
shrinking core model (SCM) in order to interpret the char conversion data. Further, the activation 
energy and pre-exponential factor were determined using the Arrhenius correlation. The experimental 
results showed that more syngas ((CO + H2)) of high quality were obtained at 1000  to 1050°C during 
char gasification with steam or CO2. The present results showed that temperature has a positive effect 
on kinetic char conversion. In addition, the low heating values obtained as a function of temperature 
depend on the nature of sample. For further investigation, it can be shown that the reaction rate is 
dependent on the char samples. Thus comparing the five biomasses, particular importance about 
reactivity and lower heating value (LHV) is attached to cashew nut shells, palm shells and peanut 
shells. 
 
Key words: Kinetic of char conversion, char samples, char-CO2 gasification, char-steam gasification, lower 
heating value (LHV). 

 
 
INTRODUCTION 
 
Gasification processes are currently receiving attention in  
 

terms  of  a  cleaner   and   more   energy   efficient   char  
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conversion technology. Several methods were being 
studied in order to develop more efficient and 
environmentally friendly char conversion technologies.  
Thus, coal compared to biomass’s char is the main 
feedstock used in gasification processes. 

Senegal being an agricultural based country with a 
corresponding large supply of biomass resources: peanut 
shells, sorghum, palm shells, cashew nut shells, wood 
residues and cereal stems. These resources can be used 
for energy purposes (combustion and gasification). 
Pyrolysis occurs on the order of short time after injection 
of pulverized broken chars to volatile matter into the bed. 
Gasification includes heterogeneous reactions between 
char and gases reactions. Thus, Liu et al. (2015) stipulate 
that water and carbon dioxide are two regular gasification 
agents and water has been widely used as a gasification 
agent, but is recently limited to reach in the energy 
development sector and alternatively, using CO2 as a 
gasification agent has been given attention recently. It 
has been speculated that understanding the kinetics of 
the CO2 char gasification under elevated temperature and 
pressure is helpful to better organize many industry 
processes. Biomass coal, however, have different 
chemical and physical properties, that is, volatile matter, 
ash composition, density, calorific value, H/C and O/C 
molar ratio. These differences in the properties lead to 
different reactivity and thermal characteristics during co-
processing. 

So, different studies have been performed on char 
gasification in fixed beds. Nowadays, gasification is not 
yet economically and operationally attractive in the 
energy industry and more research is needed to facilitate 
the process and improve the desirability of the 
gasification process (Karimipour et al., 2013). In addition, 
the complexity of gasification process, the differences in 
the gasifier, physical properties of waste biomass, and 
operation parameters have strong influence on the mass 
and heat transfer between char of biomass during 
gasification. Comparing and analyzing gasification 
processes, it is useful to examine performance 
parameters: such as temperature, particles size, and 
types of char. Char-CO2 reaction and char-H2O reaction 
are both fundamentally important reactions (Li et al., 
2017; Lin and Strand, 2013). The mechanisms of the 
char-CO2 reaction and char-H2O reaction, the effect of 
particle size and experimental temperature have been 
studied extensively by many authors, and they have 
equally worked on the char gasification mechanism in 
CO2 or H2O (Coetzee et al., 2013; Mani et al., 2011; 
Hattingh et al., 2011; Wang et al., 2009). 

Several parameters have a direct effect on the 
mechanism of gasification: the temperature is the most 
important parameter, because its effect on others 
parameters such as the char kinetic conversion, and the 
calorific value. The data variations of conversion rates of 
carbon, which depend on the time of char samples 
gasification under steam atmosphere or under CO2 
atmosphere,  were  examined  to  clarify  the  factors  that 

 
 
 
 
control the mechanism of gasification (Huo et al., 2014). 

There have been numbers of theoretical or 
mathematical models, which can explain behaviors of 
carbon kinetic conversion against time or rate variation. 
The kinetics of the CO2 and steam gasification of 
biomass chars, were studied by several researchers 
using various kinetic models, as summarized by Everson 
et al. (2006), Guizani et al. (2013) and Yang et al. (2017). 
Chen et al. (2013) studied the effect of pyrolysis 
conditions on the char gasification with mixtures of CO2 
and H2O using the shrinking core model (SCM) to derive 
reaction rate constants. Jeong et al. (2014) studied the 
go-gasification of coal-biomass blended char with CO2 at 
temperatures of 900 to 1100°C using SCM and volume 
reaction model (VRM). Various methods were being 
studied in order to enhance more efficiently and 
environmentally friendly char conversion technologies as 
reported by Coetzee et al. (2013). A number of research 
studies have been recently carried out on the gasification 
of charcoal, peanut shells, cashew nut shell, biomass 
coal, coal of shell of oil palm and coconut shells, sorghum 
stalks and cotton stalks, focusing mainly on gasification 
efficiency of the system. 

Extensive studies on methods of biomass gasification 
had also been conducted on lower heating value (LHV) of 
gas (Xie et al., 2012), obtained in the syngas production 
by two-stage method of biomass catalytic pyrolysis and 
gasification a LHV (10.80-14.75 MJ/Nm

3
). Almeida et al. 

(2017) studied steam gasification of rice husk in a 
fluidized bed reactor and generated syngas with a LHV of 
11.18 MJ/Nm

3
 at 750°C. So Krerkkaiwan et al. (2013) in 

the synergistic effects during co-pyrolysis/gasification of 
biomass and sub-bituminous coal, reported that the 
apparent contradictions of the results found in the 
literature can be function of experimental parameters 
used from one author to other, such the temperature, 
pressure, heating rate, the type of coal or biomass, and 
the origin of the material used. Thus, this study aims to 
investigate the effects of temperature and particle size on 
the low calorific value, and to study the effect of char 
samples (char of peanut shells, palm shells, cashews nut 
shells, cashew wood and “kaicedrat” wood) on their 
kinetics of conversion, evolution during the gasification 
with steam and CO2. Gasification reactivity rate was also 
studied at different temperatures and with two 
atmospheres using the volume reaction model (VRM) 
and shrinking core model (SCM), in order to interpret the 
carbon conversion data. This kinetic comparison study of 
the effect of these Casamance samples on char kinetic 
has never been studied in the literature. 

 

 
MATERIALS AND METHODS  

 
Experimental samples 

 
Five chars of biomass (peanut shells char (C. peanut), palm shells 
char (C.palm), cashews nut shells char (C. cashew),  cashew  wood
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Table 1. Elementary and proximate analysis of the different char of samples used. 
 

Biomass Palm Shell Cashew N. Shell Peanut Shell Wood (mean) 

Proximate analysis (Wt.%)     

FC 13.4 17.3 19.6 17.4 

VM 84.9 81.8 65.4 82.1 

Moisture  3.0 6.1 9.3 0.21 

Ash 1.2 0.9 5.7 0.12 

LHV 21.2 21.4 17.0 18.6 

     

Elementary analysis (Wt.%)     

Carbon 49.5 48.7 48.1 51.6 

Hydrogen 6.00 7.0 5.5 6.3 

Oxygen 43.6 43.9 30.0 41.5 

Nitrogen 2.1 0.4 1.3 0.4 

Soufre 0.16 0.1 0.08 0.1 

 
 
 
char (C.cashew wood) and “kaicedrat” wood char (C.kaicedrat 
wood)) were used in this study. The samples are typical agricultural 
and vegetal residues from south natural region in Senegal 
(Casamance). In addition, after the abundance and good energy 
countenance of these residues, the following motivated us to use 
them: 
 
(1) The total absence of a scientific presentation of these 
Casamance residues in the field of thermo-chemical conversion, 
(2) Limitation of biomass open air burning and changing to energy 
resource used. 
 
In order to eliminate the effect of moisture content prior to each test 
samples, they were dried at 105°C for several hours (24 h) and 
then stored in plastic bags to prevent extra absorption of moisture 
from atmosphere before the pyrolysis. The pyrolysis experiment 
was carried out under a muffle oven. With 100 g per test and per 
the sample used: within an approximate test duration of 15 min for 
peanut shell, and 20 min for palm shell, cashew wood, “kaicedrat” 
wood and cashew nut shell. The pyrolysis temperature is fixed at 
450°C under inert atmosphere. All char samples obtained were 
ground and sieved into two fractions of particles size <630 and 
3000 µm. The properties of the samples used are shown in Table 1. 
This analysis gives an idea of the quality of energy gross provided 
by each biomass. The mass proportion of fixed carbon (FC) and 
volatile matter (VM) are two factors that indicate the amount of 
stored chemical energy by the biomass. More the MV/CF ratio is 
high and more energy capacity of this biomass is important. Also, 
Nipattummakul et al. (2012) announced in the study of gasification 
of palm waste, mangrove wood and waste paper that the difference 
of evolution of syngas production is due to the difference of the 
volatile matter content between samples. 
 
 
Experiment description 
 
The sample char gasification tests were conducted using a fixed 
bed reactor (36 mm internal diameter and 350 mm height) equipped 
with a porous plate for bed support. Figure 1 shows a flow diagram 
of the fixed bed reactor. The main elements of this fixed bed reactor 
diagram consist of three sets: gas analyzer, gas condensation and 
cleaning system. 

After reactor has been preheated, 15 g of char is mixed with 70 g 
of sand and charged in the reactor. This  char  sample  was  carried 

out within a nitrogen atmosphere, until the desired temperature. 
Sand was used in order to improve heat transfer inside bed 
particles and for minimizing the preferential gas passage. The 
reactor temperature is controlled by means of a thermocouple (TC), 
in contact with the sample bed and connected to a temperature 
controller. The gasification tests were carried out isothermally at 
950, 1000 and 1050°C, using steam (H2O) and CO2 (90%) and 
carried in an inert flow of 10% of nitrogen (N2). Flow rates of CO2 
and N2 were fixed by the use of mass flow controllers while the 
water flow rate was adjusted by a piston pump (made 510 water 
pump). 

Before entering the reactor, the reactive N2, CO2, and H2O cross 
a preheating section. The composition of the produced gas is 
obtained by online gas analysis, using an SRA-Instruments gas 
analyzer (µGC), after gas condensation and cleaning. 

The experimental data obtained from the µGC have been 
processed and presented subsequently. 
 
 
RESULTS AND DISCUSSION 
 
Char-CO2 and char-steam gasification experiments for 
different particle sizes of five chars and three 
temperatures of gasification were all investigated. The 
carbon conversion is obtained from the following equation: 
 

ash

t

i
mm

mm
X






0

0                                                        (1) 

 
where m0 is the initial mass, mt is the mass of the sample 
at time t, and mash is the mass of ash remaining in the 
reactor. 

The effect of the main operation variables such as 
temperature, char size particle and char sample was 
studied, by evaluating and comparing the char carbon 
conversion or kinetics models.  

The carbon conversion, X (Equation 1) was defined as 
the total carbon contained in the produced gas (CO, H2O 
and CH4), with respect to  the  total  carbon  contained  in 
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Figure 1. Simplified representation of the fixed bed reactor’s system. 

 
 
 
the char fixed bed. The amount of gas generated during 
gasification tests was calculated from nitrogen balance, 
since the amount of nitrogen fed in and the composition 
of nitrogen evolved are known. 
 
 
Effect of temperature on the rate of carbon 
conversion (steam or CO2) 
 
The effect of temperature on kinetic of char conversion 
during gasification with steam and CO2, with five char 
samples is as shown in Figure 2. Using the experimental 
data of syngas, the evolution of X (rate of carbon 
conversion) as a function of time for various temperatures, 
was plotted for all the samples (Figure 2). 

The influence of gasification temperature on conversion 
rates is very important, since all of thermo-chemical steps 
of the char-CO2 and char-steam reactions for syngas 
production are temperature dependent (Almeida et al., 
2017). The amount of volatile matter, which is cracked 
from the solid, is a function of temperature. It has been 
shown by several authors that higher temperatures favor 
the production of the gas syngas (Xie et al., 2012; 
Kuprianov and Arromdee, 2013). Thus, the result 
example of temperature effect on rate conversion is as 
shown in Figure 2. The curve in Figure 2 shows that the 
char are sensitive to temperature variations, where an 
increase in temperature results in an enhancement in 
reactivity of carbon. This effect can  be  explained  by  the 

principle of Le Chatelier: that the products formed during 
the endothermic reaction are favored at high temperature. 
This trend was also observed on two particle sizes of the 
sample. The present results are in agreement with 
Coetzee et al. (2013), Xie et al. (2012),  Zhang et al. 
(2017), Wilk and Hofbauer (2013), and Skodras et al. 
(2015), who have also noticed that the temperature has a 
positive effect on the conversion of char. A rise of 
temperature favors chars conversion and gasification 
reactions. This result supports the choice of kinetic based 
on activation energy used (Arrhenius equation). 

The models can be used to predict the conversion of 
the biomass char gasification and optimize the design 
and operation of the gasified (Zhai et al., 2017). 
 
 

Comparison of char reactivity  
 

Kinetic parameters 
 

The study of kinetic gasification of the char of all samples 
was conducted using the volume reaction model (VRM). 
This model was applied for interpreting experimental 
data. The kinetics parameter such as the activation 
energy and the pre-exponential factor with steam and 
CO2 was determined using the Arrhenius Equation 2 or 3. 
 











RT

E
kk aexp0                                                     (2)
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Figure 2. Effect of the temperature on the X of the various char of C.peanut (a), 
C.cashew wood (b), C.kaicedrat (c), C.cashew (d), and C.palm (e) under steam 
atmosphere. 

 
 
 
Equation 2 can be further transformed as 
 

   
RT

E
kk a 0lnln                                           (3) 

 
where k0, Ea, R, and T are the pre-exponential, activation 
energy, universal gas constant, and the experimental 
temperature, respectively. 

This equation represents the physical and chemical 
profiles of the sample and it is represented by volume 
reaction model or shrinking core model. 

Therefore, this kinetic model, which is based on the 
assumption that gasification takes place homogeneously 
(Skodras et al., 2015), seems to describe the char 
samples gasification with CO2 and with steam quite 
efficiently. 

The reactivity of coal gasification can be represented 
through VRM model, this model was applied to interpret 
the coal reactivity and is shown in Equation 4.  
 

 Xk
dt

dX
VRM  1                                                  (4) 

 
where (dt) is the variation of residence time of the char 
conversion. 

The shrinking core model (SCM) considers that the 
gasifying agents react on the surface of nonporous grains 
or in pore surfaces within the solid (Zhang et al., 2008). 
According to different assumptions, the reaction rates in 
the chemical control regime can be expressed as: 

  3
2

1 Xk
dt

dX
SCM                                                 (5) 

 

To study the applicability of the selected kinetic models 
and to predict the kinetic behavior of the studied high ash 
coal samples, the models were fitted with the 
experimental data (X=0 to X=0.5). For this operation, the 
reactivity should refer to a specific conversion degree. 
Reactivities at 0% or 50% of char conversion are often 
used for the determination of the kinetic parameters; the 
latter value is actually the most commonly selected 
parameter in several similar investigations (Xiao and 
Yang, 2016). 

Samples were tested in the same experimental 
conditions (the same temperature, reactional atmosphere 
and size). The results obtained from the VRM and SCM 
of these samples are as shown in Figure 3. 

Figure 3 shows the gasification trends for C.cashew 
wood, C.kaicedrat wood, C.cashew, C.peanut, and 
C.palm samples under CO2 atmosphere at 950, 1000, 
and 1050°C. The results of Arrhenius equation are 
plotted in Figure 3; however, the pre-exponential factor 
and the activation energy obtained from these plots, for 
each test conditions, are listed in Table 2. 

It can be noticed from Figure 3 that the activation 
energy (Ea) is obtained from -Ea/R from cashew wood < 
Ea of kacedrat wood < Ea of cashew shell < Ea of peanut 
shell < Ea of palm shell (Figure 3). Thus, when comparing 
the kinetics of char conversion, it can be noticed that the 
char kinetic conversin follows the order: C.cashew wood 

(fastest)  C.kaicedrat wood  C.cashew shell  C.peanut 
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Figure 3. Arrhenius plots of sample char gasification reaction with various char sample. 

 
 
 

 C.palm (slowest). 
This general trend showed several interpretations for all 

the different experimental conditions. These effects of the 
experimental conditions on char reactivity can be also 
explained by the compositions determined from a 
proximate analysis of Table 1. However,  Zhang et al. 
(2008) and Ding et al. (2014) showed that the chemicals 
elements (K and ash for examples) are responsible of the 
effect on the type of char samples considering the 
reactivity of char conversion during gasification, and they 
gave several correlations between them (these elements) 
and interpretations. Nevertheless, based on an analysis 
of the literature review on ligno-cellulosic chars, Blasi 
(2009) concluded that the nature of the lingo-cellulosic 
biomass has no significant effect on the char reactivity 
and the differences among various samples can be 
attributed mainly to the amount and composition of 
ashes. It can be concluded that, these differences in the 
overall gasification kinetic of char samples are significant 
for experimental process. They showed that, depending 
on the type of biomass, the gasification time will vary. 
Since the increase of temperature favors the reduction of 
the ash content of the biomass, then the present results 
are in agreement with Blasi (2009) conclusions. This 
effect of the char samples on the kinetics could be due to 
the different reasons of these chars composition, 
structural properties, the surface area and porosity. The 
characteristics of the char that affected the reaction rate 
are essentially the structural property, which includes  the 

surface area and porosity and the intrinsic reactivity 
depending on the chemistry and catalytic effect of the ash 
compounds. This may also be due to the char pores as 
the structure opens, which allows the gasifying reagent 
greater contact with the char carbon, and which increases 
the kinetic char conversion. 

As shown in Figure 3, the simple volume reaction 
model predicts the experimental results for the 
temperature studied quite well. In agreement with 
previous investigators (Jeong et al., 2014), at gasification 
temperatures (900-1100°C), this model fitted the 
experimental data quite well. This table presents the 
kinetic parameters (Ea and K0) determined from the data 
obtained at 950, 1000 and 1050°C, for C.cashew wood, 
C.kaicedrat wood, C.cashew, C.peanut and C.palm chars 
with particle size (0.63 mm) and under CO2 or steam 
atmosphere, together with high regression coefficients 
(R

2
> 0.9). The activation energy, function of the samples 

and different models, obtained for the samples char 
gasification is between 104 and 131 kJ/mol. The shrinking 
core model using the parameters describes the present 
experimental data more than volume reaction model. 
 
 
Effect of temperature and particle size on the lower 
heating value of the gas (LHV) 
 
In order to highlight the effect of temperature and the 
particle size on the LHV gases,  the  following  correlation 
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Table 2. Kinetic parameters of char gasification. 
 

Sample Reagent Models Ea (kJ/mol) K0 (min
-1

)×E
+3

 R
2 

C.Peanut shell 

CO2 SCM 

112.91 1.40 0.973 

C.cashew wood 110.43 3.36 0.994 

C.kaicedrat wood 110.92 0.62 0.996 

C.palm shell 124.44 3.20 0.968 

C.Cashew nut shell 111.31 1.89 0.9684 

      

C.Peanut shell 

CO2 VRM 

113.70 1.70 0.955 

C.cashew wood 108.79 1.67 0.998 

C.kaicedrat wood 109.17 0.585 0.996 

C.palm shell 126.00 4.36 0.975 

C.Cashew nut shell 112.84 2.39 0.975 

      

C.Peanut shell 

H2O SCM 

109.28 0.94 0.999 

C.cashew wood 104.26 2.18 0.999 

C.kaicedrat wood 106.60 0.65 0.999 

C.palm shell 116.07 1.71 0.951 

C.Cashew nut shell 107.45 0.78 0.997 

      

C.Peanut shell 

H2O 

 

 

VRM 

110.63 1.29 0.9994 

C.cashew wood 103.53 2.24 0.993 

C.kaicedrat wood 104.02 0.90 0.995 

C.palm shell 116.80 2.08 0.919 

C.Cashew nut Shell 104.81 1.01 0.995 

 
 
 
of Xie et al. (2012) was used: 
  

           3

42 /
1000

2.43.1514.857.2530 NmMJHCCHHCOLHV mn                

                                                                                   (6)    
 

with [CO], [H2], [CH4], and [CnHm] the molar ratio of CO, 
H2, CH4, and CnHm in the produced gas, respectively. 
According to the Equation 6, high CO, H2, and CH4 
content of hot reducing gases would be beneficial for the 
process (Suopajärvi et al., 2013). 

Depending on the gasification agent, the method of 
operation and the process conditions, three product gas 
qualities can be produced. The calorific values (CV) of 
the three products gas from biomass gasification are 
according Suopajärvi et al. (2013): Low CV 4 to 6 
MJ/Nm

3
 (air and steam/air); Medium CV 12 to 18 MJ/Nm

3
 

(oxygen and steam); and High CV 40 MJ/Nm
3
 (hydrogen 

and hydrogenation). Gasification products are used in 
several applications: for example the low calorific value 
gas can be used directly as a fuel gas in turbines and gas 
engines (Suopajärvi et al., 2013). It is obvious that the 
effects of temperature on the gas yield were also related 
with the LHV (Almeida et al., 2017; Zhang et al., 2017). 
Figures 4 and 5 show lower heating value (LHV) of the 
gas at different temperatures and with two particle sizes 
(630 - 3000 µm). The analysis of the data obtained 

reveals that temperature has an effect on the lower 
heating value of gas (Lv, 2004; Zhang et al., 2017) on 
their respective studies found that the high heating value 
of gas product increases when the temperature increases 
from 850 to 1050°C. It was noted that the differences 
between the LHV values of gas obtained at different 
temperatures and different sizes are important.  

Regarding Figures 4 and 5, one can observe that the 
LHV of gas for the small size particles (630 µm) are 
higher than those from larger particles (3000 µm). It was 
also noted that the more the temperature is higher the 
better is the LHV value. It can be concluded that the 
value of the lower calorific value of the product gas is a 
function of the temperature and of the particle size. The 
lower calorific value of the gas is approximately estimated 
from 9 to 12 MJ/Nm

3
 for gasification of char with CO2 and 

7 to 12 MJ/Nm
3
 with the steam. The main gasification 

LHV gas values obtained is higher than the results 
obtained by Almeida et al. (2017) and Zhang et al. 
(2017). The analysis Figures 4 and 5 show that the 
maximum values were obtained at 1050°C for a particle 
size of 630 μm reagent char of cashew wood (b), 
kaicedrat wood (c), peanut shell (a), cashew nut shell (d) 
and palm shell (e). These results can be explained by the 
fact that a larger amount of gas was analyzed during char 
gasification with CO2 at 1050°C and at a size  of  630 μm,  
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Figure 4. Evolution of LHV of gas versus temperature at different particles sizes 
under steam. 
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Figure 5. Evolution of LHV of gas versus temperature at different particles sizes 
under CO2. 

 
 
 

than during the gasification of char with H2O to 1050°C 
and a particle size of 630 μm on these samples. 

The particular importance wills be attached at lower 
heating value (LHV) to cashew nut shells, palm shells 
and peanut shells. 
 
 

Conclusion 
 

In this study, the peanut shells, cashew  nut  shells,  palm  

shells, cashew wood and “kaicedrat” wood char 
gasification with the reacting agents (steam and CO2) at 
various temperatures (950 to 1050°C) and for two 
different particles (630 to 3000 μm) have been applied to 
investigate the effect of the operating condition. 

The results illustrated that, high temperature (1000 and 
1050°C) showed an improvement on samples’ char 
conversion for reacting agents. High temperatures 
improve  syngas  production,  mainly carbon  dioxide  and  



 
 
 
 
hydrogen, with high carbon conversion rate. The carbon 
conversion rate obtained is a function of the temperature, 
due to the gas production during endothermic reactions 
at higher temperatures. Thus, higher is the temperature 
(1000 and 1050°C), better is the conversion of char 
sample during gasification under steam and CO2. In 
conclusion, the present results established that the value 
of the lower calorific value of the product gas is a function 
of the temperature and of the particle size. The lower 
calorific value (LHV) of the gas is approximately 
estimated from 9 to 12 MJ/Nm

3
 for gasification of char 

with CO2 and 7 to 11 MJ/Nm
3
 with the steam. The 

maximum values of LHV (~11 to 12 MJ/Nm
3
) was 

obtained with a temperature of 1000 and 1050°C, at a 
particle size of 630 μm during gasification of C.cashew, 
C.peanut, and C.palm chars under CO2. The plot of char 
conversion versus time shows that particle size had 
significant influence on the char LHV of gas. Among the 
different particle sizes investigated, at the same 
temperature, the 630 μm particles size achieved a higher 
LHV than those from 3000 μm particles sizes. This could 
be due to the large surface area of fine particle size.  

It is also concluded that, the nature of biomass has an 
effect on the kinetic of conversion and the different 
behaviours of char during gasification among various 
samples can be attributed mainly to the amount and 
composition of ashes. 

Finally, reaction kinetic parameters showed the best 
reactivity on cashew wood char with CO2, compared to 
the reactivity of “kaicedrat” wood, cashew shells, peanut 
shells, and palm shells char with carbon dioxide for the 
two particles sizes. In view of the results obtained for 
LHV in this study, the char of the palm shells is 12.32 
MJ/Nm

3
), cashew nut shells is 11.72 MJ/Nm

3
, and peanut 

shells is 12.03 MJ/Nm
3
 with CO2 or steam at 1050°C and 

630 μm. It would be important to continue this study of 
gasification on the palm shell char, cashew shell char, 
and peanut shell char, using a gasification study in a 
mixed atmospheres (100% -H2O, 75% -H2O/25% -CO2, 
50% -H2O/50% -CO2, 25% -H2O/75% -CO2, and 100% -
CO2), of CO2 and steam, respectively, all carried in a fluid 
of N2. 
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Senegal has a rich and diversified hydrological potential. The bulk of surface water reserves are 
located in the basin's rivers Senegal and Gambia, whose waters originate from the Fouta Djallon massif. 
Alongside these large rivers, there are smaller rivers (Casamance and Kayanga) and small watersheds 
with temporary flows. Groundwater resources are also an important part of Senegal's water heritage. 
Unfortunately, water resources are now threatened by anthropogenic actions of diverse origins 
(extensive agriculture, mining, illegal fishing, bushfires, domestic use along watercourses, etc.) and the 
adverse effects of climate change. Also, inadequate water management policies increase the water 
scarcity and are often not conducive to sustainable water resources management. The impact of water 
shortages is felt on all socio-economic activities (particularly in the agriculture sector, which is the 
main user of water in the country), but also in the supply sector water. Thus, for several decades, the 
Senegalese government has pursued a water control policy aimed at providing water users in sufficient 
quantities and of appropriate quality according to their usage. In order to correct the heavy trends in 
water resources sector and to satisfy various demands, Senegal has for some years been committed to 
a national policy for integrated water resources management (IWRM) and an action plan focusing on 
taking into account cooperation on shared watersheds. 
 
Key words: potential, water resources, climate change, integrated management, sustainable development. 

 
 
INTRODUCTION 
 
Freshwater is a vital resource for life. It is essential for the 
survival of natural ecosystems and for human activities. 
Until  the  mid-twentieth  century,  water  was  considered 

inexhaustible wealth that each user could appropriate, 
own and exploit according to their needs (Honegger and 
Tabarly, 2011). A strategic resource for man and a former  
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subject of conflict, water remains difficult to manage for 
the common good (Petit, 2015). Men, to satisfy their vital 
needs, use water for their different economic activities. 
This situation has led to a sectoral and competitive use of 
the resource, a management that is at the root of many 
problems such as conflict, deterioration of water quality 
and environmental problems, unequal distribution and the 
decline in water resources (Batcho, 2008). 

Water is considered a factor of national integration 
(Roman and Buchs, 2016). Since early civilizations, 
humans have relied on water management infrastructure. 
Dams, river control structures and water supply canals 
were important objects of state activity in ancient Egypt 
as well as in China, Mesopotamia and, more recently, in 
the south. west of the United States. These objects tend 
to be rooted in the principles of supply management: 
providing more water to meet demand or anticipate 
growth in demand. However, alongside attempts to 
provide more water, it has coexisted with the idea that the 
growing demand for water must ultimately be limited 
(Crow-Miller et al., 2017). 

The combined effects of population growth, rising 
incomes and urban expansion will lead to an exponential 
increase in water demand, while the supply of resource 
will become more erratic and uncertain (Camara and 
Bangoura, 2017). Without immediate action, water will 
become like the rice self-sufficiency project. Many 
projects, particularly in the field of water management 
and rice production are in sight or about to be 
implemented to reinforce the dynamics of agricultural 
development of the bank left of the Senegal River 
(Senegal River valley) and in the Anambé Basin. Unlike 
rice cultivation, which is still traditionally practiced in 
lowlands (rainfed rice), irrigated rice cultivation is less of 
a problem than it is because it is done in managed areas 
with more or less control irrigation (FAO, 2008). In Lower 
Casamance, the technique of anti-salt dykes for the 
practice of rice cultivation encounters significant 
problems following the decrease in rainfall which ensures 
less and less soil leaching. 

Without immediate action, water will become a scarce 
resource in areas where it is abundant today. The impact 
of water scarcity will be felt on all socio-economic 
activities, including agriculture, health, energy and 
income (Olivier, 2016). In the face of these multiple 
problems that do not guarantee the sustainability of water 
resources and environment, water resources are 
increasingly limited and vulnerable (Sinarinzi, 2010). 
They are limited by a variety of factors such as climatic 
conditions, unequal distribution of rainfall, the shared 
nature of the resource, high population pressure, and 
poor water control. In order to cope with them and to 
establish a rational management of water resources, the 
assessment of water availability is a fundamental step. 

 
 
 
 
In Africa, water is the leading vector of childhood 
diseases; more than 70 to 80% of diseases on the 
continent are related to poor water quality. Also, the 
resource is unequally distributed geographically. For the 
World Bank, the scarcity of water exacerbated by climate 
change could lead some regions of the world to 
experience a GDP decline of around 6%, cause migration 
and trigger conflicts (Camara and Bangoura, 2017). In 
addition, there are imperfections in water management, 
focusing on the development of new sources rather than 
better managing existing ones, and sectoral approaches 
to water management that lead to the development and 
uncoordinated management of the resource (CAP-Net, 
2005). 

In Senegal, the potential for water resources (surface 
and groundwater) is significant and the availability of 
renewable water is currently estimated at around 4747m

3
 

/ inhabitant/year (CONGAD, 2009). However, the issue of 
water has become a national concern given the range of 
issues facing the sector: scarcity, randomness of rainfall, 
vulnerability of water resources, disparity in their spatial 
distribution, current or emerging conflicts, their 
exploitation and overexploitation, degradation of their 
quality, inequity in access to water resources between 
zones, social groups, different socio-economic activities, 
etc. (Ministry of Hydraulics / DGPRE, 2007). The water 
crisis can be explained both by the absolute lack of 
physical availability, poverty and inadequate water 
management policies. This water scarcity is thus 
considered as a crisis of the adjustment between 
produced resources and end-uses (Buchs, 2014) and 
requires the establishment of policies capable of solving 
water problems (Crow-Miller, 2015). 

Faced with the urgency of moving to new forms of 
water management, Senegal has been keen to comply 
with the recommendations of World Summits (Rio-Dublin 
in January 1992 and Johannesburg in August 2002). The 
water resources management and monitoring throughout 
Senegal are supported by the Directorate of Management 
and Planning of Water Resources (DGPRE). In the 
process of water management nationwide, the state plays 
a privileged role. It is he who puts in place the 
appropriate legislative tools favoring the decentralization 
of the management of resources, decrees the watershed 
as a priority territory for water management and allows 
the development of local consultation spaces (Francis, 
2016). 

According to Linton (2014), water should be viewed in a 
situated way as resulting from the social and ecological 
interactions involved in a "hydrosocial cycle". Water 
management tends to be reduced to a biological and 
hydrological perspective or to that of politics and public 
action (Strang, 2004) whereas it makes sense in the 
historical    perspective    of    the    interactions   between  



 
 
 
 
 
 
environment and society (Aspe and Jacque, 2012). 
According to this idea and in the context of the 
management of water resources for achieving the 
Sustainable Development Goals (SDGs), this article 
examined the development of water resources in Senegal 
with a view to economic and social and sustainable 
development. 
 
 
MATERIALS AND METHODS 
 
Data and information from the institutions involved in water 
management were used. Among the institutions and ministries 
concerned, there is the Ministry of Hydraulics and Sanitation, the 
Ministry of Environment and Sustainable Development, the 
Directorate of Management and Planning of Water Resources, the 
National Agency of Civil Aviation and Meteorology, the National 
Agency for Statistics and Demography, the Organization for the 
Development of the Senegal River, the National Water Company of 
Senegal ... Some semi-structured interviews were conducted with 
key players in the institutions to complete the analysis of water 
management. The data comes mainly from the documentary/policy 
reviews of the selected institutions, in order to better understand the 
subject. Institutional documents, progress reports and institutional 
water resource management libraries have been used to develop a 
deeper perspective on water policy. The analysis focused on 
themes analyzing the links between water resources management 
and sustainable development. 
 
 
RESULTS AND DISCUSSION 
 
Context of water resources in Senegal 
 
The Republic of Senegal, located on the extreme western 
tip of the African continent, covers an area of 196722 
km². Its population is 13 508 715 inhabitants (ANSD, 
2013). The coastal country with 700 km of Atlantic 
coastline, Senegal is located between 12.5° and 16.5° 
north latitude and 12° and 17° west longitude. Given the 
variations in rainfall in space and time, in Senegal, from 
south to north, there are three climatic domains, namely 
the southern Sudanian, northern Sudanian and Sahelian 
domains, each domain having two variants (coastal and 
coastal) a continental) (Faye et al., 2017). 

Located in the tropical zone, Senegal has a Sudano-
Sahelian climate with an annual rainfall ranging between 
about 1250 mm in the South to just over 200 mm in the 
North. This climate is marked by an alternation between a 
rainy season and a dry season. The rainy season, which 
is the monsoon period, extends roughly from June to 
October with a peak in August-September. The rain 
varies degressively depending on the latitude. The dry 
season that lasts from November to June is marked by 
the presence of a hot and dry wind: harmattan. 

Water is needed to meet consumption needs, including 
agricultural, domestic and industrial,  and   non-consumer  
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needs that include use in waterways (navigation, fishing, 
salinity control and dilution of pollution). Ecological 
protection and preservation of wetlands. For good 
planning, development and use of water resources, a 
proper assessment of available water resources is 
essential but difficult (Nadira and Shixiang, 2018). In 
Senegal, water really becomes a scarce resource during 
the dry months of the year that often correspond with the 
maximum water demand. 

The potential of Senegal's water resources (surface 
and groundwater) is important. Three rivers originating in 
Guinea (Senegal, Gambia and Kayanga rivers) irrigate a 
large part of the country. Senegal has a rich and 
diversified hydrological potential. Most of the surface 
water reserves are located in the basins of the Senegal 
and Gambia rivers whose waters come from the Fouta 
Djallon Massif in the Republic of Guinea (Sané, 2015). 
Alongside these two large rivers, there are smaller rivers 
characterized by intermittent flows. These are 
Casamance, Kayanga with its main tributary Anambé, 
Sine, Saloum and coastal creeks (Figure 1). A number of 
listed lakes and ponds complete this hydrographic 
network; the most important being: the Guiers Lake, the 
bolongs of the estuaries and the ponds of the Niayes 
region of the northern coast and Ferlo. 

Groundwater has always been an essential component 
of Senegal's water supply, but even more so since the 
beginning of the drought. The country has four four (04) 
major aquifer systems corresponding to the main 
geological formations: the superficial aquifer system 
(reserves estimated at 50-75 km²); the intermediate 
aquifer system (reserves estimated at 100 km²); the deep 
aquifer system (estimated reserves between 300 and 500 
km²); the aquifer system of the basement (weak 
reserves). 

The total renewable water resources (surface water, 
groundwater, inland and external waters) are estimated 
at 38.97 km3 / year in 2014 (FAO, 2016). The surface 
renewable water resources are estimated at 36.97 km3 / 
year and the internal renewable water resources in the 
order of 25.8 km3 / year, which is an index of 
dependence of 33.8%. Unfortunately, Senegal's water 
resources today are threatened by the extent of drought 
and climate change. 

The total volume of renewable groundwater available is 
estimated at 3.5 km

3
 / year. This groundwater is the main 

source of reliable and safe drinking water supply in rural 
areas and in many cities, for irrigation of thousands of 
hectares of arable land and for livestock watering. Many 
mines and industries also depend on groundwater for 
their supplies. In 2000, withdrawals from water resources 
amounted to 1,591 million m3, of which 1,435 million for 
agriculture (93%), 98 million for communities (4%) and 58 
million  for   industry   (3%)   (FAO,  2016).  The  irrigation  
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Figure 1. Watersheds draining the Senegalese territory.  
Source: DGPRE. 

 
 
 

potential varies, according to different estimates, from 
160 000 ha to more than 640 000 ha. In 2014, total 
removals are estimated at 2.22 km

3
 / year in Senegal. 

Given the considerable potential of water reserves in the 
country, the exploitation index is relatively low (5.75%). 

In Senegal, social development leads to an increasing 
demand for water. Water plays a central role in most 
national planning initiatives, such as agricultural 
development, energy security, tourism and recreation, 
mining, industry and municipal water supply (Mwendera 
and Atyosi, 2018). Demographic and urban growth is 
putting a lot of pressure on available water resources, 
often limited in dry saoson. According to FAO (2016), per 
capita renewable freshwater resources (in m

3
) are 

steadily decreasing. They thus went from 11612 m
3
 in 

Senegal in 1958-62 to only 2576 m
3
 in 2013-2017. These 

results show the evolution of the country towards a 
situation first of water stress (below 1700 m

3
/ inhabitant / 

year) and then of water shortage (below 1000 m
3
 / 

inhabitant / year). Senegal is also not far from a water 
vulnerability  situation (below 2500 m

3
 / inhabitant / year). 

This finding may be of concern because water 
consumption is increasing exponentially in relation to 
population growth in the riparian countries of the Senegal 
River Basin. The logical outcome of such a situation 
could be competition for the resource (Boinet, 2011). 
Senegal could seek to reduce its own uncertainty about 
the water resource by making arrangements on the rivers 
that cross its territory, for a better water availability of the 
users, without making use of the force to safeguard the 
interests of other riparian countries on this issue of 
national security (Descroix and Lasserre, 2003). Although 
the country has rivers of great water (more than 26 billion 
m3 per year), large areas, previously crossed by rivers, 
have become almost completely without surface water as 
a result of drying rivers (Sané, 2015). 

 
 

Water resources management in Senegal  
 
The Dublin meeting in 1992 identified four universal 
principles    governing   sustainable   water  management  

Legend 



 
 
 
 
 
 
(GWP, 2005): 
 
1) Freshwater is a finite and vulnerable resource, 
essential to sustaining life, development and 
theenvironment; 
2) Water development and management should be based 
on a participatory approach, involving users, planners 
and policy makers at all levels; 
3) Women play a central role in the water supply, 
management and safeguarding; 

Water has an economic value in all its competing uses 
and should be recognized both as economic and social 
good.  

For the Sustainable Development Goals (SDOs), SDG 
6 on sustainable water management is subdivided into 
several targets (Water Solidarity Program, 2016): (i) 
Universal access to drinking water; (ii) Sanitation and 
hygiene for all; (iii) Improvement of water quality; (iv) 
Rational use of water; (v) Integrated water resources 
management; (vi) Protection and restoration of 
ecosystems. To achieve this goal (SDG 6) by 2030 in 
Senegal, a national monitoring framework has been set 
up by the Coordination and Monitoring Unit for Water and 
Sanitation Programs (Ndour, 2016). Like most African 
states, Senegal's challenges in water sector stem from 
the need to provide safe drinking water to achieve SDG 
6, by maintaining cooperation in basin management 
cross-border hydrographic surveys (OMVS, OMVG), 
continuing to develop hydropower (Manantali dam), by 
satisfying an increasing demand for water for different 
uses (industrial, mining, agriculture, navigation, 
recreational activities), by preventing the pollution of 
water, by managing water in the context of climate 
change. 

In Senegal, the water resources management is based 
on a set of regulatory texts, conventions and hydraulic 
schemes (such as the major hydraulic schemes of the 
Senegal River Valley). To ensure sustainable and shared 
management of water potential at the national and sub-
regional levels, the country has had in recent years a 
national policy of integrated water resources 
management and in the elaboration of an action plan 
favouring the taking into account of cooperation in shared 
watersheds (Ministry of Hydraulics / DGPRE, 2007).  

 
 

Use of water resources in the agricultural sector 
 
In Senegal, agriculture is a sector at the heart of its 
economy, and as such, it is a priority for the political 
authorities because it occupies 2/3 of the active 
population. The agriculture sector is the main user of 
water in the country. With the intensification of irrigated 
agriculture, water requirements have increased.  In 2002,  
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water withdrawals amounted to 2221 million m

3
, of which 

2065 million for agriculture (93%) (FAO, 2016). Table 1 
shows the distribution of water withdrawals from the  
agricultural sector in Senegal in different areas (DGPRE, 
2016). 

As part of the rice self-sufficiency project, many 
projects, particularly in the field of water management 
and rice production are in sight or at the beginning of 
implementation to reinforce the dynamics of agricultural 
development of the bank. left of the Senegal River 
(Senegal River valley) and in the Anambé basin. Unlike 
rice cultivation, which is still traditionally practiced in 
lowlands (rainfed rice), irrigated rice cultivation is less of 
a problem than it is because it is done in managed areas 
with more or less control irrigation (FAO, 2008). In Lower 
Casamance, the technique of anti-salt dykes for the 
practice of rice cultivation encounters significant 
problems following the decrease in rainfall which ensures 
less and less soil leaching. 

At the level of the Senegal River valley, the irrigable 
potential is 240 000 ha and the developed area is 119 
640 ha. To achieve self-sufficiency in rice, the pace of 
implementation of hydro-agricultural development is 
increased. In this context, 23,691 ha of new development 
and 18,830 ha of rehabilitation are underway in the valley 
(Diouf, 2017). The Anambé basin has also been the 
subject of hydro-agricultural development since 1978 with 
the construction of the Niandouba (1997) and Confluent 
(1984) dams. The revival of the agricultural and 
particularly rice rhythm in the irrigated perimeter of the 
Anambé basin has always been a major concern of the 
State of Senegal to better cope with the food and socio-
economic crisis. Over the winter season 2016, over 3700 
ha were planted in the landscaped perimeter and 
concomitantly several valleys are developed in the area, 
such as the valley of Témento, Saré Wogna ... (Mballo, 
2017). In the Dakar area, the development of hill dams 
and the reuse of treated wastewater by the Cambérène 
station should help to strengthen the water supply for 
market gardeners. 

Despite its strong potential, Senegalese agriculture 
remains dependent on rainfall and recent studies have 
shown that rainfall has decreased overall by 35% in 
quantity with a decrease in the duration of the rainy 
season and a decrease in the frequency of days of rain 
between the period 1950-1965 and the period 1970-1995 
(Diagne, 2000). Nowadays, there is an accelerated and 
continuous degradation of the production potential with 
the result that yields fall. If current warming trends 
continue, the performance of Senegal's agriculture would 
be more affected, as rising temperatures combined with 
lower rainfall would exacerbate the plant moisture deficit 
that would affect agricultural yields and production 
(MEPN, 2006). To  remedy this, the State of Senegal has  
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Table 1. Water withdrawals from the agricultural sector in Senegal. 
 

Designation Quantity of water withdrawn (m
3
) Proportion % 

River Valley Area (North) 1 345 050 000 73.27 

Delta River Area (North) 194 441 107 10.59 

Niayes areas 228 268 000 12.43 

Casamance area 50 000 000 2.72 

Other 17 942 701 0.98 

Total 1 835 701 808 100 
 

Source: DGPRE, 2016. 
 
 
 

recently given priority to small-scale irrigation, which 
should be developed and extended on the basis of 
economic profitability criteria, while large and medium- 
scale irrigated schemes will have to be rehabilitated and 
consolidated. 
 
 

Hydropower in Senegal 
 
To diversify its energy resources, Senegal is giving 
increasing importance to hydropower. Despite the high 
potential, the implementation of hydroelectric dams is 
hampered by the financial means required to achieve 
them (hydroelectric works are very expensive). 
Hydroelectric production remains not only low compared 
to potential (in 2012, the hydroelectric production mainly 
from the Manantali dam amounted to 276 GWh for a 
hydroelectric potential of the Senegal River estimated at 
more than 4000 GWh / year) but shared (Senegal has 
production sharing agreements with Mali and Mauritania). 
Beyond the Manantali dam, other hydroelectric dams like 
Felou, with a capacity of 60 MW, allowing residents of the 
riparian states of the Senegal River to benefit from a 
stable, reliable and cheap electricity source. 

Due to the increase in energy demand by 60% by 
2050, all the dams that will be implemented by the 
Senegal River Development Organization (OMVS) and 
the Gambia River Development Organization (OMVG) 
will help to exploit the potential of 2 000 MW suffering. 
Already in 2015, with the commissioning of the Kaleta 
hydroelectric dam in Guinea, it is 20% of the energy 
produced that Senegal will receive and 48% of the 
energy of Samba Ngalou whose completion is expected 
in 2018. Only this potential is still under-exploited (only 
17% being exploited). 

This clean, sustainable and competitive energy is an 
important potential both in Senegal and in other African 
countries. However, hydropower supplies only 11% of the 
country's energy needs and most of it comes from the 
Manantali dam which sells 33% of the energy it produces 
in Senegal, or 66 MW, while the Félou dam offers 25% of 
its energy to the country. 

Guinea, as a Party to the United Nations Framework 
Convention on Climate Change (UNFCCC), has made a 
commitment at COP21 to increase the number of 
renewable energy sources, including hydropower. 
However, given the deterioration of the main watersheds 
(The basins of Senegal and Gambia) due to 
anthropogenic and climatic factors, if appropriate 
measures are not taken, this hydropower production may 
be compromised.  
 
 

Water use in the diet 

 
The coverage or overall rate of access to drinking water, 
according to the 8th annual joint sectoral review of 2014 
of PEPAM, is estimated at 90.4% at the end of December 
2013. This high proportion of access to drinking water 
hides, however, disparities by place of residence. 
According to the said review, drinking water coverage is 
98% in urban areas compared to 84.1% in rural areas, a 
difference of more than 14% between the two 
environments in terms of access to drinking water 
(ANSD, 2015). Moreover, an analysis of the results of the 
census of population (2013) according to the source of 
supply reveals that in 73.8% of cases Senegalese 
households use the tap to obtain water (16.3% of which 
is at the public tap). In urban areas, this proportion is 
88% (of which 9.3% is on the public tap) compared with 
57.1% in rural areas (of which 24% is on the public tap). 
This record remains mixed, however, because of 
important regional disparities; while in rural areas the 
level of equipment has increased considerably, 
quantitative and qualitative efforts still need to be made. 

In urban areas, most of the water produced is 
distributed in Dakar. However, water supply in urban 
centers has deteriorated significantly due to (i) the 
expansion of cities, (ii) insufficient equipment, (iii) low 
productivity and (iv) shortcomings in the internal 
management of the company in charge (Camara and 
Bangoura, 2017). Beyond the Keur Momar Sarr and 
Ngnith treatment plants, which draw water from the 
Guiers  Lake,  produce  around  170 000 m

3
/d and supply 



 
 
 
 
 
 
the drinking water supply system in the Dakar region at a 
rate of 45%, groundwater (pump wells/boreholes) are the 
main sources of drinking water supply in urban and rural 
areas. 

For almost a decade, Dakar's drinking water supply has 
been characterized by strong demand, which is due to 
population growth, the establishment of new economic 
development hubs (Diamniadio, Lake Rose, Diass) and 
tourist centers in the Small Coast. The current production 
capacity of 421,000 m

3
 / d is very insufficient compared to 

water needs estimated at around 659,000 m
3
 / d in 2025 

in the Dakar-Thiès-Mbour / Small Coast triangle zone. In 
2013, for the entire urban perimeter conceded to SONES 
and operated by SDE, the peak consumption reached 
328,000 m3 / d for an installed capacity of 331,000 m

3
 / d, 

which reflects an important tension between supply and 
demand, frequently affecting the continuity of service in 
several districts of Dakar and its suburbs. This voltage 
exposes the power system to major dysfunctions in case 
of disturbances in production. 

In Senegal, the total number of days in the year during 
which the drinking water service was provided 
continuously is estimated at 97.0% in rural areas in 2012 
against 97.6% in 2013, an increase of 0, 6%. According 
to PEPAM, the major renewal operations of the 
dewatering equipment have made it possible to improve 
the situation of the availability of motorized rural 
boreholes. From 2006 to 2007, the proportion of 
motorized rural boreholes available increased from 93 to 
88%; a 5% drop in percentage over this period. On the 
other hand, over the period from 2010 to 2013, the rate of 
availability of motorized rural drilling fell from 86.4 to 
97.6%; a significant gain of 11.2% (ANSD, 2015). 

On the basis of the statistics stabilized in December 
2013 in relation to the SDE and SONES and relating to 
the water intakes actually invoiced, access by private 
connection, which constitutes the sector's preferential 
option for service provision, globally very satisfactory with 
a rate of 89.4% for the entire perimeter. This ratio is 
maintained at 100% for urban Dakar, 88.2% for the peri-
urban and rural area of Dakar and 79.2% for other urban 
centers. The overall access rate has almost stabilized 
with 98% for the entire area covered; the other urban 
centers show a result of 91.2% for the same indicator. 
Despite improvements in drinking water coverage, the 
sector still faces the following problems: (i) pollution risk 
(especially in agglomerations), (ii) limited water 
production and treatment capacity compared to demand, 
(iii) weak extension of the distribution network, (iv) 
technical losses and high commercial fraud, (v) 
unavailability of installed capacity due to lack of 
maintenance or fuel and inappropriate institutional and 
legal frameworks of the sector (African Water Facility, 
2012). 
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Degradation factors of water resources: Case of the 
Senegalese part of the Senegal river basin 
 
The Senegal River is the second largest river in West 
Africa. It is 1800 km long and its basin covers an area of 
300,000 km

2
. The Senegal River basin is occupied by a 

large plain that extends from the feet of the Fouta Djallon 
Mountains to northern Senegal (Saint Louis Region). The 
Senegal River is formed by the meeting of Bafing and 
Bakoye in Bafoulabé in Mali. The Senegal River basin is 
generally divided into three entities (OMVS, 2008): the 
upper basin, the valley and the delta (Figure 2).  

The upper basin goes from the sources of the river 
(Fouta Djallon) to the confluence between the Senegal 
River and Falémé. As for the valley, it goes from the 
confluence of the river Senegal-Falémé to the traditional 
limit of the rise of the salt tongue (Rosso Mauritania) and 
the Rosso Mauritania delta at the mouth of the river. The 
Senegalese part of the Senegal River Basin is made up 
of the left bank of the Senegal River which is made up of 
part of the Falémé (high basin), the valley and the delta. 

The Senegal River passes through four distinct climatic 
zones: "Guinean" (very humid), "Southern Sudan" 
(humid), North Sudan (semi-humid) and "Sahelian" (semi-
arid). The rainfall gradient remains very strong, of 1500 
mm/year in its Guinean part against only 200-250 
mm/year in the northern part for an annual average of 
550 mm/year. This rainfall contrast which characterizes 
the basin is somewhat attenuated by the fact that the 
river transfers annually billions of m

3
 of water (OMVS and 

HYCOS, 2007) from the heavily watered regions of the 
high basin to the arid Sahelian regions of the valley and 
delta. This particular device explains the great richness of 
the biophysical environments of the basin as well as the 
great diversity of the production systems of the 3.5 million 
people living in the basin. Two major pressures in recent 
years have been on the basin's water resources: (a) 
natural pressures (climate variability and change); (b) 
pressures from anthropogenic sources (dams, rapid 
population growth and various productive activities). 
These pressures have impacted the natural environment 
of the basin and its ecological diversity (OMVS, 2008). 
 
 
Natural factors 
 
Climatic changes cause the rise of temperature, 
disturbances of the rainfall regime and a rainfall deficit 
that can reach 36.4% below the current normal by 2050 
and 40.4% around 2100, with significant impacts water 
resources and the main socio-economic sectors of the 
country (Camara and Bangoura, 2017). Although the 
Senegal River Basin still constitutes a sort of backbone of 
the economy of riparian societies but also a crossroads of  
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Figure 2. Situation of the Senegal River basin. 

 
 
 
remarkable biological diversity, it has been threatened 
since the 1970s by drought and today by climate change. 
The drought strongly influences the hydrology of the river, 
which results in a decrease of the flows since the 
beginning of the 1970s. Compared to the period 1950-
1969, the flows during the period 1970-2004 show an 
average decrease of 52, 5% (from 36.7% for Bafing in 
Bafing-Makana to 63.2% for Bakoye in Oualia) (Faye et 
al., 2015a). These different studies (Faye, 2015 ; Faye et 
al., 2015a ; Faye et al., 2015b), showing the effects of 
climate change on changes in the hydrological regime of 
the Senegal River, indicated a decrease in flow rates at 
the level of different basin stations, evoking the 
appearance of a break observed around 1970. 
 
 
Anthropogenic factors 
 
The impacts of human activities (development, rapid 
population growth and various productive activities) 
related to the exploitation of resources for the satisfaction 
of daily needs of populations are sometimes negatively 
manifested on the whole of the  natural  resources  of  the 

basin. Extensive agriculture is characterized by excessive 
clearing, slash-and-burn agriculture, agricultural 
nomadism, and erosion, soil depletion and loss of 
biodiversity. Extensive livestock farming is characterized 
by transhumance, shoreline trampling, bushfires, conflicts 
between farmers and pastoralists, and so on. It causes 
biodiversity loss and erosion. Mining (traditional activity 
and gold panning) puts pressure on ecosystems and their 
resources. It reduces the vegetation cover and influences 
the water quality and availability. Exploitation of gold 
under current conditions (leaching technique with cyanide 
or mercury and tailings ponds) poses enormous risks of 
pollution (infiltration and contamination) of water 
resources in the basin. 

The Environmental Transboundary Analysis (ERA) 
done during the PDF-B phase of the GEF project (OMVS, 
2008) indicated a priority level which is established as 
follows: the most urgent environmental problems 
(invasive plants, desertification and fire bush degradation, 
wetland degradation, modification of estuarine hydro-
dynamics), serious environmental problems (surface 
water availability problem, deforestation, overgrazing, 
erosion and  silting,  degradation  of  riverbanks  and  fish 
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fauna) and environmental problems important (waterborne 
diseases, availability and quality of groundwater, water 
quality due to pollution from mining, salinization of land in 
the delta). With the implementation of major 
developments built to mitigate the effects of climate 
variability and change, many problems can be 
summarized as changes in water quantity and quality, 
groundwater pollution, drainage and recurrent diseases 
are noted (OMVS, 2011). 

Indeed, with OMVS developments, the development of 
mining activities (extraction and washing with mercury 
release) and a large consumer agriculture of fertilizers 
and pesticides has led to biological and chemical waters 
pollution of the Senegal River. (WWAP, 2003). This 
degradation has resulted in the disruption of biodiversity 
at the basin level and the deterioration of fauna and flora 
(Sène, 2009). The loss of natural functions resulting from 
the drying up and direct destruction of the freshwater 
ecosystems of the Senegal River is one of the main 
factors contributing to the rapid degradation of 
hydrological resources in the basin (Awaïss, 2003).  
 
 
Institutional factor 
 
At the institutional level, several actors intervene directly 
or indirectly in the water sector in Senegal. Based on the 
differences in responsibilities, these actors in Senegal are 
divided into centralized management actors (Ministries, 
Superior Council of Water, Technical Committee of 
Water, National Partnership of Water of Senegal, 
National Society of Waters of Senegal ... ), 
deconcentrated and decentralized (Regional Divisions of 
Hydraulics, Wells and Drilling Brigades, Hydrological 
Brigades, Drilling Management Committees, Youth and 
Women's Associations ...) and Conventional (OMVS 
cells, ECOWAS, Universities, IRD ...). These different 
actors, with competing interests, do not have the same 
motivations: for example, some may only be interested in 
the protection of water resources and others in improving 
socio-economic conditions in a basin (agriculture, 
breeding, fishing, gold mining, mining, trade, tourism ...). 

The multiplicity of actors is a source of dysfunction of 
the water management system and therefore a major 
constraint for the rational management of water. One of 
the major difficulties is the poor distribution or even the 
fragmentation of skills between actors and the lack of 
coordination between the structures and services 
responsible for implementing policies in the countries with 
which Senegal shares its basin. Added to this are the 
problems of legitimacy between political and 
administrative actors and the risk of duplication in 
actions. In addition, rivers such as Senegal and Gambia 
being cross-border rivers,  a  parallel  intervention  by  the  
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actors of states crossed by their basins only accentuates 
the problems of coordination and sharing of skills (Faye, 
2013). Faced with this lack of coordination, the sectoral 
resource management is wasteful. The situation, 
reinforced by the embryonic nature of Senegal's 
commitment to the Integrated Water Resources 
Management process since April 2010, most often leads 
to conflicts of use between the different actors. In 
addition, few programs target the sustainable 
management of national basins such as Casamance, 
Sine and Saloum.  

 
 

Legal factor 
 
On the legal and regulatory level, the water resources 
regulation is defined through the Law No. 81-13 of March 
4, 1981, on the Water Code and Law No. 83-05 of 
January 28, 1983, on the Code of Water. the 
environment, thus laying down the legal regime for water, 
the conditions for the use of natural resources and the 
protection against adverse effects on water. By putting in 
place a large volume of legal instruments in the 
management of water resources, the legislator has 
shown the awareness and the desire to appropriate and 
control this fundamental environmental issue for social 
well-being. This legal framework deals mainly with 
problems relating to the water supply of populations and 
defines the applicable legal regime for the protection of 
water resources. Although Senegal has developed many 
water laws and policies, their application remains difficult 
in the face of different water issues. However, the strict 
enforcement of regulations for the environment and water 
in Senegal is mandatory. 
 
 
Water resources management strategy 
 
Water resources management and services that have 
been in the past and, in most cases, continue to be 
based on the separate sectoral administration of the 
different resource uses (GWP, 2003) has shown its 
limitations. The practices of this fragmented water 
management have not provided sustainable livelihoods 
(Murenga, 2003) and have implied high economic, social 
and ecological costs for human societies and environment 
(Kouam-Kenmogne et al., 2006). With the increasing 
scarcity of water resources, effective and efficient 
management of water resources is a major challenge. 

With a view to the proper implementation of the 
sectoral water and sanitation policy, Senegal has 
adopted certain regulatory texts and conventions, such 
as Law 81-13 of 4 March 1981 on the Water Code. This 
Code    lays    down    the    provisions    for   good   water 
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management, especially in the health and pollution 
control fields. The essential principle is that of the public 
domanial of the waters, which makes this resource a 
common good to all. It is on this basis that a good 
planning of the resources, their good management and 
their equitable distribution between the different uses, 
and their attribution to each according to their needs in 
the framework of the strict respect of the general interest 
is based. It will be necessary to wait 17 years to know the 
applications relating to the authorizations of construction 
and use of works of collection and rejection, with the 
decree 98-555 of June 25, 1998. The decree 98-556 of 
June 25, 1998, as for to him, applies the provisions of the 
Water Code relating to the water police. Finally, Decree 
98-557 of 25 June 1998 establishes a Higher Water 
Council (FAO, 2016). 

Although water policy was put in place by the 
authorities in the early years of independence, it was 
mainly from the 1980s that water resources management 
planning process was accelerated with the introduction of 
water resources several programs in place: the short-
term emergency program (1988 to 1990); the medium-
term interim program (1990 to 1998); the long-term 
program (1998 to 2029). Thus, the sectoral policy letter 
for water and sanitation in urban and rural areas was 
drafted with the objective of ensuring the water 
availability and quality in urban and rural areas. Indeed, it 
concerns in particular: "to set up and guarantee 
sustainable management of Guiers Lake, whose 
importance for the urban water sector is vital; to improve 
the quality of water offered to rural users of the 
Groundnut Basin, at a reasonable cost for users; to 
identify alternative water resources for market gardening 
irrigation in the Niayes area; to strengthen the quality of 
data and monitoring analyzes of water resources "(MAH 
et al., 2005). 

Given the position of Senegal (downstream position 
compared to the States with which they share basins), 
the water resources management methods taken by 
these states upstream (Guinea, Mali) will inevitably have 
impacts in Senegal. These international implications add 
to Senegal's burden of responsibility for the sound 
management of its resources in the current context of 
climate change. This is where the joint management of 
international rivers through the creation of sub-regional 
organizations is of great importance (Organization for the 
Development of the Senegal River (OMVS) and 
Organization for the Development of the Gambia River 
(OMVG).  

Finally, achieving the Sustainable Development Goals 
first requires an appropriate strategy for the water 
resources sustainable management. To this end, the 
definition and implementation of IWRM have several 
levels:   national   and   sub-regional   (cross-border).  For  

 
 
 
 
example, Senegal, in implementing the Johannesburg 
Summit's recommendation on sustainable development, 
has in recent years adopted an Integrated Water 
Resources Management Action Plan (IWRMAP) through 
a participatory process of water management of all users 
(domestic, productive, ecological and in situ) and actors 
(centralized, decentralized, deconcentrated and 
conventional) of water resources. It has also embarked 
on the elaboration of an action plan that favours taking 
into account cooperation in shared watersheds (in 
particular the Senegal and Gambia rivers basins). If at 
the national level the IWRMAP is implemented by the 
DGPRE, at the sub-regional level, (in particular at the 
level of the Senegal and Gambia rivers basins), it is 
elaborated by the OMVS and the OMVG which have 
implemented an integrated water resources management 
program (PEPAM, 2014).   
 
 
Conclusion  
 
This article examines the value of water resources in 
Senegal with a view to economic, social and sustainable 
development. Although the water resources potential 
(rainwater, surface water and groundwater) is important, 
the issue of water has become a national concern given 
the range of issues facing the sector: scarcity, random 
nature of rainfall, water resources vulnerability, disparity 
in their spatial distribution, degradation of their quality, 
inequity in access to water resources. Human activities 
(development, rapid population growth and various 
productive activities) that are not respectful of the 
environment and the adverse effects of climate variability 
and change contribute to an accelerated degradation of 
these resources and the decline of the country's water 
availability. 

To reverse this trend and be in line with the Sustainable 
Development Goals (including SDG 6), it is necessary to 
adopt and implement sustainable water resources 
management strategies across the country. These 
strategies must take into account: the improvement of the 
access and the service in drinking water, the 
reinforcement of the protection of the aquatic sources, 
the mobilization of important concessional funds through 
the Technical and Financial Partners for financing of the 
sector, the management of hydrological forecasting and 
monitoring systems at watershed scale, the application of 
the Water Code, the preparation of work plans for 
watershed groups, the strengthening of collection and 
basic data processing. 

Faced with the urgency of moving to new forms of 
water management, Senegal has been keen to comply 
with the recommendations of the World Summits (Rio- 
Dublin   in  January  1992  and  Johannesburg  in  August 



 
 
 
 
 
 
2002). As a result, widespread awareness both at the 
level of institutions concerned and at the level of public, 
as well as the promotion of subregional and regional 
cooperation, will contribute to the water resources 
sustainable management nationally and cross-border. In 
addition to the actions undertaken by national and sub-
regional actors (through the implementation of the 
IWRMAP), specific actions for the mobilization and 
securing of water resources are also undertaken by 
public bodies such as the Guiers Lake Geneva Office. 
(OLAG) and the Agency for the Promotion of National 
Hydrographic Network (APRHN). These strategic 
initiatives include enhancing the resource potential to 
meet the diverse demand for water. 
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The photovoltaic (PV) lifetime and the return-on-investment for local PV system installation rely on 
long-term device performance. Understanding the efficient degradation behavior under a given set of 
environmental conditions is, therefore, a primary goal for experimental research and economic 
analysis. The modules were characterized with measurement of their I-V features under similar 
outdoor condition. Moreover, measurement of different meteorological parameters like humidity and 
temperature is done from the weather station. The present study aims to measure electrical 
characteristics (Isc, Voc, Pmax and FF) in monocrystalline and amorphous silicon modules exposed for 5 
years in a sub-oceanique climate in Cologne. The results show the Pmax of monocrystalline silicone 
has more degradation (3.41%/year) than the amorphous silicon (1.76%/year). 
 
Key words: PV module, amorphous, crystalline, degradation. 

 
 
INTRODUCTION 
 
Converting Sun light to electricity using photovoltaic (PV) 
technology is one of the most promising ways to achieve 
the rapidly increasing global electricity demand with 
pollution free environment. Photovoltaic industry has 
grown at an extraordinary pace in the past two decades. 
Energy produced by a PV module deployed outdoors 
depend greatly on the PV materials, solar insolation 
(Ogbomo et al., 2017). Over time, the electrical energy 

output will decrease, commonly due to humidity, thermal 
cycling, ultra-violet radiation and moistures ingress 
(Advances et al., 2010). 

The crystalline silicon photovoltaic (c-Si PV) module, 
according to Ogbomo et al. (2017), reportedly reveals 
84% highest market share, 25% best power conversion 
efficiency (PCE), along with energy payback time (EPBT) 
of around 48 months. Also, silicon solar  cells  have  been  
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identified as the most viable preference appropriate for  
large volume production (Advances et al., 2010, Zarmai 
et al., 2015). 

This necessitates having a technology that will handle 
repositioning for the global uptake. The construction and 
advancement of successive generation of robust and 
dependable crystalline silicon photovoltaic modules is 
largely reliant on the extensive knowledge of the thermo-
mechanical deformation mechanics. This awareness will 
inform on the critical parameters design considerations 
and prerequisite of the module’s future generation. In any 
PV system, module degradation as a phenomenon is 
unavoidable. A research conducted by NREL shows that 
module rates of degradation can advance up to 4% per 
year whereas average rate of degradation is estimated at 
reduction of 0.8% per year in power output (Ndiaye et al., 
2013a). Photovoltaic degradation is the slow and 
continuous breakdown of characteristics of module 
component which perhaps restricts its operating potential 
to within acceptable performance limits (Jordan and Kurtz 
2013). A PV module that is degraded can perform its 
principal role of electricity generation from sunlight, 
however, with a reduced power output. Nevertheless, the 
module’s degraded state can become more challenging 
when it goes beyond a critical degradation threshold 
(Charki et al., 2012). 

A series of descriptive photovoltaic modules 
parameters after indoor calculation under standard test 
conditions (STC), are normally given by manufacturers. 
Regarding outdoor, change in parameters were observed 
depending on the location and climatic conditions 
(Bücher et al., 1997, Gottschalg et al., 2013). 
Phinikarides et al. (2015) carried out an investigation on 
12 grid-connected photovoltaic systems in Cyprus 
centered upon multi-crystalline silicon (multi-c-Si), mono-
crystalline silicon (mono-c-Si), Heterojunction with 
Intrinsic Thin layer (HIT), CdTe, CIGS and a-Si. They 
also observed that both the mono-c-Si and multi-c-Si 
technologies displayed higher seasonal variations, with 
greater average standard deviation when compared with 
thin film technologies (Phinikarides et al., 2015). The 
research findings prove that the amorphous single 
junction silicon (a-Si) module has outperformed the multi-
crystalline silicon (mc-Si) module in the course of the 
summer period but performed below expectation 
throughout the winter period. Nevertheless, throughout 
the year, there was improved performance in the HIT 
module than mc-Si module (Marion et al., 2014) when 
several module technologies performance in various 
locations in the USA were investigated. They observed 
that compared to the other module technologies found in 
Cocoa and Eugene locations, a-Si_μc-Si and (CdTe) 
modules has enhanced performance. This study 
comparatively assessed and analyzed two different 
photovoltaic technologies on the same outdoor conditions 
to ascertain the better performing PV technology in such 
climatic conditions. 

 
 
 
 
MATERIALS AND METHODS 
 
To investigate the performance of the PV module, tree PV 
technologies (mono-crystalline and amorphous-crystalline silicon) 
were examined. A broad explanation of all modules investigated in 
the roof of solar laboratory of TH-cologne University was presented. 
Each module examined is mounted facing southwards and inclined 
at fixed tilt of 14° (latitude zone) on the aluminum support. The key 
electrical specifications of the tested PV modules like maximum 
voltage (Vmax), maximum power rating (Pmax), open circuit voltage 
(Voc), short circuit current (Isc) and maximum current (Imax) are 
presented in Table 1. For a few years now, the modules have been 
in operation. Therefore, under the standard test conditions (AM 1.5, 
1000 W/m2), performance parameters (I–V and P–V curves, Voc, Isc, 
FF and Pmax) are examined. 
 
 
Experimental study 
 
The photovoltaic platform shown in Figure 1 is used in this study. It 
was installed at Cologne, a city in western Germany, in the state of 
North Rhin-Westphalia, and also in Leverkusen (a nearby city). 
Here, the climate is rainy, humid and sub-oceanic, influenced by the 
Atlantic Ocean, leading to cold but not freezing winters, and mild 
summer. In January, the average temperature is 2.5°C, whereas in 
July it is 19°C. Precipitation is relatively abundant, about 8000 mm 
per year, but above it is frequent and well spread throughout the 
seasons. Yet, summer remains the rainiest season; while from 
November to March, the wind blows quite often and can be very 
strong. The variation of humidity and temperature of the day which 
we have done the measurement is shown in Figures 2 and 3. 
Global degradation (GD) along with degradation rate (DR) for the 
various PV module performance parameters (Pmax, Vmax, Imax, Voc, 
Isc, ɳ and FF) for every one of the two photovoltaic modules is next 
examined. A summary of PV modules parameters (Pmax, Vmax, Imax, 
Voc, Isc and FF) is presented in Table 1. Using standard test 
conditions (STC), all tests were conducted in conformity with AM 
1.5, 25°C and 1000 W/m2.  
 
 
RESULTS AND DISCUSSION 
 

I–V and P–V curves, open-circuit voltage Voc, short-circuit 
current Isc, the maximum power output Pmax along with the 
fill factor FF remains the most significant electrical 
features of a PV module and are defined and 
demonstrated subsequently. 
 
 
I–V and P–V curves 
 

At the present conditions of irradiance (light level) and 
temperature, the current–voltage (I–V) curve of a 
photovoltaic module (or string) explains its energy 
conversion potential. The curve theoretically 
characterizes current and voltage combinations in which 
the string is either ‘loaded’ or ‘operated’, if the irradiance 
as well as cell temperature could be kept constant. A 
distinctive I–V curve, the P–V or power-voltage curve 
computed from it, alongside strategic points on these 
curves is shown in Figure 4. Also, the I–V curve span 
ranges from short circuit current (Isc) at zero volts, to zero 
current  at  open  circuit  voltage   (Voc)   as   observed   in  
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Table 1. Characteristics parameter of two technology. 
 

PV module type Parameter Values 

Crystalline silicone 

Power (Pmax)                                                                   240W+/- 3% 

Open circuit Voltage (Voc)                                               36.72V 

Short circuit current (Isc)                                                                                   8.74A 

 MPP current (Ipm)                                    8.31A 

   MPP voltage(Vmp)                                   28.89 V 

Application class                                                                A 

Permissible system voltage                                                 1000 VDC 

Maximum Reverse Current                                                12.5 A 

   

Amorphe silicone 

Nominal power (Pnom)                                                       125W+/- 4% 

Open circuit voltage (Voc)                                                  59,3V 

Short circuit current (Isc)                                                    3,22A 

Voltage at maximum Power (Vmp)                                   44.0V 

Current at maximum Power (Imp)                                       2.84A 

Maximum series fuse rating                                                 5.0A 

Maximum system voltage (Vsystem) 1000V 

Fire class rating                                                                     C 

 
 
 

 
 

Figure 1. Measurement of humidity and temperature during the day by station meteorological. 

 
 
 
Figures 5 and 6. The maximum power point (Imp, Vmp), 
found at the ‘knee’ of a normal I–V curve, is the point 
where maximum electrical power is generated by the 
array. One of the jobs of the inverter in an operating PV 
system is to continuously adjust the load, attempting to 
locate the particular  point  on  the  I–V  curve  where  the  

whole array yields the highest DC power.  
 
 
Degradation determination 
 
A  photovoltaic  module   parameter   global   degradation  
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Figure 2. The technology crystalline silicone (a) and amorphe silicone (b) in field exposed for 
5 years. 

 
 
 

 
 

Figure 3. ESL-Solar for measurement. 
 
 
 

states the degradation of parameter determined from 
when the PV module was first put into service to the date 
it was experienced and can be stated as: 
 

                                        (1) 
   
Where Y(tn) and Y(t0) denote the parameter value 
examined in the STC conditions at time tn and t0, 
respectively; t0 denotes the initial time which corresponds 

to when the PV module was first put into service and tn 
refers to the instant of conducting the tests. Therefore, 
the photovoltaic module degradation rate (DR) is 
expressed by the following equation: 

 

                                                             (2) 
 
Each of the module is denoted by a separate symbol: red 
for Monocrystalline-Silicon (mc-Si) and blue for amorphe-  

𝐺𝐷(%) =
𝑌 𝑡0 −𝑌 𝑡𝑛 

𝑌0(𝑡0)
× 100                                 

 

(𝐷𝑅)(%) =
GD

∆t
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Figure 4. Characteristics I-V and P-V of a-Si (A) after five years exposed. 

 
 
 

 
 

Figure 5. Characteristics I-V and P-V of a-Si (B) after five years field. 

 
 
 

Silicon (a-Si) modules. Also, the open-circuit voltage 
(Voc) observably has a zero rate of degradation for all 
photovoltaic modules (Table 2). For the short circuit 
current, lowest degradation rates were observed in 
modules A (a-Si) and B (a-Si); in fact, they displayed the 
lowest operating time. Nonetheless, highest rates of 
degradation for all parameters were observed in the 
modules C (mc-Si). However, the photovoltaic modules 
with the greater Pmax degradation are described by 

enormous contributions due to FF degradation. Module A 
(a-Si) and B (a-Si) have the minimum degradation rate in 
Pmax of below 1.76%/year and 2.21%/year, respectively. 
However, degradation higher than 1.5%/year was 
observed in other PV modules compared to Module C 
(3.41%/year). After five years of operation, the two 
modules with different technologies A (a-Si) and C (c-Si) 
demonstrate the different rate of degradation. 
Nonetheless, the other performance parameters such  as  
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Figure 6. Characteristics I-V and P-V of c-Si (C ) after five years in field. 

 
 
 

Table 2. A summary of degradation parameters for amorphe silicone and crystalline silicone. 
 

Module technology  Parameter Initial value Global degradation (%) Degradation rate (%/year) 

Monocrystalline  

Pmax  240+/- 3% W 17.08 3.41 

Vmax  28.89V   

Imax  8.31A   

Voc  36.72V 0.95% 2.26 

Isc                             8.74A 3.41% 0.18 

     

Silicone amorphe (B)        

Pmax  125+/- 4%W 11.05% 2.21 

 Vmax  44V   

Imax 2.84A   

Voc 59.36V 11.87% 2.33 

Isc  3.22A 3.41% 0.68 

FF  1,52   

     

Silicone amorphe (A) 

             

    

Pmax              125+/-4%W 8.8% 1.76 

Voc  59.36V 12,55% 2.5 

Isc 3.22A 0.31% 0.062 

 
 
 
Vmax, Imax, Isc and FF degradation rates vary and does not 
show any correlation between one technology and 
another. Certainly, there is higher degradation in Vmax and 
Isc for the module A (mc-Si) whereas Imax and FF are 
more degraded with module D (pc-Si). Still, there are only 
few published long-term studies on PV modules 
degradation. 

Degradation of Pmax, Vmax, Imax, Voc, Isc and FF 
 
Both from the global degradation and from the different 
performance results, degradation parameters were 
obtained. Parameters of PV modules (Pmax, Vmax, Imax, Voc, 
Isc and FF) are presented in Table 2. All tests are 
conducted   in   the   standard    test    conditions    (STC)  
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Figure 7. Degradation rates for individual performance parameters of each technology of PV module. 

 
 
 
corresponding to AM 1.5, 25 _C and 1000 W/m

2
. A 

comparison of the rate of degradation of the four 
photovoltaic modules for all studied parameters is shown 
in Figure 7. It is observed that the short-circuit current 
(Isc) has a less degradation rate for a-Si than the c-Si.  It 
was in 1983 at the Joint Research Center in north Italy 
that we first had an exposition of this with a moderate 
subtropical climate (_10–35 _C, > 90% RH). They found 
a relation between high performance losses (>20%) and 
fill factor losses which is as a result of an increased 
series resistance. It is also possible to relate the 
moderate performance losses (<20%) to the Isc losses, 
which is triggered by optical properties degradation. We 
determine the long-term losses to be between 0.2 and 
1.0% per annum. By means of comparison, a recent 
study has demonstrated that averagely, the different PV 
technologies historically reported degradation rates of 
between 0.3 to 3%/year whereas 0.5%/year was the 
reported median (Jordan et al., 2010). More precisely, 
studies conducted on outdoor exposed mono and multi-c-
Si photovoltaic modules exhibited approximately 
0.7%/year performance losses (Ndiaye et al., 2014). This 
large difference was due to the different environmental 
conditions like dust, humidity, temperature and UV 
radiation (Ndiaye et al., 2013b). 
 
 
Conclusion 
 
This paper examines the comparative performance out-
door of PV modules. Tree  PV  modules  (monocrystalline 

silicon and amorphe-silicon) were laid bare during a few 
years on the Solar Laboratory site of University in 
Cologne where the environment condition was stressed. 
The study revealed that there were relative differences in 
PV module technology of performance parameters 
between the time of first putting service of PV modules 
and after a few exposition years under cologne climate. 
For all PV modules, Pmax, Imax, Isc and FF remains the 
most degraded performance features. Also, the value of 
parameters degradation varied for each technology. The 
maximum power output (Pmax) shows the highest loss that 
can be from 1.71%/year for amorphous silicon to 
3.41%/year for monocrystalline silicone. However, the 
short-circuit current (Isc) is not degraded for amorph 
silicone and a considerable degradation with mono-
crystalline silicone after these few exposition years for all 
PV modules studied. 
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This study presents an ensemble stream flow simulation with probability of occurrence accounting for 
errors of the GR4J turned to the Senegal River upper the Manantali dam. Through this approach, 
probability is associated to simulation at each time, with step and reliability of issues depending on 
probability scores. Results including the reliability of the results permit decision-makers to judge the 
reliability of their simulations. Past errors pattern of the model is used to perturb the model for issuing 
ensemble scenarios rather than classical single deterministic. Basic and reverse Box-Cox 
transformation is carried out to allow treatment of the errors through weighted multivariate Gaussian 
distribution. Statistic errors are then used to perturb the hydrological model to obtain ensemble issues 
(RAW-Ens). Furthermore, a post-processing method (affine kernel dressing) is performed to produce a 
dressed ensemble (AKD-Ens). Ensembles are evaluated at deterministic and probabilistic scale. 
Diagrams (attribute and ROC) are also used for this purpose. Evaluating methods reveal through scores 
that the system is reliable and that dressing method (AKD) improves quality of the raw ensemble drawn 
from the perturbed model. 
 
Key words: Senegal River, Bafing, Manantali dam, Ensemble simulation, Kernel dressing. 

 
 
INTRODUCTION 
 
Modeling and forecasting ensemble of hydrological 
variables is used to help assessment of feasibility of 
some applications in term of water supply (drinking water, 
irrigation and hydropower), particularly in dry areas. 
However, randomness of natural fluids dynamics has 
motivated the use of probabilistic approaches in 
hydrology to improve quality of modeling and forecast 
issues, and consequently, decision making (Bauer 

Gottwein et al., 2014; Demeritt et al., 2013). Probabilistic 
modeling based on issuing ensemble scenarios rather 
than single deterministic are introduced for the 
assessment of the flow rates particularly in forecasting 
purpose, estimating soil moisture, groundwater or 
tributaries from snow layers (Pappenberger et al., 2015). 
It enables surpassing classical limitations of deterministic 
processes    and    has    significantly    enhanced     flood  

 

*Corresponding author. E-mail: dindionemaria@gmail.com. 

  

Author(s) agree that this article remain permanently open access under the terms of the Creative Commons Attribution 

License 4.0 International License 

http://creativecommons.org/licenses/by/4.0/deed.en_US
http://creativecommons.org/licenses/by/4.0/deed.en_US


470          Afr. J. Environ. Sci. Technol. 
 
 
 
prediction through the world (Demargne et al., 2013; 
Cloke et al., 2009; Demeritt et al., 2013; He et al., 2016). 
Moreover, it has led to optimizing gains on activities 
depending on water resources and reducing common 
incidents inherent to floods or other hydro climatic 
extreme events by forestalling potential risks (Fan et al., 
2015; Laiolo et al., 2014). 

Indeed, since last decades, developing good 
hydrological forecasting system considering biases has 
become a challenge for hydrologists and water managers 
due to frequent failure of classical forecasting schemes 
(Ranzi et al., 2009; Pagano et al., 2013). Major public 
and private hydro meteorological services are moving 
towards implementing ensemble models and using 
probabilistic interpretations of modeling issues. This is 
the case of the National Weather Service (NWS) and the 
National Oceanic and Atmospheric Administration of the 
United States of America (NOAA) (Demargne et al., 
2013; Cloke and Pappenberger. 2009). Towards the 
same goal, the HEPEX (Hydrologic Ensemble Prediction 
Experiment) promotes developing and use of ensemble 
prediction systems through projects mainly focused on 
hydrological ensemble forecast (HEF) generally run by 
meteorological ensemble. Jeong et al. (2005) used both 
single neural network (SNN) and ensemble neural 
network (ENN) to improve streamflow forecasting system 
based on the TANK model at the Daecheong 
multipurpose dam in Korea. Results show that the ENN 
improves considerably ensemble forecasts. 
Pappenberger et al. (2011) explain that the European 
flood alert system (EFAS) provides National Hydrological 
services with long-term probabilistic flood forecasting via 
an ensemble prediction system. Beyond efficiency of the 
probabilistic forecast, they show that ensemble forecast 
depends on geographical location and catchment spread 
and that the skill of the forecasted river discharges 
increases over 10 years forecasting. Pagano et al. (2013) 
dressed ensemble forecasts of 120 catchment using 
distribution of the model errors; they found that dressing 
methods can enhance reliability of raw ensembles. The 
COSMO-7 deterministic model and the probabilistic 
COSMO-LEPS have been coupled to the PREVAH 
hydrological model to help managers of the Sihl River in 
decision making (Addor et al., 2011). 

This paper aims at simulating ensemble flow discharge 
of Senegal River upper the Manantali dam using the 
GR4J (Rural Engineering with four parameters issuing 
daily simulation) model in order to integrate commonly 
deterministic bias in further simulations (Makhlouf, 1994; 
Caseri, 2017) by issuing probabilistic results. This 
approach allows streamlining results from classical 
hydrological modeling by considering the model 
uncertainty (Davilio et al., 2013; Seo et al., 2010; Pagano 
et al., 2013; Hemri et al., 2015). The ensemble stream 
flow is obtained by perturbing the input model with errors 
pattern cyclically designed on the basis of yearly pseudo 
periodic behavior of flow discharge at the Senegal River.  

 
 
 
 
Biases are used in designing the perturbation scheme 
from 14 running years of the model calibrated through 
two years. The members of the error scheme are then 
statistically enhanced using a multivariate Gaussian 
kernel without loss of original characteristics (Sharma et 
al., 2002) using forward and reverse Box-Cox. Then, the 
new statistical error pattern is used as perturbation for 
GR4J model already calibrated to produce ensemble 
simulation for the period ranging from 1965 to 1976. The 
corresponding ensemble in this paper is referred to as 
RAW-Ens. Indeed, multiple scenarios from models 
enable quantifying uncertainties in the forecasting 
processes through assessment of probabilities of 
categorized members of the ensemble (Sivillo et al., 
1997; Keune et al., 2014; Krzysztofowicz, 2001). Data 
used for this study are from the OMVS (Organization of 
the Development of the Senegal River) database and are 
composed of daily flows gauges between 1963 and 1976 
at the Bafing flow gauge, precipitation and 
evapotranspiration of corresponding period of study. In 
addition, affine kernel dressing method (Jha et al., 2015; 
Lucatero et al., 2017; Silverman, 1998; Broecker., 2008) 
is used to dress the raw ensemble leading one other 
ensemble referred to as AKD-Ens. Goodness of the 
modeling schemes and their results are assessed on one 
hand through commonly used statistical criterions such 
the mean error, mean absolute error and the root mean 
squared error of ensembles; and on the other hand, 
through probability scores such as the Brier score, the 
rank probability score, the continuous rank probability. In 
addition, diagrams such as the attribute diagram and the 
relative operating diagram (ROC) are used as verification 
tool. Attribute diagram is used to check for reliability, 
resolution and skill of modeling systems. The ROC curve 
is exploited to investigate how hits vary against false 
alarm rates for each ensemble modeling scheme issuing 
the probabilistic simulations. 
 
 

MATERIALS AND METHODS 
 

Study area 
 

The Bafing is the main tributary of Senegal River, that is, the 
second longer river of West Africa with catchment area of about 
343 000 km2 (Michel, 1973). The Bafing area is estimated at about 
38000 km2 and reach both Malian and Guinean areas (Sane et al., 
2017) with its length estimated at about 670 km. In addition, it 
provides about 60% of the Senegal River inflow which slope 
estimated at about 5 m/km (Maïga et al., 1995). The main source of 
the Bafing catchment is the mountains of Fouta Djallon in Guinea 
(Figure 1). The multifunctional (hydropower, low flow support for 
irrigation and navigation and flood mitigation) dam of Manantali was 
set up in the Malian part of the Bafing catchment and provides 
about 12% of electric energy consumption in Senegal (Bader and 

Albergel, 2015). Local climate is composed of two types: sub-
Guinean in Southern of the Bafing and Sudanese in Northern part 
(Sane et al., 2017). The data used in this study are from the OMVS 
(Organization for the Development of the Senegal River) database 
and are composed of daily flows gauged from 1963 to 1976 at the 
Bafing Makana station upper the Manantali dam. 
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Figure 1. Study area.  

 
 
 
GR4J model and raw error pattern 
 
GR4J model is a global conceptual rainfall-runoff hydrological 
model set up by the French Research Center namely the 
CEMAGREF. It is briefly described below without detailing its 
operating mode. The GR4J (Rural Engineering with four parameters 
issuing daily simulation) model involves four parameters: the 
maximum capacity of production store referred to as X1 (mm), the 
groundwater exchange coefficient noticed by X2 (mm), the 
maximum capacity of routing store by X3 (mm) and the time base of 
unit hydrograph X4 (mm). Inputs model daily are constituted of 
observed flows discharges, rainfall and daily potential 
evapotranspiration (Traore et al., 2010; Perrin et al., 2003; Valéry et 
al., 2014). An error pattern is drawn to perturbation of the GR4J 
model to issuing ensemble simulations. Thus, the GR4J has been 
calibrated to set parameters, and then runs over 12 in addition to 
the two-calibrating period at daily time step. After run, cyclical 
biases of which period is 365 days are settled to build the raw error 
pattern. Error pattern used in the ensemble generation are inferred 

from     years daily simulations noticed by  ̂              & 

j         . Through the     running years of the model already 
calibrated, overall obtained data will be 365     (Wilks, 2006). Let 

 ̂    be a matrix constituted of   rows representing daily simulations 

and   columns that represents yearly simulation time series. 

Furthermore,  ̂  represents a row vector containing simulated flow 

discharge of same day through the entire period of study and 

 ̂  represents a column vector containing 365 simulation of a given 
year. In this study, simulated flows are settled so that rows 
represent the years and the columns define the dates of the 
corresponding years. So, they can be written as: 
 

                                  (1) 
 

Simulations in overall years are written in matrix form such as 

 ̂     which    rows correspond to years and columns to the 
calendar dates. Data are arranged to have good scheme for further 
statistical error generation. Finally, overall flow discharges from the 

GR4J through    years are drawn in matrix form:  ̂  [ ̂   ]
 
. For 

more understanding of the process, daily flow discharges are 
schemed as (Wilks, 2006; Vincendon, 2011; Wu 2011; Fard and 
Hajiaghaei-Keshteli (2018a,b,c; Fard et al., 2018a,b): 
 

                                                                        (2) 
 

In a similar structure, simulated flows are compared with associated 

Q̂𝑗
T

= [Q1,j , Q2,j , Q3,j ,  , Q365,j]      

[Q̂]
T

= [Q̂i,j]
T
                                                                   

Manantali dam 
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observations noticed by [ ], thereafter, bias are extracted at each 
date by calculating the differences between simulated and 
observed flow discharges. Bias is in same scheme used as raw 
error pattern in the purpose of ensemble producing and is given by: 
 

                                                               (3) 
 
 
Processing of error of the model 
 
Box-Cox transformation 
 
The Box-Cox transformation is commonly used to statistically 
normalize a data set. This operator is applicable either to univariate 
or multivariate data. Indeed, bias (errors) obtained characterized by 
the difference between simulations and observations in time series 
modeling are not often normal. Also, the Box-Cox transformation is 
applied to error pattern including the mean error. So, to generate 
more likelihood errors, multivariate Gaussian kernel density function 
is performed. Normalization is done to allow the use of Gaussian 
kernel error for augmenting members of the error pattern. Based on 
this, the Box-Cox inverse is applied to restore the initial structure of 
the error pattern. In this study, application of the Box-Cox 
transformation on the error matrix [ ] lead to normalized data 
referred to as [  ] with random residual. The transformation is given 
by the following formula (Bickel and Doksum, 1981 Sakia, 1992):   
 

                     (4)                            
 
In dressing methods such as the best member method (Fortin et al., 
1888; Hemri et al., 2015), data in matrix form requires estimated 
kernel density of the raw biases from the GR4J run needed to 
generate likelihood error pattern. Indeed, through covariance matrix 
and mean of the raw error pattern, a kernel density function is 
defined to enhance members the error pattern (estimate). The 
covariance matrix of data from the Box-Cox transformation is given 
by: 
 

                                             (5)                                        
 

Where,         [(  
      )(  

      )] ,     
 

  
∑   

   
  
    and 

  [                   ] 
 
After applying the Box-Cox processing, statistical ensemble is 
generated from the Gaussian multivariate probability density 
function which mean μ and covariance matrix ∑  . Generated error 

pattern is noticed by    and follows theoretically to the same low 
distribution as the normal data from forward Box-Cox application 
with statistical characteristics   and ∑  . The multivariate probability 

density function of the smooth ensemble is given as follow (Wilks. 
2002): 
 

      (6)                    
 
A statistical likelihood error pattern is produced using the inverse of 

the Φ linear transformation of the raw error pattern   
 . The 

translation vector of the variable from the linear transformation that 
permit leading to statistical data with same parameters is the means 

vector  ⃗ . Let   and Λ, respectively be the matrix of eigenvectors 
and  a  diagonal  matrix  whose  diagonal   entries   are   associated  

 
 
 
 
eigenvalues such that Λ =     ∑   . The linear transformation 

satisfying our target is defined by        . It is important to 
highlight that eigenvalue-eigenvector matrixes have same 
information as the ∑   symmetric matrix (Wilks, 2006). Let         
centralized error pattern of zero mean and covariance matrix equal 
to the identity matrix    in accordance to the central limit theorem; 
thus transformed data is obtained such: 
 

 
                                                                                                       (7) 
 

Reverse transformation of Equation 7 is used to generate studied 

statistical errors pattern referred to as [ ̂], in which members will be 

enhanced according to the following equation (Wilks, 2002; Thomas 
et al., 2007; Sharma et al., 2002): 
 

                             (8) 
 

Larger member of errors is generated to increase the number of 
members in the ensemble stream flow simulation being set up. The 
number of the ensemble members is enhanced from    to N=50 
which N    . 
 
 

Ensemble dressing 
 

It consists of transforming ensemble issues into a continuous 
distribution function. In dressing methods, independent and larger 
ensemble is drawn through the raw issued ensemble members 
(Brocker and Smith, 2008). It is done using an adequate kernel 
dressing (Gogonel, 2013; Wang et al., 2005). In dressing process, 
ensemble members for given simulation dates are dressed by a 
Gaussian kernel in which mean and variance are either or not fitted 
or scaled by appropriate fitting coefficients (Silverman, 1998; 
Broecker and Smith, 2008). In this paper, two dressing methods 
that overcome the shortcoming of the Gaussian density function 
(Brocker and Smith, 2008) are tested. One of them is the Silverman 
rule of Thumb (SVMRT). The SVMRT consists of smoothing some 
discrete ensemble members. For each date, original data is 
replaced by one Gaussian kernel with non-fitted mean and fitted 
variance. In this paper, ensemble from this method is noticed by 
SVMEns. The Gaussian kernel density of an ensemble with 

parameters denoted ∑ and  ̅ can be written as: 
 

       (9)                                     
 

The other method is the Affine Kernel Dressing (AKD). In this 
method, five parameters are involved in order to dress a new 
statistical ensemble using estimate mean and variance for a 
Gaussian kernel (Bröcker et al., 2008; Sharma et al., 2002). The 
basis of the AKD dressing is to smooth the raw ensemble from the 
ensemble modeling scheme. The smoothing involves five free 
parameters that either scales or shifts the mean or the variance of 
the raw ensemble in addition to the Silverman factor (Silverman, 
1986; Bröcker and Smith, 2008, Fathollahi Fard et al., 2018a,b; 
Navid et al., 2018) such as: 
 

                                                    (10) 
 

                                (11) 
 
Parameters in the AKD process are on one hand, fitted through the 
raw ensemble already settled. Ensemble from the AKD process in 
which   parameters   are   fitted   minimizing   the   continuous   rank  

[ ] =  [Q̂]  [Q]  
T

 

[ ′ ] =  
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probability scores (CRPS) is called in this paper the AKDEns fit. In 
this method, fitting parameters involve interposing a logarithmic 
barrier to ensure positive variance for the Gaussian kernel. The 
logarithmic barrier is defined as: 
 

                                                                                                     (12) 
 
The AKD processing leads to new continuous distribution function 

from the 𝐾 member of the raw ensemble noticed by p (         so 
that.  

    (13) 
 
  =espectations;   = estimated parameters (a,   ,   ,   ,   ) of the 
AKD post-processing and Ens= raw ensemble from the model. 
 
 
Ensemble verification 
 
Brier score (BS) and its decomposition 
 
This score was set up by Brier in 1950 and determines the mean 
squared errors between predictive probability    at time period 
           and the binary observations    with value 1 in case 
when observation exceeds a probability threshold    and 0, 
otherwise, at time period (Addor et al., 2011). The Brier score is 
given by following formula: 
 

                                                      (14) 
 
Mathematically, the lower the Brier score value the best the 
ensemble modeling system. Thus, optimum Brier score corresponds 
to zero for perfect modeling. Perfect modeling means that all 
expected scenarios are observed. The BS can be decomposed into 
three components: reliability, resolution and uncertainty (Murphy, 
1973; Talagrand et al., 1997; Atger, 2004). 
    

                         
                                                                                                   (15)                               
 
Where O represents total frequency of the events. 

Reliability measures difference between simulated ensemble and 
the mean observation. The resolution estimates skillfulness of an 
ensemble modeling system in considering lower or higher 
probability events. Simply, the BS characterizes skill of a model in 
covering more cases. Wide resolution means possibly clustering 
observations to categories with considerable difference. Uncertainty 
in the BS decomposition measures the variability of the data. 
Generally, uncertainty in the BS decomposition does not impact on 
reliability of the model. 
 
 
Rank probability score (RPS) 
 

The RPS is based on comparison between cumulative distribution 
functions of simulations and observations in subsequent percentiles. 
Thereafter, the observations cumulative distribution function is 
represented by a cumulative function with probability density taking 
the  value  of  1  when  the  probability  threshold  is  exceeded  and  
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0 otherwise (Epstein, 1969; Murphy, 1971). The RPS is obtained by 
summing the Brier score at different percentiles (10%, ... 30%, ... 
90%). This approach is useful for the purpose of categorizing river 
flows. For example: low flow (<10%), medium flows (10% < Q < 
90%) and high flows (> 90%) (Zalachori, 2013). Thus, different 
probability states can be obtained for an ensemble according to 
chosen percentiles. Let N be the spread of an ensemble forecast in 
which Brier score is calculated for M categories of the ensemble 

determined for a percentile. The rank probability score at time   is 
given by:  
 

                     (16) 
 

     denotes the forecast probability of category   at time  , 

     represents binary variable which value 1 when the category   is 

observed and 0 if associated category is not observed at time  . 
Thus, the RPS over the simulation period is obtained through 
following formula: 
 

                                                         (17) 
 
 
Continuous rank probability score (CRPS) and its 
decomposition 
 
The continuous rank probability score is an extension to infinity of 
the discrete rank probability score. The CRPS determines global 
quality of an ensemble issue. In CRPS assessment, the numbers of 
category are stretched to infinity. Further, when the M numbers of 
category is well stretched in equation of the RPS, the CRPS is 
obtained (Matheson and Winkler, 1976; Hersbach, 2000; Zalachori, 
2013). This score measures the distance between the ensemble 
and the observations. It can be defined as integral over infinite limit 
interval of the Brier score. Variables involved in estimating the 
CRPS are: distribution function of the simulated values and other 
one distribution function with values of 0 when the simulated values 
are lower than observed one and 1 otherwise (Heaviside function). 
Equation of the continuous Rank Probability Score (CRPS) is 
formulated as follows (Marty, 2013; Casati et al., 2008; Gogonel et 
al., 2014): 
 

           (18)                                
 
 

 
 
 

        
     is d expectation distribution function at time i.   

     is 
the heaviside function and N is number of time step. 

 
 
Attribute diagrams 

 
Attribute diagram is the plot of predictive probabilities against 
frequency of occurrences. It allows assessing if predictive 
probability agrees with observed frequency. Attribute diagram gives 
reliability, resolution and the uncertainty of an ensemble system 
with respect to the observation and is concretely based on analysis 
of underlying plot relatively to some graphical characteristics (1:1 
line of perfect simulation, area of skill and resolution). Perfect 
simulation leads to superposition of the curve with the  first  bisector  
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Table 1. Contingency table for the ROC constructing. 
 

Forcast 

                          Observed 

 Yes No Total forecast 

Yes Hit (   ) False Alarm (    ) Forecast. Yes 

No Miss (    ) Correct Rejection (     ) Forecast. No 

Total observation Observed. Yes Observed. No Total 

 
 
 
(line 1:1). Uncertainties are defined by the distances between point 
of classes for given threshold and the first bisector (Atger, 2004). 
The resolution estimates how much the forecasts differ from the 
climatological mean probabilities of the event, and how the systems 
get it right. Thus, attribute diagram is used in this study to assess 
how implemented ensemble simulation scheme performs. 
 
 
ROC curve 
 
The ROC (Relative Operating Characteristic curve) curve allows 
evaluation of separation of means of conditional distribution for 
simulated data and is a popular tool for decision making. ROC 
curve is obtained by plotting the false alarm rate against hit rate. 
The ROC is positive when the curve is beyond the 1:1 line with area 
under the ROC (AUC) of 0.5. Perfect modeling corresponds to AUC 
of 1. The AUC defines the probability of successfully discriminating 
an event from a nonevent (Mason, 1982; Atger, 2001). Here, 
expectation relevant to the modeling scheme is referred to as ʄ and 

is defined as a probability exceeding a threshold value noticed by    
: p (x ≥   ). Relatively,    defines the non-expected event 
characterizing probability of x <   . Let characterized on one hand 

be expected and observed events (Hit) by     ∑       
    and by 

     ∑       
   , expected and unobserved events (False alarm). 

On the other hand, it is represented by      ∑        
    as the 

non-expected and observed events (Miss) and by       
∑        

    as the non-expected and unobserved events (Correct 
rejection). The false alarm and hit rates can be defined as follow: 
 

                                                         (20) 
 

                                                               (21) 
 
 
Hit and false alarm rates are calculated using the following 
contingency Table 1. 
 
 
RESULTS AND DISCUSSION 
 
Processed errors for ensemble making 
 

Errors from past simulations of GR4J model already 
calibrated and runs upper the Manantali dams are settled 
in matrix form with rows corresponding to variables and 
columns to observations. Estimate parameter (λ = 0.24) 
of the Box-Cox is found using the least squared method 
at significant level of 0.5. The p-value and the statistic of 

the estimation are respectively 0.143 and 0.902. 
Normalization is done aimed at extending the number of 
members through multivariate Gaussian kernel. Result 
gives statistical error pattern with a random residual. 
Members of the ensemble errors are extended from 15 to 
50. Reverse Box-Cox transformation is further applied to 
restore initial properties (statistic characteristics) of the 
errors pattern. The set of 50 member’s errors is used to 
perturb flows in calibrating the GR4J model further runs. 
 
 
Plots of the Raw-Ens and AKD-Ens 
 
The raw ensemble with the post-processed one are 
assessed here. In this study ensemble less than the raw 
ensemble (RAW-Ens) and the ensemble from dressing 
method (AKD-Ens) are plotted and brief exploratory 
analysis of ensemble is made concerning the 
representativeness of the two ensembles. It is important 
to highlight the fact that width of ensemble makes 
representation difficult using common computers. Then, 
in this study it is done reducing time span of the overall 
time series. Indeed, direct manipulation of ensemble 
simulation allows discovering related shortcoming. Thus, 
ensembles are represented between 01/01/1965 and 
31/12/1968 (Figures 3 and 4). Exploratory analysis of 
both RAW-Ens and AKD-Ens ensembles hydrograms 
show ensemble can be assumed to likely represent 
observations and it is important to notice that hydrogram 
of the observation goes up and down ensemble. Thus, 
good representation can be assumed. 
 
 
Deterministic characteristics and scores 
 
Both the deterministic and the probabilistic evaluation 
criteria were studied. The dressed ensemble gives better 
results even if the raw one remains good ensemble. The 
mean error (Me) has been significantly improved: 0.519 
for RAWEns to 0.026 for the AKD-Ens. The mean 
absolute error (EnsMae) has been improved by 27.5% 
and the ensemble root mean squared error (EnsRmse) 
by 32.64%. These ensembles characteristics with 
additional probability scores are presented in Tables 1 
and 2. Results show that the affine kernel dressing can 
be used to improve quality of simulations from an 
ensemble  modeling  scheme.  Thus,   for   more   reliable  

Far =
 &no

 0&no +  &no
       

Hr =
 &o

 &o +  0&o
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Table 2. Deterministic characteristics of the ensembles with BS, RPS and CRPS. 

 

Ensemble EnsMe EnsMae EnsRmse BS RPS CRPS 

RAW-Ens 0.519 0.771 8.018 0.1166 0.2002 0.5824 

AKD-Ens 0.026 0.559 3.947 0.0842 0.2095 0.4095 

 
 

 
Table 3. Performance characteristics of assessed ensembles. 
  

Ensemble BSReli Res Unc BSpot CRPSReli CRPSpot AUC 

RAW-Ens 0.0036 0.1058 0.2222 0.1164 0.2798 0.3026 0.9018 

AKD-Ens 0.0113 0.1020 0.2222 0.1202 0.0208 0.3888 0.9224 

 
 
 
simulation of flow discharges upper the Manantali dam, 
this approach can be used. From both performed 
ensembles, probabilistic issues in bin observations are 
produced using tercile clustering. For tercile simulation, 
three categories of data simulation are drawn for each 
calendar date according to a probability threshold and the 
first category is retained with its associated probability. 
Probabilistic simulation leads to acceptable Brier scores 
for the two schemes (RAW-Ens and AKD-Ens). The best 
Brier Score is 0.0842 (AKD-Ens), whereas the best RPS 
and CRPS are respectively 0.2002 (RAW-Ens) and 
0.3855 (AKDEns) and 0.4090.40955 (AKD-Ens). Detailed 
results concerning the ensembles probability scores 
including reliabilities and spots characterizing the 
difference between uncertainties and resolutions through 
BS and CRPS for each ensemble are also shown in 
Tables 2 and 3. It is important to keep in mind that for 
probabilistic evaluation, the closer to zero the scores the 
better the system is. If scores are closer to one, model is 
not reliable and the use of such system is discouraged. 
Between the two ensembles, quality of simulation varies 
according to the evaluating method. Consequently, 
dressing method remains improving method for 
probabilistic simulation. 
 
 
Attribute diagrams of the ensemble schemes 
 
Attribute diagram show simultaneously reliability, 
resolution and uncertainty of one performed ensemble. In 
the attribute diagram, frequency of issued probabilities is 
plotted against binned observations. For perfect modeling, 
the plot of frequencies against binary observation fits the 
first bisector. Interpretation of the reliability diagram is 
based on exploratory analysis of the behavior of 
observed frequency against probability plot in comparison 
to the first bisector. In addition, it is also based on 
analysis of the spread of the resolution band and position 
of the curve relatively to the lines delineating the skill and 
the resolution (Hamill, 2006; Wilks, 2006) of the model. 
Attribute  diagrams  of  the  two   models   are   presented  

in Figure 5. Good reliability is assigned to both models 
(Figure 4a and b). The affine kernel dressing method 
diminish the reliability (because distance between 
Probability of simulation vs Observed Relative Frequency 
has been increased) and resolution of the raw ensemble 
according to the Brier score, while overall reliability 
through the continuous rank probability score and 
discrimination have been improved. In comparison to 
Figure 2, both ensemble modelling systems are reliable 
and can be used for water planning at the Manantali dam. 
 
 
Roc plots 
 
Discrimination of an ensemble from a system can be 
assessed by analysis of ROC curves. Performing the 
ROC curve is based on determining the success rates 
(Hits) and failure rates cases for an implemented 
ensemble modeling system. For a set of probability 
exceedances ranging from 0.1 to 1, the sum of number of 
simulated and observed events and sum of number of 
simulated and non-observed events are calculated. For 
each probability threshold, strictly lower events are 
considered as non-expected, then are classified into two 
categories: non-expected and non-observed on one hand 
and non-expected and observed on the other. The results 
for the different systems are shown in Figure 6. For two 
systems (RAW-Ens and AKD-Ens), Hits prevail on False 
alarm rates except for the AKDEns. Their AUC are over 
the line of skill. Also, the systems have good skill in 
reproducing flow discharges upper the Manantali dam. 
Ensemble systems considered as skillful in probability 
simulation of flows is based on the fact that Hits prevails 
on False rates for most of the probability thresholds. 
Balance sheet analysis can be used to visually assess 
skill of a model with regard to bins which Hit rates are 
beyond or down the 1:1 line of no skill. Hence, both 
systems lead to more success than failures and can be 
used to produce probabilistic simulation of flow discharges 
at the Senegal River. Elsewhere, through ROC curves, 
decision  making  can   be   improved   particularly   when  
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Figure 2. Attribute diagram and characteristics. 

 
 
 

 
 

Figure 3. Evolution the raw ensemble from the perturbed model (RAW-Ens). 

 
 
 

 
 

Figure 4. Evolution of ensemble from AKD-Ens. 

 
 
 

faced with extreme events of which threshold value is 
fixed (drought or flood). Once more, the dressing  method 

improves issues from the scheme providing the RAW-
Ens.  The  AUC  has  been  improved  by   2.3%   and   is 
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Figure 5. Attribute diagrams of the ensembles. 

 
 
 

 
 

Figure 6. ROC curves of the ensembles (RAW-Ens and the AKD-Ens). 

 
 
 
greater than 0.5 that corresponds to the 1:1 line of the 
ROC diagram. Besides, for failing system, the ROC curve 
goes down the 1:1 line of no skill. 
 
 
Conclusion 
 
Simulating or forecasting ensemble hydro climatic 
variables is an ingenious way to quantify uncertainties 
related to forecasting and simulation processes. In order 
to overcome difficulties of bias inherent to hydro climatic 
modeling, scientists have been oriented towards 
probability theories in order to consider modeling 
uncertainties through issuing probabilistic values. Through 
ensembles processing, expectations are associated to a 
probability of occurrence, and then naturally of non-
occurrence. This paper thus aims at producing 
probabilistic simulation of flow discharge at Senegal River 
upper the Manantali dam. The main ensembles called the 

raw ensemble is set up by perturbing the input flow of the 
GR4J model. Furthermore, three other ensembles are 
also set up through post-processing tools used in 
ensemble forecast systems processing. Inputs are 
perturbed using past errors pattern of the GR4J runs 
upon 14 years. The error pattern in this study is designed 
on the basis of the periodic behavior of Senegal River 
flow over 365 days. Box-Cox transformation is used to 
normalize the raw error pattern in order to generate wide 
members through a multivariate Gaussian kernel. 
Reverse Box-Cox transformation is also applied to 
restore initial statistical characteristics of the errors 
pattern. Drawn perturbations are applied to recorded flow 
discharges used in calibrating the GR4J model. From this 
process, ensemble streamflow is performed in which 
members are 51 including the ensemble mean. A post-
processing referred to as Affine kernel dressing has been 
applied to the raw ensemble (RAWEns) from turned 
GR4J   with   perturbed    input    (AKD-Ens).    Ensemble 
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forecast verification tools are used to evaluate the 
reliability, resolution and skill of the tested ensemble 
modeling systems schemes. The results are satisfactory 
for two systems. Globally, the dressing method improves 
in this case of study the raw ensemble. Both ensembles 
are reliable and can be used to help in decision making at 
the Manantali dam though predominance of Hit on false 
alarm, rates. 
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In this study, carbonized peanut shells, cashew shells and millet stalks were used as raw materials to 
produce coal briquettes. Clay and arabic gum were applied as binders during briquetting by use of 
manual press. Physicochemical and mechanical tests of the obtained briquettes were conducted. The 
results show that the lower heating values of coal briquettes remain higher to that of wood; however, 
their ash contents are very high compared to wood. Combustion of coal briquettes samples show also 
that coal briquettes of peanut shells, cashew shells, and millet stalks ignite respectively at 312, 202.5 
and 150.5°C. Bulk densities of these briquettes are respectively 543, 765 and 579 kg/m

3
. Briquette made 

with arabic gum presents mechanical compressive strength above 1 MPa. 
 
Key words: Coal briquettes, binders, heating value, bulk density, compressive strength. 

 
 
INTRODUCTION 
 
The use of traditional fuels (firewood and charcoal) in 
domestic cookers is one of the main causes of domestic 
air pollution in households in Senegal (de la Sota et al., 
2018). Statistical data from the World Health Observatory 
estimate of 7904 deaths recorded in Senegal in 2016 
have been attributed to household air pollution (World 
Health Organization, 2018). In addition, the use of these 
fuels causes problems related to the disappearance of 
the forest cover. According to the national survey of the 
second project of participatory and sustainable 
management of traditional and substitute Energies 
(PROGEDE-2, 2014), more than 6 million cubic meter of 
wood are consumed as domestic fuel every year in 
Senegal. In Africa, until 2014, wood energy (firewood and 

charcoal) accounts for 70% of the energy consumed 
(Madon, 2017). According to The World Bank and 
International Energy Agency Report, only 36% of the 
Senegalese population have access to clean fuels and 
technologies for cooking (International Energy Agency 
and The World Bank, 2017). The use of agricultural 
residues to produce clean cooking energy is one of the 
possible alternatives to reduce the pressure on natural 
forests and fight against domestic air pollution, 
particularly in Senegal. Some biomass densification 
technologies exist ranging from artisanal processes to 
industrial processes. Several studies of production of 
biomass coal briquettes, depending on whether the 
technology  is  artisanal  or  industrial,  have  been  made  
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(Bajwa et al., 2018; Godjo, 2017; Lubwama and Yiga, 
2018; Meincken and Funk, 2015; Ngusale et al., 2014; 
Sawadogo et al., 2018). In Senegal, local companies like 
BRADES, PRONATURA, BIOTERRE, etc. use artisanal 
process or semi-industrial process to produce coal 
briquettes for cooking. The lack of control of the artisanal 
technology (briquetting parameters) presents the risk to 
bring in the market coal briquettes more polluting than 
charcoal or firewood. Agriculture and industry in Senegal 
generate a significant amount of by-products that could 
be used to produce energy and reduce the amount of 
wood needed to meet the daily needs of the kitchen. 
These by-products include peanut shells, cashew nut 
shells, millet stalks, corn stalks, cotton stalks, rice husks, 
palm kernel shells, etc. Coal briquettes from agricultural 
(peanut shells and millet stalks) and industry (cashew 
shells) wastes were produced, using an artisanal method, 
in order to evaluate some of their physicochemical and 
mechanical properties. 

The objective of this work is based on the production of 
biomass coal briquettes in local context in order to 
suggest ways of improvement. 
 
 
MATERIALS AND METHODS 
 
Three agricultural wastes like peanut shells (PS), cashew shells 
(CS) and millet stalks (MS) were used to perform the study. The 
residues were collected in the region of Ziguinchor (Senegal). 
Carbonization was performed in a cylindrical metallic drum called 
“01 fût”. This carbonization is a partial combustion of biomass. 
Local companies like BRADES in Saint-Louis and ASAPID in 
Diouloulou (Casamance) use this technique to produce charcoal. 

Biomass coal (carbonized material) was crushed using a pestle 
and mortar. The obtained raw powder was then sieved with a 1 mm 
sieve to attain a granulometry equal or below 1 mm. Coal briquettes 
(compressed material) were produced by adding clay and arabic 
gum as binders. Coal briquettes derived from peanut shells and 
cashew shells are made with clay and those derived from millet 
stalks with arabic gum. The clay and arabic gum held respectively a 
dry mass share of 15 and 20% of the mixture. For the preparation 
of the gum arabic binder, 1 kg of gum arabic is immersed in 1.5 L of 
water for one day. After 24 h of immersion, a gelatinous solution of 
gum arabic is obtained. The clay is mixed directly with the 
carbonized biomass powder. Afterwards, a quantity of water 
equivalent to 40% of the total dry mass (mass of clay and 
carbonized biomass powder) is poured into the mixture until 
homogenous mixture occurs. Briquetting was done manually by a 
hammer in a cylindrical mold of 5.3 cm of diameter. 

Immediate and elemental analysis of samples of peanut shells, 
cashew shells and millet stalks, along with derived biomass coal 
and coal briquettes were performed. Elemental analysis was 
performed by using an elemental analyzer (VarioMACROcube) 
following ASTM D5373 and XP CEN/TS 15104 norms. Carbon (C), 
hydrogen (H) and nitrogen (N) contents were determined, and 
oxygen (O) content of the sample is obtained by difference. The 
immediate analysis, conducted in a furnace muffle, was based on 
the NF EN 1860-2, XP CEN/TS 15148 and XP CEN/TS 14775 
norms to determine volatile matter (VM) and ash content (Ash). 
Fixed carbon content (CF) was derived from the difference 
(Equation 1). 
 

(%)(%)100(%) AshVMCF                                    (1) 
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The analysis for determination of higher heating value (HHV) was 
performed in a Parr® calorimeter, following the XP CEN/TS 14918 
norm. Determination of lower heating value (LHV) on dry basis was 
based on Equation 2 (Gérard et al., 2016). 
 

HHHVkgkJLHV *2.212()/(  )                             (2) 

 
Peanut shells, cashew shells and millet stalks samples (with particle 
size of 1 mm) were used to perform thermogravimetric analysis 
(TGA). The TGA was performed on nitrogen atmosphere (flow rate 
of 30 ml/min), using 30 to 50 mg of sample and a temperature 
ranging from room conditions to 1000°C, with a heating rate of 
5°C/min. 

For coal briquettes, the TGA was performed on a synthetic air 
atmosphere (flow rate of 100 ml/min) with the same range of 
temperatures for a heating rate of 10°C/min. Sample mass used is 
68.9 mg. 

The tests conducted in order to determine the mechanical 
properties of coal briquettes were also performed by using a testing 
machine (capacity of 10 kN) to conduct axial compression test until 
the structure of coal briquette failed. According to Borowski et al. 
(2017) study, the minimum compressive strength value should be 
above 1.0 MPa. 

Bulk density, true density and porosity of coal briquettes were 
also determined. The bulk density (ρa) is determined by calculating 
the ratio of mass (m) and volume (V) of the coal briquette (Suttibak 
and Loengbudnark, 2018). 
 

V

m
a                                                                                        (3) 

 
True density (ρb) was determined experimentally using a helium 
pycnometer. Porosity is a measure of the void spaces in a material 
and is a fraction of the volume of voids over the total volume. 
Porosity (P) was calculated based on Equation 4 (Karunanithy et 
al., 2012). 
 

100*1(%) 
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RESULTS AND DISCUSSION 
 
Physicochemical composition 
 

The physicochemical analyses carried out under this 
article concern the immediate analysis, the elemental 
analysis and the determination of the calorific value. 
Table 1 shows the results of immediate and elemental 
analysis a as well as calorific value determination. 

When comparing the percentages of fixed carbon and 
volatile matter among both biomass coals and 
biomasses, larger percentages of fixed carbon and 
smaller percentages of volatile matter were observed in 
biomass coals. However, the percentages of ash are 
lower in biomasses. The higher percentages of ash in 
biomass coals could be explained by the partial 
combustion observed during carbonization beginning. For 
coal briquettes, we remark also, that by adding clay in 
biomass coals of peanut shells and cashew shells the 
calorific  values  and  contents  of  fixed  carbon decrease  
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Table 1. Immediate and elemental analysis, and calorific value in dry basis. 
 

Samples 

Immediate analysis on dry basis (% 
mf) 

Elementary analysis on dry basis (% 
mf) 

calorific value on dry basis 
(MJ/kg) 

E VM CF Ash C H N O LHV 

Biomass 

PS 9.04 72.89 24.34 2.77 52.02 5.74 0.95 41.29 19.33 

CS 7.80 80.80 16.70 2.50 59.06 6.99 0.43 33.52 21.58 

MS 7.66 74.44 21.56 1.00 45.92 5.43 0.52 48.13 16.52 

          

Biomass coal 

PS 6.99 10.66 64.96 24.38 64.71 1.61 2.34 31.34 23.37 

CS 10.60 8.93 78.02 13.05 78.27 1.24 1.14 19.35 27.31 

MS 14.36 9.85 54.41 35.74 56.70 0.56 0.88 41.86 19.49 

 

Coal briquette 

PS 4.31 8.19 56.13 35.68 56.56 1.55 0.94 40.95 19.49 

CS 5.43 19.13 62.89 17.98 71.76 2.72 0.95 24.57 26.52 

MS 8.00 21.97 58.74 19.29 62.84 2.31 0.76 33.99 22.22 
 

PS: Peanut shell; CS: Cashew Shell; MS: Millet stalk; E: Moisture content; VM: Volatile matter; CF: Fixed carbon; C: Carbon; H: Hydrogen; N: 
Nitrogen; O: oxygen; LHV: Lower Heating Value. 

 
 
 
and ash contents increase. Contrary effect was observed 
with coal briquette of millet stalks made using arabic gum 
as binder.  

Calorific value remains the most relevant combustion 
property for determining the suitability of coal briquette as 
fuel. Calorific value gives an indication on the quantity 
required to generate a specific amount of energy. Lower 
heating values of coal briquettes were found to be higher 
than that of wood; however, their ash contents are very 
high compared to wood (McKendry, 2002). It would be 
necessary to reduce this ash content because it affects 
the combustion of the briquette. 
 
 
Thermogravimetric analysis 
 
The thermogravimetric analysis (mass loss and mass 
loss rate) experiments are shown in Figures 1a, 1b, 2a 
and 2b. In Figures 1a and 1b, we show the variation of 
mass loss and mass loss rate with temperature during 
decomposition of biomass samples into nitrogen 
atmosphere. 

As observed on TGA curves of Figure 1a, thermal 
decomposition of the three biomasses studied is done in 
three steps. The first part occurs mainly below 200°C, 
and as shown in Figure 1b, the mass loss is accompanied 
by peaks, distinct at about 100°C, representing the mass 
loss rates of biomass samples (0.08%/min for peanut 
shell and millet stalks and 0.23%/min for cashew shell). 
This thermal behavior of biomass is mainly related to the 
evaporation of free water in the biomass and also to the 
initial   pyrolysis   of  hemicelluloses  and  lignin. This  first 

slight mass loss was ascribed to the evaporation of 
surface moisture at 30-100°C, crystal water at 100-150°C 
and light volatile components (Saikia et al., 2015). The 
second part is between 200 and 410°C, where the 
maximum rates of mass loss appear (Figure 1b). 
According to Shinde and Singarvelu (2014) study, 
devolatization (2

nd
 phase) occurred at temperatures 

between 200 to 500°C. Ábrego et al. (2018) and Liu et al. 
(2018) found maximum decomposition rates in the same 
range of temperature (200 to 500°C). The strong 
devolatilization of hemicelluloses, cellulose and lignin is 
obtained in this area. The largest mass loss of three 
biomasses has occurred in this area. The mass loss rates 
obtained are 3.00%/min, 2.67%/min and 3.88%/min 
respectively for peanut shell, cashew shell and millet 
stalks. For temperatures above 410°C, the decomposition 
of the biomass continues. This decomposition is 
associated with pyrolysis of lignin at high temperature. 
Slow pyrolysis is almost complete after about 600°C. 
Lignin, as the most complex and stable component, 
slowly decomposed and mainly converted into char 
(Jones et al., 2015). Above 600°C, mass loss rates are 
very close to zero, indicating that mass losses can be 
neglected. The thermal decomposition of the three coal 
briquettes into synthetic air atmosphere are shown in 
Figure 2a and b. 

It is observed in Figures 2a, small mass losses for the 
three coal briquettes (losses more accentuated with coal 
briquette of millet stalks) during the combustion initial 
phase (water release). We have also remarked that coal 
briquettes ignition temperatures of peanut shells, cashew 
shells, and millet stalks  are  respectively  312, 202.5 and  
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Figure 1. (a) Mass loss from thermal decomposition (TGA) of biomass samples (b) 
Mass loss rate from thermal decomposition (TGA) of biomass samples. 

 
 
 
150.5°C. Ignition temperatures of coal briquettes from 
peanut shells and millet stalks are considered lower than 
those found by (Protásio et al., 2017) for fresh babassu 
nut shell and by Sahu et al. (2010) for charcoal. Massaro 
et al. (2014) found ignition temperatures for fines 
briquetted coal with municipal solid waste plastic binders 
ranging from 249 to 309°C. After the drying phase, the 
combustion of coal briquettes leads to higher mass 
losses (63, 80 and 82%, respectively for peanut shells, 
millet stalks and cashew shells). However, for coal 
briquettes of millet stalks and cashew shells, we observe 
decomposition phases which occurred respectively at 
temperatures of 150.5 to 353°C and 202.5 to 403.5°C 
(Figure 2a). These phases could be attributed to the 
degradation    of    volatile     matter.     This      phase    of 

decomposition is not observed for coal briquette of 
peanut shells (the volatile matter content is low). The 
large mass losses observed after initial combustion 
phase can be explained by maximum peaks of mass 
losses rates obtained (Figure 2b). We observe a doubling 
of the peaks corresponding to the degradation of volatile 
matters of coal briquettes of millet stalks and cashew 
shells. 
 
 
Physical and mechanical properties of coal 
briquettes 
 
Mechanical strength tests of coal briquettes were carried 
out in order to evaluate the  compressive strengths. It has  

 

 
 
 

(B) 

(A) 
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Figure 2. (a) Mass loss from thermogravimetric analysis of coal briquettes (b) Mass 
loss rate from thermogravimetric analysis of coal briquettes. 

 
 
 
been noted that during transport and storage operations, 
significant amounts of materials can be lost due to their 
fragility and crumbling. Hence, the interest of carrying out 
these tests in order to guarantee the briquette a minimum 
resistance (compressive strength) allows it to be held 
mechanically in the face of certain stresses (for example 
falls or contacts during storage). It is also noteworthy that 
physical properties like bulk density or porosity can 
significantly affect process rates during combustion. 
According to Ryu et al. (2006) study, the ignition speed 
rate is inversely proportional to the bulk density, while the 
burning rate tends to decrease linearly. We present in 
Table 2 the physical and mechanical properties of the 
coal briquettes. 

Table 2 shows that coal  briquette  of  peanut  shell  has 

the lower bulk density, the higher porosity and the lower 
compressive strength. The compressive strengths of coal 
briquettes of peanut shells and cashew shells are below 
1 MPa. According to the study of Borowski et al. (2017), 
these briquettes are not suitable for transport and 
storage. 

Porosity plays a crucial role in the exchange of water 
(water uptake) during the absorption or desorption cycles 
depending on the storage medium (effect of relative 
humidity). This implies that during storage in places 
where relative humidity is not controlled, briquettes will 
undergo cycles of absorption and desorption to maintain 
equilibrium. 

Coal briquettes had high porosity as those of briquettes 
palm   kernel   shell   and  those  of  some  charcoal  from  

 
 

 

 
 
 
 

(B) 
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Table 2. Physical and mechanical properties of coal briquettes. 
 

Coal briquette Bulk density (kg/m
3
) True density (kg/m

3
) Porosity (%) Compressive strength (MPa) 

PS 543.00 1817.00 70.12 0.34 

CS 765.00 1616.00 52.70 0.88 

MS 579.00 1700.00 65.93 1.66 

 
 
 
different plant species (Bazargan et al., 2014; Keech et 
al., 2005). Bulk density is known to influence the burning 
rate and the specific fuel consumption of the briquettes 
(Križan, 2009).The average bulk density of coal 
briquettes of peanut shells and millet stalks, and, cashew 
shells were found to be close respectively to those of rice 
hull coal briquette (500 kg/m

3
) and corn cob coal 

briquette (730 kg/m
3
) (Tuates et al., 2016). 

 
 
Conclusion 
 
Carbonization with partial combustion of the agricultural 
waste leads to the formation of high ashes contents. 
Nevertheless, this technology gives coal with satisfying 
fixed carbon (above to 50 %). Clay, as a binder, 
negatively affects the quality of the coal briquette by 
decreasing its calorific value and increasing its ash 
content. Ashes contents of coal briquette of peanut 
shells, cashew shells and millet stalks are respectively 
equal to 35.68, 17.98 and 19.29%. In this study, we found 
also that the lower calorific values of coal briquettes of 
peanut shells, cashew shells and, millet stalks are 
respectively 19.49, 26.52 and 22.22 MJ/kg. The results 
show also compressive strength of coal briquettes of 
peanut shells, cashew shells and millet stalks are low 
(0.34, 0.88 and 1.66 MPa, respectively). 

Based on the results obtained, the following 
conclusions can be drawn to produce quality char 
briquettes: 
 
i) The partial combustion carbonization of the biomass 
has to be improved or avoided; 
ii) Optimal binder ratio has to be defined to produce 
cohesive coal briquette with low ash content; 
iii) Optimal molding pressure to be defined (mechanical 
properties). 
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The regional ocean circulation along the Southern Senegal shelf is studied using a numerical model for 
varying forcing fields during the upwelling season (November-May). The main objective is to study the 
shelf circulation of the marine environment in the Southern Senegal Upwelling Shelf (SSUS), the 
Lagrangian pathways by which waters are transported to the surface in the upwelling tongue and the 
fate of these waters. Model results are compared with hydrographic measurements during UPSEN2-
ECOAO survey and satellite images datasets. The upwelling source waters and also the warm 
nearshore waters are analyzed, from a Lagrangian point of view, by computing the paths of particles 
that are passively advected by the regional ocean model velocity field (ROMS). It was found that the 
model is capable of representing the main characteristics of the SSUS whose Sea Surface Temperature 
(SST) patterns and their variability have an important similarities but the assessment of the current 
simulated by the model is less obvious because of the few available observations. The present results 
suggest that high frequency of wind has a strong influence over the mesoscale patterns of the cross-
shore circulation in association with local topography and the presence of the Cape Verde peninsula. 
These cross-shore circulations are dominated by an onshore flow around 14.5°N and an offshore flow 
around 14.1°N. The onshore flow is in agreement with the previous eulerian studies regarding the 
coastal divergence of the surface flow (upwelling) that was strongly localized within a few tens of 
kilometers south of the Cape Verde in the Hann Bight. Lagrangian experiments show also very clearly 
that coastal warm waters are upwelling waters that were advected from Hann Bight and underwent a 
strong warming by the heat flux from the atmosphere to the ocean in a shallow area (∼10 m); therefore, 
easy to warm up. All numerical solutions have shown a tendency of upwelling particles remaining on 
the shelf for more than a month. These results may explain the enrichment of water in the SSUS and 
suggest the need to consider the whole shelf as a retention area. 
 
Key words: Upwelling, ocean circulation, modeling, coastal dynamics, shelf, ROMS. 

 
 

INTRODUCTION 
 
The Canary Upwelling Ecosystem is a typical Eastern 
Boundary Upwelling System (EBUS) whose coastal 
dynamics are directly linked to the atmospheric wind 

forcing and highly influenced by stratification, shelf/slope 
topographic shapes, and coastline irregularities (Estrade 
et al., 2008; Marchesiello and Estrade, 2010; Rebert  and 
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Privé , 1974; Roy, 1998; Roy et al., 1989; Demarcq and 
Faure, 2000). The wind regime driven by the seasonal 
migration of the intertropical convergence zone and of the 
azores high-pressure cell (Wooster et al., 1976; Mason et 
al., 2011) is responsible for quasi-permanent Ekman 
pumping and coastal upwelling along the southern 
Canary upwelling system during winter and spring (Figure 
1). 

The Southern Senegal marine ecosystem plays an 
outstanding social, economical, and cultural role. It is 
well-known to be a spawing and nursery area for small 
pelagics fish species. The Southern Senegal Upwelling 
Sector (SSUS) has an intense activity of artisanal and 
industrial fishing and generally of strong anthropic 
pressures. Recently, several research activities has 
focused on this part of Canary current system, including 
numerous in-situ observations specifically in the 
upwelling zone located south of Dakar on a broad and 
shallow continental shelf (Ndoye et al., 2014, 2016, 2017; 
Mbaye et al., 2015; Faye et al., 2015; Capet et al., 2017). 
Despite these efforts, its dynamics and even its mean 
circulation patterns are poorly known (Mbaye et al., 
2015). 

Recent studies combining observations and numerical 
simulations have suggested that the topographical 
features and subtleties in the wind spatial/temporal 
structure have a major impact on upwelling water 
pathways and overall dynamical, hydrological, 
biogeochemical, and ecological (Capet et al., 2017; 
Pitcher et al., 2010; Ndoye et al., 2017; Messié and 
Chavez, 2015; Zhang et al., 2015; Brochier et al., 2018).  

The effect of topographic features, such as capes and 
headlands modulates dramatically the onshore 
movement of upwelled water and favors the formation of 
stationary coastal upwelling centers (Ndoye et al., 2014, 
2017; Capet et al., 2017). Southern Senegal Upwelling 
Sector (SSUS) is characterized by a major coastline 
irregularity in its north part (the Cape Verde peninsula 
hereafter ’CV’) and a wide continental shelf further South 
(Figure 1) (Ndoye et al., 2014, 2017; Capet et al., 2017). 
In the sector, the onshore transport and nearshore 
retention of surface waters play a major ecological role 
for small pelagic fish reproduction. The understanding of 
the pathways by which the deep waters reach the surface 
and these associated circulations remain severely limited 
(Rivas and Samelson, 2011). 

The purpose of this paper which is a follow-up of the 
work of Ndoye et al. (2017), is to study numerically the 
circulation off SSUS with particular focus on identifying 
the pathways of the upwelling waters e.g. the source and 
fate of this upwelling water. The results were analyzed 
from different ROMS numerical simulations using 
climatological  wind,  synoptical  wind  with   and   without 
 

 
 
 
 
tide forcing. This approach (that is using different 
simulations) permits enhanced robustness of the results 
of the present study. The fate of this upwelling water is a 
broad subject that would only be addressed in part. The 
focus of this study would be in particular on the link 
between upwelling waters and warm nearshore waters 
generally considered very favourable to retention using 
the three simulations. 

The model configurations and Lagrangian particle 
tracking experiments are first described, followed by 
model solutions analyses along with a representative set 
of the model-data comparisons and the 3-D modeled 
circulation. Further, the trajectories of water masses were 
discussed using Lagrangian float diagnostics; 
conclusions are offered and suggestions on the probable 
SSUC ecosystem pollution are presented. 
 
 
MATERIALS AND METHODS 

 
Description of model settings and configurations 

 
The Regional Ocean Modeling System (ROMS) (Shchepetkin and 
McWilliams, 2005, 2009; Haidvogel et al., 2008), a 3D free-surface, 
sigma coordinate, split-explicit equation model with Boussinesq and 
hydrostatic assumption with the AGRIF 2-way nesting capability 
(Penven et al., 2005; Debreu and al., 2012) were used in this study. 
ROMS is a hydrostatic, primitive equation ocean model that solves 
the Reynolds averaged form of the Navier Stokes equations on a 
horizontal orthogonal curvilinear Arakawa ‘‘C’’ grid and uses 
stretched terrain following coordinates in the vertical. It can be 
configured depending on user application which has several 
choices for advection schemes, turbulent closure, wet-dry, and 
many types of boundary conditions. 

The parent grid (extends from 6°N to 35° N and from 6°W to 32° 
W) covers most of the Canary current system with a horizontal 
resolution of ∆x ∼ 10 km. A child grid for the Senegal coastal ocean 
extends from 12 to 18° N and from to 15 to 20° W with ∆x ∼ 2 km 
(Figure 1). The model has 50 vertical levels unevenly distributed to 
increase upper ocean resolution (grid parameters are θs = 7, θb = 
0, Tc = 200 m) (Ndoye et al., 2017). Bathymetry is derived from 
GEBCO1 (Global Earth Bathymetric Chart of the Oceans; 
www.gebco.net) but it was modified over the shelf and slope 
between 10 and 21°N to remove bathymetric artefacts produced by 
gravimetric anomalies. To this end, isobath positions from  the 
Centre de Recherche Halieutique de Dakar Thiaroye (CRODT) and 
Institut de Recherches pour le Développement (IRD) bathymetric 
charts were digitalized with resolution ∼1 to 2 km. Krigging was 
then applied to obtain a  gridded bathymetry at 2 km resolution 
(Ndoye et al., 2017). Its main limitation is over the inner shelf where 
it lacks localized outcropping and submerged shoals, in particular 
near 14° 20’N. Initial and parent boundary conditions are from the 
Simple Ocean Data Assimilation (SODA) re-analysis version 2.1.6. 
Precisely, boundary conditions are based on a monthly climatology 
over the period 2000 to 2008 during which SODA version 2.1.6 
(Carton and Giese, 2008) is forced using QuikSCAT winds. Monthly 
climatological forcing for freshwater fluxes (E-P) is derived from the 
0.5°   COADS   (Comprehensive   Ocean-Atmosphere    Data    Set) 

*Corresponding author. E-mail: siny.ndoye@ucad.edu.sn. 
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Figure 1. Left: Climatological SCOW wind stress (in vector) and the  meridional wind stress (in color N.m-2) fields for the 
sustained upwelling period February-April. The black boxes show the model child domain and the black dotted boxes 
show the SSUS, that is, the study area. Right: SST MODIS on 28 March 2007 on the core of upwelling season. 

 
 
 
climatology (Worley et al., 2005). Surface heat fluxes combine 
biases present in pathfinder data which are used elsewhere in the  
TROPFLUX climatology (Praveen Kumar et al., 2013) where it is 
available (± 30° latitude) with 0.5° COADS at higher latitude. A 
linear transition between the two products is made over 220 km. A 
restoring term is added to heat and freshwater forcing terms. Over 
the Senegal region (12°-18°N, 16°-20°W) observed SST is from the 
Moderate Resolution Imaging Spectroradiometer (MODIS) 
climatology (Savtchenko et al., 2004). This corrects substantial  
present observed SST product SSTbld. For heat, a final flux 
adjustment is made as follows: a first simulation is computed over a 
10 year period with HFbld and restoring; the climatological heat flux 
due to the restoring term is then diagnosed and added to HFbld to 
form an adjusted fixed part of the heat flux forcing HFadj. Note that 
river runoff is not accounted for in these simulations but that their 
effect is insignificant during the period of interest. 

The net heat flux received by the simulations, analyzed in this 
study is then:  

 

HFnet=HFadj+
dQ
dSST

(SST− SSTbld)
                             (1) 

 
The flux adjustment procedure is applied on the basis that a perfect 
coastal ocean model forced by perfect but low-resolution heat 
fluxes would develop fine-scale SST biases that would then correct 
the net heat fluxes received by the ocean, through the restoring 
term. Incorporating this restoring contribution into the fixed flux itself 
would then yield more realistic net heat fluxes without any need for 
model SST deterioration. In the present case, the adjustment for 
February to April roughly consists of a flux enhancement of 10 to 20 
W m−2 over the inner shelf and a flux reduction of 20 to 30 W m−2 
over the rest of the domain. Its consequences lead to ∼0.5°C 
reduction of SST biases in the SSUC. The procedure could in 
practice be applied several times iteratively. Doing so, no further 
improvement of model SST was found. This strongly suggests that 

the SST biases described subsequently have a dynamical origin.  
Climatological wind forcings are derived from the SCOW monthly 

climatology τ
scow

(which is based on QuikSCAT data over the period 
September 1999 to October 2009). To account for synoptic 
variability, blended QuikSCAT/ECMWF daily winds τ bld made by 
CERSAT-IFREMER was also used. Daily wind anomalies are 

computed as τ'
bld =τbld− τ bld . High frequency wind used to force the 

model are then computed as: τ hfw= τ scow +τ'bld .   

The model was spun up for 3 years in climatological mode which 
provided an initial condition on 1st January 2000. Three model 
simulations Sclm , Shfw and Stid were carried out from 2000 to 2009. 
This 10 years duration was used to compute model climatological 
states. All forcings are climatological in Sclm. Shfw differs only through 
the use of daily wind forcings constructed as described earlier. Stid 
has both daily winds and M2/S2 tidal forcings imposed at the parent 
grid boundaries. Tidal forcing is derived from TPXO 6.2 
(http://volkov.oce.orst.edu/tides/global.html). 
 
 
Lagrangian particle tracking experiments 
 
The paths of the upwelling source water and the fate of  these 
upwelling water are analyzed using a ROMS-offline tracking module 
(Roff) to calculate the numerical Lagrangian (float) trajectories from 
stored ROMS daily-averaged 3D velocities fields (Carr et al., 2008; 
Capet et al., 2008; Montes et al., 2010; Mason et al., 2011; 
Thomsen et al., 2016). Floats are advected either backward in time 
for 60 days in order to determine the locations of the upwelling 
sources waters and the warm nearshore waters. 

Two experiments have been done. 
 
 
Release in the warm nearshore strip between 12° 45’N and 
14°N 
 
A   total   of   585   particles   per   release   have   been   distributed  
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horizontally at 1 m at surface in the latitude between 12° 45’N and  
14°N within the coastal band (16° 42’W and 16° 54’W in longitude). 
The two months integration was carried out daily during March-April 
for the year 2004 (a single upwelling season). The 2004 season 
was chosen in the period from 2000 to 2009 because its overall 
upwelling over the season was closest to the average. The particle-
path time integration is 1 h. Diffusive processes are not accounted 
for. For the Shfw simulation, a significant fraction (∼ 20%) of particles 
did not exit the inner shelf region and was discarded from 
subsequent pathway analysis. Because of this, retention was 
presumably underestimated (but coastal processes not represented 
in the model may also prevent very long retentions which occur 
overwhelmingly when particles approach so close to shore that they 
enter in areas where the present model has near-stagnant coastal 
waters). 
 
 
Release in the upwelling cold tongue (along the position of the 
zonal SST minima) 
 
This experiment consisted of release particles along the position of 
the zonal SST minima (Ndoye et al., 2014). A number of 299 
particles per release are distributed at 1 m below the mixing layer 
depth for two-month backward in time integration. This depth was 
chosen because mixing can destroy the identity of the floats and 
introduces an inevitable ambiguity into an attempt to analyze 
Lagrangian trajectories (Rivas and Samelson, 2011). The two 
months backward in time integration were carried out every 5 days 
during the 1st of March through 30th of April.  
 
 
General assessment of the simulation 
 
To assess the realism of the present simulations, several data 
products (in-situ and satellite data) were used. 
 
 
Sea surface temperature 
 
The L2 MODIS onboard the Terra and Aqua satellites described in 
Ndoye et al. (2014) have been used for 2002 to 2016 to assess the 
variability of sea surface temperature and also to highlight the 
displacement of the cold tongue patterns. This allows identifying 
some typical features associated with the currents surface patterns 
as discussed within Ndoye et al. (2014, 2017). 
 
 
Currents from UPSEN2-ECOAO 
 
To evaluate the local circulation, the currents data from the 
Upwelling du Sénégal 2 (UPSEN2) – Écosystèmes de l'Afrique de 
l'Ouest (ECOAO) survey on 23 February to 12 March 2013 in the 
SSUC area were used.  More details about the description of data 
and field experiments could be found in Capet et al. (2017). 
 
 
RESULTS 
 
Evaluation of the different simulations solution 
 
Ocean model simulations can provide some insight on 
the ocean variability. To assess the performance of the 
model, the main results of the 3 different realistic runs in 
terms of mean circulation features and mesoscale 
dynamics were present and they were compared in situ 
with  data   and   satellite   SST/SSH   products   available  

 
 
 
 
presented earlier. Despite the scarcity of in situ 
measurement in the SSUC, Ndoye et al. (2017) show that 
the model is able to reproduce fine-scale (20-100 km) 
SST features observed in satellite SST images whose 
presence is due to the 3D circulation. Figure 2 shows the 
climatology February to April of SST for the three 
simulations and MODIS observations processed as 
described in Ndoye et al. (2014), as well as model 
biases. Overall, these simulations reproduce qualitatively 
well the cold tongue located in the mid-shelf and their 
seasonal displacement, the warm offshore and nearshore 
waters and the average frontal structures on its inshore 
as well as offshore edges. A relatively uniform warm bias 
of amplitude 0.3 to 1°C is present over most of the shelf 
with limited sensitivity to the forcing choices (although 
Shfw biases are weaker, ∼0.3 to 1°C). The warm bias is 
slightly reduced in the Shfw simulation. The slightly 
increase of bias in the Stid simulation in the shelf break is 
due to the tidal effect on the continental slope. A patch of 
cold bias is found near the coast around 14.15°N under 
the Cape Gombaru (Figure 2a) (Ndoye et al., 2014). 

As mentioned earlier, model heat fluxes were adjusted 
so as to limit differences between model and MODIS 
SST, so the remaining biases were interpreted as a 
consequence of imperfections in the simulated dynamics 
(with a possible contribution from the wind forcing). To 
summarize, the mean modeled structure from all 
simulations of the SSUS is comparable with the satellite 
observations (SSH/SST) and the cold tongue patterns 
(Demarcq and Faure, 2000; Roy, 1998). Along with 
previous comparisons made by Ndoye et al. (2017), a 
limited sensitivity was found to be the forcing realisms, 
e.g., adding tides or removing the winds high frequency 
content does not significantly affect the model circulation 
and thermohaline climatological states. The seasonal 
cycles of SST/SSH are well captured by the three 
simulations (not show). 
 
 
Shelf circulation 
 
The description of the mean modeled circulation are 
complemented by presenting vertical cross-shore 
sections of alongshore currents at the two cross-shore 
sections (13°N and 14°N), which are compared to a 
meridional subinertial currents over the entire deployment 
period during UPSEN2 (Capet et al., 2017). Figure 3 
shows the results for these 2 cross-shore sections of Shfw 
simulation which warm bias is slighly reduced. The main 
characteristics of the meridional current are well 
reproduced. These simulated surface and sub-surface 
currents have been qualitatively observed (Capet et al., 
2017) during the UPSEN2 experiments.  

Vertical sections of meridional velocity show a typical 
circulation in an upwelling current system with a coastal 
upwelling jet (equatorward upwelling flow) and a 
poleward undercurrent trapped on the slope. The coastal 
upwelling  jet  is  very  intense  and  deeper  north  of  the  
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Figure 2. February-April mean climatological Sea Surface Temperature (SST) (a-c) and SST bias (e-g) with respect to MODIS SST 
(d) for the simulations Sclm (a,e), Shf w (b,e) and Stid (c,g). 

 
 
 

 
 
Figure 3. Depth-longitude section of meridional velocity along a) 13°N and b) 14°N for the Shfw simulation. All quantities are 
climatological averages over the February-April upwelling period. 

 
 
 
SSUC (14°N, in the Hann Bight) where it is of the order of 
20 cm.s−1. South of SSUC (13°N), it does not exceed 10 
cm.s−1. The coastal upwelling jet intensity decrease 
progressively southward. The core of the poleward 

undercurrent is located around 100 m depth at the shelf 
break. The poleward undercurrent reaches to the sea 
surface in the northern section (14°N and 14°30’N, not 
show). The highest values of the poleward current (Figure  
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Figure 4. Depth-longitude section of meridional velocity (in m.s−1) on 23 February 2013 during the UPSEN 2 survey 
along 14° N (Capet et al., 2017). 

 
 
 
3) are generally found over the slope and the outer shelf 
area like the intense poleward current observed during 
UPSEN2-ECOAO survey (Capet et al., 2017). The depth-
latitude sections along the 100 m and 50 m isobaths of 
zonal and meridional current, respectively allow 
highlighting the structure of currents on two zones of the 
shelf (shelf break/midshelf) in which dominate 
respectively the undercurrent towards the pole and the 
upwelling jet. At the 100 m isobaths, the undercurrent is 
present except in a part of the mixed layer where the 
currents (weaker) are directed southwards. As discussed 
earlier, the undercurrent tends to deepen to the north with 
a core of ∼55 m to the south and 60 to 70 m to the north 
of the section. On average during the core of the 
upwelling season (February to April), the intensity of the 
undercurrent remains low and does not exceed 10 
cm.s−1. The cross section of the meridional current v at 
14°N measured on February 23, 2013 during UPSEN 2 
(Figure 4) shows the presence of the upwelling jet at the 
shelf and the undercurrent with the core located between 
60 and 90 m. To highlight the structure of currents on the 
two areas of the shelf which dominate, respectively the 
undercurrent towards the pole and the coastal upwelling 
jet (the shelf breaks the midshelf), the depth-latitude 
section of zonal and meridional currents along the 100 
and 50 m isobaths, respectively (Figures 5 and 6).  

Figure 6 (1a, 2a and 3a) confirms the dominance of the 

coastal jet in the midshelf with a sharp decrease in 
onshore current intensity located at surface and around 
14.5° N in the Stid simulation. In the case of a simplified 
2D upwelling, the cross-shore circulation is composed of 
Ekman currents (directed offshore) in the surface mixed 
layer and currents toward the coast (directed onshore) in 
subsurface and near the bottom to compensate for 
Ekman transport. This cross-shore cell of the 2D model is 
not visible except locally around 13°N - 13° 30’N on the 
100 m isobath in the Sclm and Shfw simulations. On the 50 
m isobath, there is essentially a barotropic circulation 
dominated by three veins of currents: two of them are 
located south of Cape Verde, the onshore vein around 
14.5° N and the offshore veins around 14.1° N (only 
visible in the Sclm simulation, Figure 6 (1b)) and another 
offshore vein at the north of Cape Verde. This offshore 
vein at the north of Cape Verde is consistent with the 
presence of an upwelling filament (Alpers et al., 2013). 
The Cape Verde filament transports nutrients from the 
upwelling region westward and affects strongly the large 
scale circulation. The cross-shore current on 100 m 
isobath is very similar to that on 50 m isobath above ∼50 
m depth, they are influenced by the cape verde headland 
and the filament north of Cape Verde (Figure 51b and 6 
1b). Important vertical gradients of cross-shore current 
are found around 40 to 50 m with a much lower intensity 
or even opposite signs. In summary the main  
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Figure 5. Depth-latitude section of February-April climatological meridional velocity (top plots) and zonal velocity (bottom plots) along 
the 100 meter isobath and the solid lines represents the surface mixed layer depth for left) Sclm, middle) Shfw and right) Stid. 

 
 
 

 
 
Figure 6. Depth-latitude section of February-April mean climatological meridional velocity (top plots) and zonal velocity (bottom 
plots) along the 50 m isobath and the solid lines represents the surface mixed layer depth for left) Sclm, middle) Shfw and right) Stid.  
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Figure 7. Float trajectories over the two previous month computed offline backward in the Roms solutions. Floats are 
released in the upwelling cold tongue at 1 m below the mixing layer depth (black points) left): on March 15 of the year 
15 in Sclm and right): on March 15 of the year 2004 in Stid. The magenta line at 17°27’N represents the position of the 
section where particles are intercepted to determine their location of entry onto the shelf. 

 
 
 
zonal components of the Southern Senegal upwelling 
system: subsurface cross-shore velocities directed 
onshore and cross-shore velocities in the surface 
boundary layer essentially directed offshore (Capet et al., 
2017), are also well reproduced. The high frequency 
forcing and tide involve the mean onshore flow in the 
shelf. 
 
 
The Lagrangian pathway of the upwelled water 
 
The alongshore pressure gradients directed towards the 
equator and the presence of the Cape Verde peninsula 
are an important component of regional upwelling 
dynamics. They are the origin of the patterns of 
circulation described earlier. They play an important role 
in the upwelling structuration. An alongshore pressure 
gradient driving an onshore geostrophic current (Figure 
51b), that is, a more realistic onshore transport, which 
compensates the Ekman transport. All simulations show 
an acceleration of the geostrophic current over the Hann 
Bight where the coldest temperatures were found in 
satellite observations (Ndoye et al., 2014). An eulerian 
analysis presented by Ndoye et al. (2017) shows that the 
important fraction of SSUS upwelling takes place in the 
northern part (north of 14°20 N). To complete this eulerian 
analysis, a quite analysis of Lagrangian analysis of the 
upwelled water was shown. As described earlier, the 
Lagrangian experiment comprised to release particles 
along the position of the zonal SST minima (Ndoye et al., 
2014). Figure 7 shows respectively the particle 

trajectories followed by water which arrives in the cold 
tongue released on March 15 of the year 15 in Sclm and 
on March 15 of the year 2004 in Stid. Most of particles 
come from deep waters outside the continental shelf from 
the southern domain both on these two significant 
examples. These trajectories allow identifying two areas 
where particles enter to the shelf. The first one is located 
between 13°15’N and the second near the Cape Verde 
peninsula with a greater spread of trajectories at the time 
of crossing the shelf and also in the deep ocean. To 
clarify these visual impressions, the position of particles 
where they enter onto the shelf were determined. The 
magenta line at 17°27’N in Figure 7 represents the 
position of the section where particles are intercepted to 
determine their location of entry onto the shelf. For this 
analysis, the latitude and depth were identified at which a 
particle cross for the first time (in backward integration) 
the barrier (magenta line described earlier), then the time 
when they cross onto the shelf to know how long the 
particle resided on the shelf. In both Stid and Sclm 
simulations, the maps of latitude-depth probability density 
function confirm that existing regional domain from 
upwelled water enter to the shelf, primarily north around 
14°30’N but also south between 13°N and 13°30’N in 
agreement with the cross-shore current section on the 
100 m isobath. In the Sclm simulation, the majority of the 
entries of water are between 0 and 60 m depth in the 
north entrance branch with a rather homogeneous 
distribution on the vertical which is in good agreement 
with the onshore circulation vein at 14° 30’N (Figure 6 
1b). 
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Figure 8. (top) Latitude-depth probability density function (release at one meter under the mixed layer along the SST minimum line) 
for the location of final entry onto the shelf (determined using all trajectories of particles that exit the shelf during their 2 month 
backward integration; log10 units) and (bottom) Latitude-time probability density function for the location final position (latitude where 
floats are release). These figure show in term of PDF the duration when they cross onto the shelf until their release position. 

 
 
 
However in the other simulations where the vein of 
current is significantly less pronounced, the particles 
enter onto the shelf at greater depths on average, with a 
maximum value of probability around 40 to 60 m and also 
80 to 100 m. The tracking of upwelling particles entering 
the southern part of the SSUC shows that most of them 
continue to be transported northwards by the extension of 
the undercurrent located on the shelf edge before being 
advected towards the central part of the shelf then 
towards the south. However, the synoptic variability of the 
wind plays an important role for the movement of 
particles because it is in the synoptic simulations with and 
without tide they take less time for the shelf edge to their 
position of release (less than 20 days on average, Figure 
8). The systematic reduction of this time (duration 
between entry and final position) for synoptic winds 
compared to climatological winds forcing can therefore be 
explained by the existence of “shortcuts” for particles that 
pass less frequently by the northern area (north of 14.2° 
N).  
 
 
The source of the coastal warm water 
 
The warm wedge has generally been interpreted as a 
retention area of importance for the survival and 

recruitment of pelagic fish juveniles (Roy, 1998; Mbaye et 
al., 2015). The solutions of this study allow the 
investigation of the reality of the retention and the origin 
of these waters. To do so we track backward in time 
particles released in the locations were chosen to cover 
the warm inner-shelf region between the latitudes 12° 
45’N and 14°N (longitude range was 16°42’-16°54’N). 
The trajectories also allow us to confirm the dominance of 
the northern supply of upwelling waters. In Ndoye et al. 
(2017), it was reported that classical 2-D vertical (2DV) 
explanation leaves key questions unanswered about 
origin and renewal of the water in the strip. Focused to 
the synoptical simulation without tide, they also show that 
particles are subsequently advected northward and 
upshelf until they penetrate into the Hann Bight; then, 
they flow southward while remaining confined nearshore 
(Figure 9). 

Here, this description was completed using the 
climatological simulation and the synoptical simulation 
with and without tide. Figure 9 shows that in the 
climatological simulations, particles with paths originating 
outside (in the subsurface) of the shelf domain and 
arriving at their final positions are found throughout the 
entire warm inner shelf region. All simulations confirm 
that floats released inside nearshore the warm wedge, 
are overwhelmingly associated  with  waters  upwelled  in  
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Figure 9. Float trajectories over the two previous month computed offline backward. Floats are released in the warm nearshore 
strip (black points) on 15 April for different simulations climatology, synoptic with and without tides. Color indicates along path 
represents the depth (m). 

 
 
 
the Hann Bight particularly the climatological simulation. 
The addition of the synoptic variability of the wind 
complicates the trajectories defined in the climatological 
simulation (Figure 9a), most particles originate from the 
northern part of the cape, while others from the south 
(Figure 9b and c). The paths that originate at deeper 
levels, below 50 m, are advected by Northward 
undercurrent near isobath 100 m (Figure 5). Southern 
particles come from offshore deep ocean waters above 
18°30’W. However, it is even more complex in the Stid 

simulation where we clearly saw a significant number of 
particles coming beyond 19°W between 14°30’N and 15° 
N. Figure 10 show the latitude-depth probability density 
function for the location of final entry onto the shelf and 
confirms the visuals analysis of the present study 
described earlier.  

In both the Stid and Shfw simulations, the dispersion of 
the entry position increases as compared to Sclm 

simulation where it remains weak. Unlike the pathways of 
the tracking experiments under the minimum of SST, the 
entry depth onto shelf located north of 14°30’N is 
insensitive to the forcing products used. The existence of 
a small number of particles entering the shelf around 
13°30’N should be considered with caution. Following the 
trajectories of these particles after crossing the shelf to 
their final positions, the present study has shown that 
they penetrate systematically into the zone situated south 
of Dakar between 14° 30’N and 14° 45’N (Figure 10d,e,f). 
This means that these particles remain on the outer edge 
of the shelf and then, are advected northward by the 
undercurrent (Figure 6) until they penetrate into the Hann 
Bight where Ndoye et al. (2017) found the largest value 
of horizontal divergence. The quasi-zero probability 
density around 14° N in the climatological simulation 

shows the quasi-permanent filament around 14° N 
(Ndoye et al., 2014) in this simulation, which transports 
the waters offshore (Figures 5 and 6). The time take by 
each float from their entries to the shelf until their final 
positions have been computed and presented in Figure 
10g,h,i. An accelaration of particles was found after they 
penetrate into Hann Bight in the Stid and Shfw simulations. 
In the  Sclm simulation, ∼74% of the particles have made 
less than 30 days on the shelf (since their entry to the 
release zone) whereas this percentage is 80% (resp 
82%) in the Stid (resp Shfw ) simulations. These results are 
important and show the existence of upwelling particles 
that remain in the shelf for several weeks. The time spent 
by the particles explains partly the enrichment of the 
waters in this southern part of Senegal. Both alongshore 
and cross-shore circulation along the Southern Senegal 
coast are consistent with Lagrangian analysis which 
shows that warm nearshore water is an upwelled waters 
which originate offshore in the subsurface and are 
advected northward by undercurrent until they penetrate 
into Hann Bight. 
 
 
DISCUSSION AND CONCLUSION 
 
Several ROMS numerical simulations were carried out 
varying forcing field during the upwelling season to 
improve our understanding on the shelf circulation, the 
pathways followed by the upwelled water and also the 
origin of the warm coastal water during the previous 
months. In a context of recent discoveries of 
hydrocarbons (oil and gas) in the Southern Senegal and 
the need to manage potential environmental impacts, 
clarifying the patterns of circulation over the shelf and  the  
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Figure 10. top) Latitude-depth probability density function (PDF, method described in the work, for the release in the warm 
nearshore strip between 12° 45’N and 14°N) for the location of final entry onto the shelf (determined using all trajectories of 
particles that exit the shelf during their 2 month backward integration; log10 units); middle) The maximum latitude after crossing 
the barrier (magenta line at 17°27’N in Figure 7) as a function of latitude at the time of crossing; and bottom) Latitude time 
probability density function for the location final position. These figures show in term of PDF the duration when they cross onto the 
shelf until their release position. 

 
 
underlying dynamics is important. In Ndoye et al. (2017), 
how the presence of Cape Verde and also the existence 
of an equatorward pressure gradient exert a major 
influence on the SSUS dynamics and circulation. This 
present study proposes a more comprehensive analysis 
of the shelf circulation was showed. Numerical 
simulations show a good agreement with available 
observations (SST) and in situ measurement of velocity 
available. This study focused to provide more details 
about the cross-shore and alongshore circulation over the 
slope and the shelf. The assessment of current simulated 
by the model is less obvious because of the few available 
observations. It can only be said that the circulation of the 
model is globally consistent with circulation expected in 
the upwelling system. 

The modeled currents show good qualitative agreement 
with observed currents from the UPSEN2 surveys. The 
Cape Verde Anticyclone (related to our previous study) is 
well reproduced in the Sclm and Shfw simulations. It was 
noticed that mixed layer is relatively deeper in the Stid 
simulation because tidal currents modify the intensity of 
mixing in a stratified situation in the shelf break and at 
near bottom. Generally, all of cross-shore patterns at the 
slope described earlier are present in the three 
simulations except the onshore current associated with 
the anticyclonic eddy (Cape Verde Anticyclone) into the 
Stid simulation (Figure 5). Nevertheless, the intensities of 
onshore current over the midshelf just south of Cape 
Verde peninsula are highly reduced in the Shfw and Stid 
simulations due to the effect  of  wind  synoptic  variability  



498          Afr. J. Environ. Sci. Technol. 
 
 
 

 
 
Figure 11. 3D schematic description of the upwelling dynamical 
and hydrological structure over the Southern Senegal shelf. The 
overwhelming fraction of SSUS upwelling takes place in its northern 
part, within 30 km from Cape Verde and largely arises from 
alongshore flow acceleration in the lee of Cape Verde. 
 
 
 
(Figures 5 and 6). The westward current flow located 
around 14.16° N along the 50 m isobath, in the Sclm  
simulation has almost disappeared due to wind 
synopticity. Apart from the appearance of a slow surface 
onshore current around 13°30’N, the across-shore 
circulation is more typical of an upwelling system with a 
Ekman surface current directed offshore and the 
subsurface compensation current directed to the coast 
(2D view). On average in the core of the upwelling 
season (February to April), the intensity of the 
undercurrent remains slow and does not exceed 10 
cm.s−1 while in Peru it is in order of 30 cm.s-1 (Echevin, 
2013). 

All results confirm: 
 
(1) the ability of the model to reproduce the main 
characteristics of the SSUS, namely the seasonal 
variability of the SST. 
(2) that the cross-shore circulation in the SSUS is 
dominated by an onshore flow near the Hann Bight 
(around 14°30’N) and an offshore flow around 14° N. 
(3) that the alongshore circulation is a typical circulation 
in an upwelling current system with a coastal upwelling jet 
and a poleward undercurrent trapped on the slope. 
(4) Both alongshore and cross-shore circulation along the 
Southern Senegal coast are consistent with Lagrangian 
analysis which shows that warm nearshore water are an  
upwelled waters which originate offshore in the 
subsurface and are advected northward by undercurrent 
until they penetrate into Hann Bight. 

The high frequency forcing introduces some complexity 
 In  the  upwelling   pathways   because   upwelling   wind 

 
 
 
 
relaxations and intensifications produce flow reversals, in 
addition to those associated with the intrinsic variability of 
the coastal current systems. 

More specifically, the circulation of the model is at odds 
with many aspects of the circulation patterns previously 
identified or proposed in previous studies of Rebert and 
Privé (1974) and Teisson (1982). 

The patterns of circulation described in this study and 
the pathways followed by upwelled waters offers 
important insight into retention properties of the system 
and into the constraints exerted by the flow on fish 
reproduction area. It is well know that offshore transport 
limits considerably recruitment in productive upwelling 
regions except in the recirculation features that form in 
the lee of headlands (Morgan and Fisher, 2010). The 
comparisons between Sclm and Shfw simulations show that 
wind fluctuations have a direct effect on the mean 
surface/subsurface flow due to the increased mixing as 
previously found in other upwelling sectors (Roughan et 
al., 2005; Gan and Allen, 2002; Cervantes and Allen, 
2006). 

However, for the vertical turbulence closure we rely on 
KPP. In these simulations, the bottom friction is linear with 
a drag coefficient equal r=3.10-4 s-1. Some additional 
experiments were carried out using quadratic bottom 
stress formulation with r2=1.5 10-3 m-1 (low drag) and 
r2=6.10-3 m-1 (high drag) only led to minor changes of the 
model climatological circulation and thermohaline state.  

Based on the previous results (Ndoye et al., 2017) and 
the analyses presented herein, we propose the new 
conceptual circulation over the Southern Senegal shelf 
(Figure 11). This scheme is tentative in that it relies on 
model simulations that have received limited direct 
evaluation of the current fields (but the SST patterns are 
indirectly, strongly suggestive that the zero-order model 
circulation is realistic. 

To validate the specific details of the Lagrangian 
diagnostics and currents structures, large numbers of in 
situ observations are needed (a long time series). The 
paths of the water masses highlighted by the Lagrangian 
simulations can be partly evaluated by the deployment of 
drifting buoys or dye release experiments in the coastal 
waters of Senegal. The use of drifting trajectory data from 
the COCES and COCES2 programs (Faye et al., 2015) 
could already provide useful information. The non 
hydrostatic process might be certainly an important 
limitation particularly in the coastal band (e.g. depth 
below 10 m). 

Irrespective of possible model biases, the present 
analyses and findings indicate the urgent need to revisit 
the previously accepted circulation scheme (particularly 
with respect to retention). 
 
 
CONFLICT OF INTERESTS 
 
The authors have not declared any conflict of interests. 



 
 
 
 
ACKNOWLEDGEMENTS  
 
This work was supported by the AMMA 2050 innovative 
fund (SCUS-2050 project grant number M0220428/1), 
IRD through the AWA project (grant 01DG12073E) and 
LMI ECLAIRS programs, from LEFE-INSU FUSE and 
from European Union FP7 PREFACE project (grant 
603521). Support was also received from the Programme 
Doctoral International Modelisation des Systemes 
Complexes UPMC/IRD. L2 MODIS SST was produced 
and distributed by NASA Goddard Space Flight Center, 
Ocean Ecology Laboratory, Ocean Biology Processing 
Group  (http://oceancolor.gsfc.nasa.gov/cms:). The 
authors therefore thank the editor and three anonymous 
reviewers for their careful reading and comments on the 
manuscript along with the organizers of Casamansun 
2018 Conference. 
 
 
REFERENCES 
 
Alpers WP, Brandt A, Lazar D, Dagorne B, Sow S, Faye MW, Hansen A, 

Rubino P,  Poulain M, Brehmer P (2013). A small-scale oceanic eddy 
off the coast of West Africa studied by multi-sensor satellite and 
surface drifter data. Remote Sensing of Environment 129:132-143. 

Brochier TP, Auger  L, Pecquerie E, Machu X, Capet M, Thiaw BC, 
Mbaye CB, Braham O, Ettahiri N, Charouki ON, Sène F, Werner P, 
Brehmer (2018). Complex small pelagic fish population patterns 
arising from individual behavioral responses to their environment 
Progress in Oceanography 164:12-27. 

Capet X, Estrade P, Machu E, Ndoye S, Grelet J, Lazar A, Mari L, 
Dausse D, Brehmer  P (2017) On the dynamics of the southern 
senegal upwelling center: Observed variability from synoptic to 
superinertial scales. Journal of Physical Oceanography 47(1):155-
180.  

Capet XJ, Campos EJ, Paiva AM (2008). Submesoscale activity  over 
the Argentinian shelf Geophysical Research Letters 35: L15605 

Carr SD, Capet XJ, McWilliams JC, Pennington JT, Chavez FP (2008). 
The influence of diel vertical migration on zooplankton transport and 
recruitment in an upwelling region: Estimates from a coupled 
behavioral‐physical model. Fisheries Oceanography 17(1):1-5. 

Carton J, Giese B (2008). A reanalysis of ocean climate using Simple 
Ocean Data Assimilation (SODA) Monthly Weather Review 136:2999-
3017. 

Cervantes BK, Allen JS (2006). Numerical model simulations of 
continental shelf flows off northern California. Deep Sea Research 
Part II: Topical Studies in Oceanography 53(25-26):2956-84. 

Debreu L, Marchesiello P, Penven P, Cambon G (2012). Two-way 
nesting in split-explicit ocean models: algorithms, implementation and 
validation. Ocean Modelling 49:1-21. 

Demarcq H, Faure V (2000). Coastal upwelling and associated retention 
indices derived from satellite sst application to octopus vulgaris 
recruitment Acta Oceanologica Sinica 23:391-408. 

Echevin V (2013) Dynamique et couplage avec la biologie dans le 
systme dupwelling du Prou-Chili  Habilitation à diriger des recherches 
Université Pierre et Marie Curie - Paris VI 

Estrade P, Marchesiello P, Colin de Verdi`re A, Roy C (2008). Cross-
shelf structure of coastal upwelling: A two-dimensional extension of 
Ekman’s theory and a mechanism for inner shelf upwelling shut 
down. Journal of Marine Research 66(5):589-616. 

Faye S, Lazar A, Sow B, Gaye A (2015). A model study of the 
seasonality of sea surface temperature and circulation in the atlantic 
north-eastern tropical upwelling system Frontiers in Physics 3:76. 

Gan J, Allen JS (2002). A modeling study of shelf circulation off northern 
California in the region of the Coastal Ocean Dynamics Experiment: 
Response to relaxation of upwelling winds Journal of Geophysical 
Research 107(C9):3123. 

Ndoye et al.          499 
 
 
 
Marchesiello P, Estrade P (2010). Upwelling limitation by onshore 

geostrophic flow. Journal of Marine Research 68:37-62.  
Mason E, Colas F, Molemaker J, Shchepetkin A, Troupin C, e a 

McWilliams J (2011). Seasonal variability of the canary current: a 
numerical study. Journal of Geophysical Research 116 p. 

Mbaye BC, Brochier T, Echevin V, Lazar A, Lévy M, Mason E, Gaye AT, 
Machu E (2015). Do Sardinella aurita spawning seasons match local 
retention patterns in the Senegalese–Mauritanian upwelling region?. 
Fisheries Oceanography 24(1):69-89. 

Messié M, Chavez FP (2015). Seasonal regulation of primary  
production in eastern boundary upwelling systems Progress in 
Oceanography 134:1-18. 

Montes I, Colas F, Capet X, Schneider W (2010). On the pathways of 
the equatorial subsurface currents in the eastern equatorial Pacific 
and their contributions to the Peru-Chile Undercurrent. Journal of 
Geophysical Research 115 p. 

Ndoye S (2016). Fonctionnement dynamique du centre d'upwelling sud-
sénégalais: approche par la modéliation réaliste et lanalyse 
dobservations satellite de température de la mer PhD thesis 
Université Pierre et Marie Curie. 

Ndoye S, Capet X, Estrade P, Sow B, Dagorne D, Lazar A, Gaye A, 
Brehmer P (2014). SST patterns and dynamics of the southern 
Senegal-Gambia upwelling center. Journal of Geophysical Research 
119:8315-8335. 

Ndoye S, Capet X, Estrade P, Sow B, Machu E, Brochier T, Dring J, 
Brehmer P (2017). Dynamics of a low-enrichment high-retention 
upwelling center over the southern senegal shelf Geophysical 
Research Letters pp n/a–n/a. 

Kumar BP, Vialard J, Lengaigne M, Murty VS, Mcphaden MJ, Cronin 
MF, Pinsard F, Reddy KG (2013). TropFlux wind stresses over the 
tropical oceans: evaluation and comparison with other products. 
Climate dynamics 40(7-8):2049-2071. 

Penven P, Echevin V, Pasapera J, Colas F, Tam J (2005). Average 
circulation, seasonal cycle, and mesoscale dynamics of the Peru 
Current System: A modeling approach. Journal of Geophysical 
Research Oceans 110(C10). 

Pitcher GC, Figueiras FG, Hickey BM, Moita MT (2010). The physical 
oceanography of upwelling systems and the development of harmful 
algal blooms. Progress in Oceanography 85(1-2):5-32. 

Rebert JP, Privé M (1974). Observations de courant sur le plateau 
continental sénégalais du cap Vert au cap Roxo: campagne 74.10, 
mars. 

Rivas D, Samelson RM (2011).  A numerical modeling study of the 
upwelling source waters along the Oregon coast during 2005. Journal 
of Physical Oceanography (1):88-112. 

Roughan M, Mace AJ, Largier JL, Morgan SG, Fisher JL, Carter ML 
(2005). Subsurface recirculation and larval retention in the lee of a 
small headland: a variation on the upwelling shadow theme. Journal 
of Geophysical Research: Oceans 110(C10). 

Roy C (1998). An upwelling-induced retention area off Senegal: a 
mechanism to link upwelling and retention processes. South African 
Journal of Marine Science 19(1):89-98. 

Roy C, Cury P, Fontana A, Belvèze H (1989). Stratégies spatio-
temporelles de la reproduction des clupéidés des zones d'upwelling 
d'Afrique de l'Ouest. Aquatic Living Resources 2(1):21-29. 

Savtchenko A, Ouzounov D, Ahmad S, Acker J, Leptoukh G, Koziana J, 
Nickless D (2004). Terra and aqua MODIS products available from 
NASA GES DAAC Advances in Space Research 34:710-714. 

Shchepetkin A, McWilliams JC (2005). The Regional Oceanic Modeling 
System: A split-explicit free-surface topography-following-coordinate 
ocean model Ocean Model 9:347-404. 

Shchepetkin AF, McWilliams JC (2009). Correction and commentary for 
“Ocean forecasting in terrain-following coordinates: Formulation and 
skill assessment of the regional ocean modeling system” by 
Haidvogel et al., Journal of Computational Physics 227:3595–3624; 
228(24):8985-9000. 

Teisson C (1982). Application de la thorie d’ekman l'étude des courants 
et des remontes d’eaux profondes le long des ctes sénégalaises Doc 
sci Centre Rech Ocanogr Archn106 p. 

Thomsen S,  Kanzow T,  Colas F,  Echevin V,  Krahmann G, Engel A 
(2016). Do submesoscale frontal processes ventilate the oxygen 
minimum zone off Peru?  Geophysical Research Letters 43(15):8133- 



500          Afr. J. Environ. Sci. Technol. 
 
 
 

8142. 
Worley SJ, Woodruff S, Reynolds R, Lubker S, Lott N (2005). ICOADS 

release 21 data and products. International Journal of Climatology 
25:823-842.  

Wooster W, Bakun A, McLain D (1976). The seasonal upwelling cycle  
along the eastern boundary of the north atlantic. Journal of Marine  
Research 34:131-140. 

 
 
 

 
 
 
 
Zhang Y, Bellingham JG, Ryan JP, Godin MA (2015).Evolution of a 

physical and biological front from upwelling to relaxation. Continental 
Shelf Research 108:55-64. 

 
 
 
 
 
 
 
 

 
 
 
 
 
 



 

Vol. 12(12), pp. 501-513, December 2018 

DOI: 10.5897/AJEST2018.2551 

Article Number: 7BFB6EA59405 

ISSN: 1996-0786 

Copyright ©2018 

Author(s) retain the copyright of this article 

http://www.academicjournals.org/AJEST 

 

 
African Journal of Environmental Science and 

Technology 

 
 
 
 

Full Length Research Paper 
 

Assessment of satellite rainfall products for stream 
flow simulation in Gambia watershed 

 

Bakary FATY1,5*, Abdou ALI2, Honoré DACOSTA1, Ansoumana BODIAN3, Salif DIOP1  
and Luc DESCROIX4 

 
1
Departement of Géography at University of Cheikh Anta Diop of Dakar, Sénégal. 

2
Centre Régional AGRHYMET, Niamey,Niger. 

3
Laboratoire Leïdi “Dynamique des territoires et Développement”, Université Gaston Berger (UGB)/Sénégal. 

4
LUMR PALOC IRD/MNHN, LMI PATEO, IRD Hann, BP 1386, Dakar, Senegal. 

5
Direction de la Gestion et de la Planification des Ressources en Eau, Dakar, Sénégal. 

 
Received 20 August 2018; Accepted 30 October 2018 

 

Satellite rainfall estimates (SRE) with high spatial and temporal resolution and large areal coverage 
provide a potential alternative source to force hydrological models within regions where ground-based 
measurements are not readily available. The Gambia Basin in West Africa provides a good example of a 
case where the use of satellite precipitation estimates could be beneficial. This study aims to compare 
three SRE over a 12-year periods (1998-2010), before and after their integration into the GR4J 
hydrological model over the Gambia Basin. The inter -compared products are Climate Hazards Group 
Infrared Precipitation with Stations (CHIRPS), Precipitation Estimation from Remotely Sensed 
Information using Artificial Neural Networks-Climate Data Record (PERSIANN-CDR) and TRMM 3B42v7 
(Tropical Rainfall Measuring Mission). The calibration and validation of the GR4J model over the 
Gambia basin using a reference rainfall product (RRP) pointed out a very good performance. The 
correlation coefficient between simulated and observed daily discharge is higher than 0.8 both for 
calibration and validation. The inter-comparison of SRE against RRP and using them as forcing data 
into the calibrated GR4J hydrological model presented some coherence in the product performance. 
PERSIANN-CDR performs better both when comparing against RRP and when used in GR4J. The low 
performance of CHIRPS is surprising because it is supposed to be a product that includes ground-base 
station. This result may also indicate that in areas without ground stations, the CHIRPS is less accurate 
than other rainfall products that are based only on satellite images. Finally, a bias correction is applied 
to the SRE using the RRP. The bias correction had significantly improved the product performance. On 
average, the bias fell from 100 to 1.5% compared to the RRP, but the impact on the error is less 
significant. When using the corrected SRE in the hydrological model, the impact is very significant both 
on the bias and error. The overall performance of the different biases that corrected SRE is comparable.     
 
Key words: Gambia, precipitation, satellite, evaluation, modeling, bias correction, Climate Hazards Group 
Infrared Precipitation with Stations (CHIRPS), Precipitation Estimation from Remotely Sensed Information using 
Artificial Neural Networks (PERSIANN), Tropical Rainfall Measuring Mission (TRMM). 

 
 
INTRODUCTION 
 
Precipitation is a key variable in the hydrological cycle 
(Yang et al., 2017). Its quality is of paramount importance 

to hydrologists, as uncertainty in precipitation estimates 
can give  rise  to  biases  in  other  hydrologic  fluxes  and  
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states because of nonlinearities in the hydrological cycle 
(Nijssen and Lettenmaier, 2004; Su et al., 2008; Harris 
and Hossain 2008, Yang and al., 2017). However, in 
many populated regions of the world, including 
developing countries, ground-based measurement 
networks are either sparse in both time and space or 
nonexistent (Hsu et al., 1999). In West Africa, the rainfall 
measurement network is generally very low compared to 
the spatial variability of rainfall (Taupin et al., 1998). In 
addition to the low density of in-situ measurements, this 
region faces a difficulty in acquiring daily data (Ali et al., 
2004, Panthou et al., 2014, Bodian et al., 2016a). This is 
a major obstacle to conducting hydrological studies on 
certain watersheds (Bodian et al., 2016b), such as that of 
the Gambia, where precipitation is poorly quantified: the 
precipitated volume as the temporal variability of rains 
has been poorly studied due to the shortcomings of the 
traditional observation networks in this basin (44 rainfall 
stations for 77100 km²). In order to remedy these 
shortcomings, the user community most often uses the 
satellite-based rainfall estimate (SRE) products available 
at high resolution from operational and academic 
institutions and suitable for water resources monitoring 
particularly for hydrological modeling. 

Despite their widespread use satellite products carry a 
certain level of uncertainty (e.g. estimation biases). The 
presence of bias in satellite rainfall estimates can lead to 
inaccuracies in the calculation of water balance since a 
significant amount of water is stored in the hydrological 
model. In order to have an overview of the desirability of 
using satellite products, two questions will be addressed 
here: i) what is the contribution of satellite rainfall 
products in hydrological modeling? ii) What is the best 
product for hydrological modeling? This study will 
evaluate three satellite rainfall products to determine their 
appropriateness for use in hydrological studies for the 
River Gambia.  

There are two main evaluation approaches in the 
scientific literature: 1) an estimate of precipitation by 
satellite observations compared against the RRP 
constructed from measurements of the ground-based 
observations and 2) a hydrological assessment of these 
satellite products. The first is widely used in Africa (Ali et 
al., 2004, 2005; Roca et al., 2010; Jobard et al., 2011; 
Ceccherini et al., 2015; Toté et al., 2015; Dembélé and 
Zwart, 2016). The second is based on the hydrological 
assessment of satellite products, that is, the assessment 
of their ability to reproduce the observed flow. Despite its 
success in previous studies, there have been very few 
attempts to apply this approach in Africa, some examples 
including: Grimes and Diop (2003); Gosset et al. (2013), 
Thiemig et al. (2013) and Habib et al. (2014). However, 
on a global scale, it  continues  to  gain  popularity  in  the  

 
 
 
 
scientific community (Yilmaz et al., 2005; Hong et al., 
2006; Artan et al., 2007; Harris et al., 2007; Collischonn 
et al., 2008; Shrestha et al., 2008; Su et al., 2008; 
Behrangi et al., 2011; Xue et al., 2013; Ashouri et al., 
2016). Although both approaches can be applied 
independently, they can be considered complementary 
(Thiemig et al., 2013), one providing a broad assessment 
of satellite product accuracy, while the other assesses 
the usefulness of products in other applications, such as 
hydrology. 

It should be noted, however, that many of the example 
studies given above have either evaluated a single 
product on a watershed or several products on a single 
basin. To evaluate the hydrological performance of 
satellite products, most of these studies calibrated the 
model with the estimated rainfall by satellite rather than 
with the ground rainfall data. Additionally, few studies 
have applied the correction of the bias associated with 
satellite rainfall products. This contribution provides an 
innovative perspective on the hydrological assessment of 
estimated precipitation by satellite for four reasons: i) 
several products are evaluated and cross-compared in 
this study; (ii) the contribution of bias correction on the 
hydrological performance of satellite products; iii) 
automatic calibration with a multi-objective approach 
(NSE and KGE); iv) quantification of the uncertainties 
associated with the average rainfall calculated by kriging 
in order to have a better quality RRP. With the results of 
this study, potential uncertainties on hydrological 
simulations in the Gambia Basin can be quantified. This 
study focuses on the hydrological assessment of three 
satellite products, CHIRPS (Funk and al., 2014), 
PERSIANN-CDR (PCDR) (Miao and al., 2015) and 
TRMM-3B42v7 (Huffman and Bovin, 2013), and a 
reference rainfall product (RRP) built from measurements 
of the ground-based observations. These products are 
validated on the Gambia Basin. For hydrological 
evaluation, the rainfall-runoff model GR4J (Perrin et al., 
2003) was used and calibrated automatically over the 
period 1981-1996. In addition, a bias correction method 
was applied to correct bias in the satellite rainfall 
estimates (SRE) by CDFt bias correction method. By 
following this approach, this study will address two 
research objectives: i) establishing the contribution of 
bias correction on the hydrological performance of 
satellite products; (ii) The construction of a RRP by 
kriging to obtain an acceptable hydrological performance. 
The results of this study will help to elucidate the limits or 
weaknesses of the usefulness of SRE as input data for 
hydrological modeling. The overall objective of this study 
is to assess the contribution of SRE in hydrological 
modeling, as they can be the only source of precipitation 
for areas where ground networks are not available. 
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Figure 1: Network of stations gauge in the Gambia River basin 

 
 

Figure 1. Network of stations gauge in the Gambia River basin. 

 
 
 
MATERIALS AND METHODS 
 
Study area  
 
The study area is the basin of the Gambia which is a transboundary 
basin, draining an area of 77100 km2, between latitudes 11° 22 ' 
and 14° 40 ' N and longitudes 11° 13 and 16° 42 ' W. Over a total 
length of 1180 km, the Gambia River has a lower course of 540 km 
influenced by the tide and a higher course in Guinea of only 200 
km. It takes its source at about 1150 m above sea level in the 
Fouta-Djallon, near Labé. Its initially south-north course leads from 
Mako to Gouloumbou to the northwest and then west to the sea at 
the latitude of 13° 30 (Olivry, 1983). Figure 1 shows the location of 
the basin and the stations managed by Department of Water 
Resources (DWR) for the Gambia and National Agency for Civilian 
Aviation and Meteorology (ANACIM) for Senegal. From the climate 
point of view, the Gambia basin is subjected to tropical monsoon 
climate with a long dry season from November to May and a short 
rainy season from June to October. The characteristics of the rainy 
season and precipitation heights make it possible to classify the 
essential of the Gambia basin in the Sudano-Guinean zone.  

 
 
Satellite products evaluated  

 
The satellite products evaluated in this study are CHIRPS, 
PERSIANN-CDR (called PCDR) and TRMM 3B42. A brief 
description of these three products is presented below. 

 
 
CHIRPS 

 
CHIRPS data are global products of precipitation estimates by 
satellite. They are available at spatial resolutions of 27 and 5 km, 
since 1981. The CHIRP algorithm combines the estimates of 
infrared precipitation and calibrated with TRMM data and reanalysis 
model products. CHIRP merges resolution 0.25 satellite imagery 
with ground observation data to create monthly gridded time series 
for the monitoring of seasonal drought and water resource 
management. CHIRP incorporates Infrared (IR) estimates of 
historical and current precipitation in two stages for the period 1981 
to the present day. 

PCDR 
 
Precipitation Estimation from remotely sensed Information using 
Artificial Neural Networks (PCDR) was developed by the University 
of California's Center for Hydrometeorology and Remote Sensing 
(CHRS) at Irvine and uses the technique of Classification using an 
artificial neural network to calibrate IR images with microwave 
(MW). PCDR has undergone several developments (Hsu et al., 
1997, 1999). Initially, PCDR only incorporated IR satellite data but 
currently includes MW data from TRMM Microwave Imager (TMI). 
The IR data usually comes from the GOES-8, GOES-9/10, GOES-
12, GMS-5, Meteosat-6, and Meteosat-7 geostationary satellite 
imagery and VIRS. After revision in 2014, another PCDR (Climate 
Data Record) product has been available since 2015 in the daily 
time period 1983-present, with a spatial resolution of 0.25° × 0.25°. 
It is a post-adjusted product that is based on the archives of IR 
measurements. The main input data of the PCDR algorithm come 
from another CDR: IR measurements of the product GridSat-B1 
(International Satellite Cloud Climatological Project, ISCCP B1). 
GridSat-B1 products are combined data from the various 
geostationary satellites available over the years, from 1980 to the 
present. The other input data is the monthly precipitation of Global 
Precipitation Climatology Project (GPCP) (Huffman et al., 1997). 
 
 
TRMM  
 
The product TRMM 3B42 is based on the Tropical Rain 
Measurement Mission. TRMM is a joint project between the national 
Aeronautics and Space Administration (NASA) and the National 
Space Development Agency of Japan (NASDA). It was launched on 
27 November 1997 on an H-II rocket from the NASDA. It is a 
product of near-real-time rain estimation, with a spatial resolution of 
0.25° and time resolution of three hours. TRMM uses MW 
estimates when available, and IR estimates if not. IR estimates are 
calibrated with MW estimates to be consistent when simultaneously 
available. The calibrated MW estimates data are merged with IR 
data from the GOES-W, GOES-E, GMS, Meteosat-5 and Meteosat-
7 and NOAA-12 satellites. Then, the IR/MO merged precipitation 
estimates are integrated into a grid for each observation. Finally, 
the measurements of the ground-based observations of the Global 
Precipitation Climatology Project (GPCP) (Huffman et al., 1997) are 
included  in  the  procedure.  Huffman  et  al.  (2007)   describe   the  
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Table 1. Main characteristics of satellite-based precipitation estimate products used in this study. 
 

Name Time resolution (h) Spatial resolution Zonal coverage Input   data File Format Period covered 

TRMMv7 3  0.25 50N~50S IR/MW+Gr Netcdf 1998-Present 

PCDR 24  0.25 60N~60S GridSatB1+ IRWIN Netcdf 1983~Present 

CHIRPS 24  0.25 50N-50S IR+Gr. Netcdf 1981~Present 

 
 
 
construction of TRMM-3B42. Table 1 presents a summary of the 
characteristics (spatial coverage, temporal and spatial resolutions, 
etc.) of the three satellite products. 

 
 
GR4J model and meteorological data for calibration 
 
The GR4J model (Perrin et al., 2003) was used for the hydrological 
inter-comparison of CHIRPS, PCDR and TRMM satellite products in 
the simulation of stream flows in the Gambia River basin. GR4J is a 
daily lumped four-parameter rainfall-runoff model (Perrin et al., 
2003). It consists of a production reservoir, two unit-hydrograph, a 
routing reservoir and an underground exchange function (Gosset, 
2014). The GR4J has a function for compensating precipitation by 
evapotranspiration. The model is based on the production function 
that determines the effective precipitation that supplies the 
production reservoir (capacity ×1 in mm) and on routing function 
based on a unit hydrograph. 

A percolation from the production reservoir adds to the effective 
rains to reach a transfer module. Two units-hydrograph (with a base 
time governed by the free parameter ×4 in daylight) and a routing 
reservoir (of capacity ×3 in mm) simulate two flow components, 
each of which is applied a water exchange function (coefficient ×2 
in mm/d). This GR4J model has been used via AirGR which is a 
package R (Coron et al., 2016). 

The calibration meteorological data for the GR4J model include 
daily precipitation, maximum (Tmax) and minimum (Tmin) 
temperatures, and Evapotranspiration (ETo) calculated from Tmax 
and Tmin with the methodology proposed by FAO (1998). The 
precipitation and temperature data were provided by the DWR for 
the Gambia and the ANACIM for Senegal and cover the period 
1981-2010. The reference rainfall product (RRP) was calculated by 
ordinary kriging, from 25 rain gauges. For more details of this 
method, the reader can refer to Ali et al. (2005), Renard and Sarr 
(2009) and Vischel et al. (2011). 
 
 

Hydrological calibration data for the GR4J model  
 

With regard to the large number of Senegalese Hydrometric 
stations (14 stations) in the Gambia River, a sample of four stations 
may appear to be restricted, particularly with a goal to have 
generalizable results. These gauges were selected due to the 
relative quality and completeness of their records and by the fact 
that these gauges including data over a period that is common to all 
stations. In fact, a pre-selection was made on the 14 stations 
available in Senegalese territory of the basin. Only the stations with 
at least 20 years of availability over the period 1981 – 2010 have 
been selected, with an annual gap rate of less than 30%. The 
measured stream flows of these four stations constitute the 
reference data of the selected hydrological model and they are 
used for both parameter calibration and model validation. These 
daily hydrological data are from the database of the Water 
Resources Management and Planning Direction (DGPRE) of 
Senegal. The daily stream flows observed at the Wassadou station 
cover only the period 1981-2000, while the simulation period ranges 
from 1999 to 2009. 

Statistical criteria for performance evaluation  
 
The primary objective of this study is to evaluate the SRE (CHIRPS, 
PCDR and TRMM) products in comparison with gauge-derived 
estimates. Twenty years of basin-averaged precipitation from SRE 
and gauge estimates were compared at daily time scale. To 
evaluate stream flow simulation implications of the for products 
rainfall, the GR4J model was forced by the daily SRE and gauged 
precipitation at three stations of Gambia River basin. The simulated 
stream flow results were compared against the stream flow 
observations. Several statistical criteria were used to evaluate the 
model performance for calibration period and stream flow 
simulations. The choice of several criteria is explained by the fact 
that a single performance criterion cannot claim to be usefully 
considered for all aspects of a product (Ali, 2004; Ebert et al., 
2007). The quantitative accuracy of satellite precipitation 
estimations was assessed by relative percent of bias (PBIAS), 
mean absolute error (MAE) and root-mean-square error (RMSE). 
The GR4J model performance evaluations were based on Nash-
Sutcliffe efficiency (NSE), Kling Gupta Efficiency (KGE) and the 
Pearson correlation coefficient (r).  These criteria are defined as 
follows: 
 

                 (1) 

 

               (2) 
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                                         (5) 

     

                                                 (6)  

 

With n, the number of measurements;  , the estimated or 

simulated daily value; , the daily reference or observed value; 

, the average of the reference values or observed; , the 

average of the simulated values; and where  is the standard 

deviation of the observed stream flows; , the standard 

deviation of the simulated daily stream flows; r is the Pearson 
correlation coefficient between observation and simulation and the 
Pbias represents the mean volume error. 



 
 
 
 
Bias correction method used in this study 
 
The comparison of satellite products against RRP shows that 
satellite data require bias correction. Indeed, several authors have 
demonstrated that satellite-based rainfall products need to be 
corrected for use in various regional applications (Islam et al., 2010; 
Shrestha et al., 2011; Xue et al., 2013; Khandu et al., 2015). This 
study uses the CDFt (Cumulative Distribution Function-Transform) 
bias correction method, originally developed for the downscaling of 
the climate model outputs, to correct the bias of SRE. Here the 
method is based on the assumption that the satellite and in situ 
data have similar statistical properties. It takes into account only the 
probability distribution instead of applying the quantile-quantile 
correction between satellite and RRP. It calculates a cumulative 
distribution function (CDF) for satellite data. 
 
 
Calibration of the GR4J model 
 
In this study, the model was calibrated and validated using the RRP 
and run for each precipitation forcing in a simulation mode (using 
rain gauge calibrated parameters). The observed discharge data 
were divided into two parts for calibration and validation. The model 
calibration was performed over the period 1981-1996. The choice of 
the calibration period is due to the continuity of the data observed 
over this period. The GR4J model does not allow for gaps in 
calibration periods. However, the only time series with no gap is the 
one used. This period was preceded by a year (1981-1982) of 
warm-up of the model, to initialize the contents of the reservoirs. 
The period 1997-2000 was used for the validation of the model. 
Thus, the resulting model could be considered robust and capable 
of simulating the mean daily stream flows satisfactorily. The Kling 
Gupta Efficiency (KGE) and Nash-Sutcliffe Efficiency (NSE) were 
adopted as the objective function. The optimization is performed by 
iteratively and systematically changing the values of the model 
parameters in order to obtain a Nash optimum criterion and a 
significant KGE value close to 1. The KGE, NSE an (r) were used to 
evaluate the model performance. In addition, there are also four 
classifications when using NSE. The KGE, (r) and NSE range from -
∞ to 1, with higher values indicate better agreement. The calibration 
method, applied in this study, is based on two objective functions 
(NSE and KGE). The optimization is performed by iteratively and 
systematically changing the values of the model parameters in 
order to obtain a Nash optimum criterion and a significant KGE 
value close to 1. 

 
 
RESULTS  
 

Calibration 
 

The results of the statistical criteria of the GR4J model 
calibration and validation with the RRP, over the 1981-
1996 period are given in Table 2. Both in calibration and 
validation, NSE present high values, ranging respectively 
from 0.77 to 0.78 and 0.58 to 0.74; r is greater than 0.8 at 
all stations both in calibration and validation. Furthermore, 
the KGE presents high values that are greater than 0.75 
in all stations. According to Thiemig et al. (2013), the 
performance of model is deemed good when KGE ≥ 0.75, 
an efficient medium if it is between 0.75 and 0.5 and 
mediocre if it is less than 0.5. In addition, there are also 
four classifications when using NSE: unsatisfactory (NSE 
≤ 0.50), satisfactory (0.5 < NSE ≤ 0.70), good (0.70 < 
NSE ≤ 0.80),  and  excellent  (NSE > 0.80)  (Ren   et   al.,   
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2018). According to these classifications, we can 
conclude that the model is well calibrated because the 
values of NSE are greater than 0.76 in all stations (Table 
2). The calibrated model is effective in simulating high 
stream flow but less effective at simulating the low stream 
flow. This is due to the fact that it does not fully take into 
account the relationship between groundwater and 
surface water (Fabre et al., 2015) which is inadequate to 
represent low flows. 

Globally, the model has quiet similar performance in 
calibration and validation. In other words, the model is 
capable to reproduce high or low stream flows not 
observed during the calibration period. In validation one 
notices that the values of NSE fell at all the stations while 
those of the KGE have increased at all stations. This 
result in validation can be explained by the length of the 
validation period. Graphical results during calibration 
period (Figure 2) indicated adequate calibration. This 
good calibration matches with the high values of 
correlation coefficients. 
 
 
Evaluation of satellite products against RRP 
 
Results from the statistical criteria  
 
The results of PBIAIS, MAE and, RMSE of the evaluation 
of SRE (CHIRPS, PCDR and TRMMv7) against RRP 
over Gambia River are presented in Table 3. PCDR 
underestimates with respect to RRP (negative PBIAS) 
while CHIRPS and TRMM overestimate (CHIRPS 
presents larger overestimation). The RMSE and MAE of 
PCDR are smaller than those of CHIRPS and TRMM. We 
can consider from these results that PCDR is more 
accurate than CHIPS and TRMM. Despite these results, 
the CHIRPS product includes ground station data while 
PCDR and TRMMv7 are satellite-based products without 
gauge station. These results are somehow surprising, 
because the integration of the gauge data should have a 
significant impact on the SRE performance. Additional 
investigation is necessary to check how many stations 
are included in the CHIRPS product over the Gambia 
basin. 
 
 
Evaluation of simulations with CHIRPS, PCDR and 
TRMM uncorrected 
 

This section focuses on the performance study of 
CHIRPS, PCDR and TRMM satellite products in 
hydrological modeling. Consequently, it has been 
excluded from the stations on which the hydrological 
assessment of satellite products has been carried out.  

The GR4J hydrological model calibrated with the RRP 
was forced by CHIRPS, PCDR and TRMM to simulate 
stream flows at Kédougou, Mako and Simenti stream flow 
gauge stations. In this analysis any bias correction of the 
SRE products is made. The results of the analysis  (Table  
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Table 2. Calibration and validation of the GR4J model with the RRP. 
 

Station 
Calibration 

Kédougou Mako Simenti Wassadou 

NSE 0.767 0.769 0.774 0.779 

KGE 0.801 0.816 0.794 0.759 

r 0.888 0.882 0.904 0.891 

  Validation   

NSE 0.583 0.608 0.747 0.706 

KGE 0.79 0.806 0.832 0.85 

r 0.79 0.811 0.88 0.86 

 
 
 

good calibration matches with the high values of correlation coefficients. 

 
 

 
Figure 2. Daily hydrographs observed and simulated by the GR4J model at Kédougou, Mako, Siment, and upstream Wassadou, the 
black Hydrographs represents the observed flows. 

 
 
 

Table 3. Results of Evaluation criteria for the different SRE over 1998-2010 period. 
  

Statistical criteria Kédougou Mako Simenti Wassadou 

PBIAS 

CHIRPS 50.2 45 27.3 4.4 

PCDR -31.4 -31.7 -39.6 -43.2 

TRMMv7 29 28 20.9 7.7 

      

RMSE 

CHIRPS 11.46 11.13 10.08 9.26 

PCDR 9.03 8.89 8.88 8.79 

TRMMv7 12.21 12.55 12.56 12.51 

      

MAE 

CHIRPS 7.97 7.68 6.88 6.26 

PCDR 6.29 6.19 6.17 6.07 

TRMMv7 7.83 7.81 7.66 7.61 
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Table 4. Statistical criteria for hydrological evaluation of satellite products CHIRPS, PCDR and TRMM. 
 

Statistical criteria Kédougou Mako Simenti 

PBIAS 

CHIRPS 115.1 138.2 92.6 

PCDR -52.9 -44.2 -60.9 

TRMMv7 77.2 108.8 93.4 

     

RMSE 

CHIRPS 238.6 287.1 361.6 

PCDR 142 152.7 282.5 

TRMMv7 180.9 233.2 356.9 

     

MAE 

CHIRPS 114.7 142.4 167.3 

PCDR 66.7 69.8 130.3 

TRMMv7 86.78 116.7 169.2 

 
 
 

4) show a similar rank of performance of the stream flow 
simulation. Even if the bias and errors are very high for 
the stream flow simulation (the bias is higher than 100%), 
PCDR performs better than TRMM, which is better than 
CHIPRS. These performances of the stream flow 
simulation are consistence with the SRE evaluation 
against the RRP. This overestimation is larger for 
CHIRPS than for TRMM (Table 4). Therefore, CHIRPS 
estimation errors are more important than those of 
TRMM. Regarding the RMSE and the MAE, PCDR 
seems to show the best accuracy. However, its ability to 
underestimate reduces its estimation performance.  
 
 
Simulated daily stream flows with uncorrected 
products 
 
Figure 3 shows the simulated and observed daily 
hydrographs at Kédougou, Mako and Simenti stream 
gauge stations. The watershed of the Gambia is subject 
to rainfall variability which is reflected in the annual 
regime of its waterway. Visual evaluation of hydrographs 
showed that the model reproduces the observed stream 
flows more accurately when forced with the RRP. The 
daily flows simulated by the model with the RRP and the 
uncorrected satellite data (CHIRPS, PCDR and TRMMv7) 
are compared to the daily stream flows observed over the 
Gambia River basin (Figure 3). Although the model 
simulates stream flows, it tends to overestimate some of 
the peak stream flows at all stations with CHIRPS and 
TRMM products. In all the stations and with all products, 
the correlation coefficient is high. Indeed, it is between 
0.6 and 0.67 for simulated stream flows with PCDR, 0.77 
and 0.82 for simulated stream flows with CHIRPS and 
between 0.77 and 0.84 for TRMM stream flows. The 
lowest correlation values for all products are found at 
Kédougou. 

In summary, the simulated stream flows with the SRE 
and the RRP correctly reproduce the inter annual 
variations of observed stream flows during the eleven 

years of the simulation period (1999-2009). The 
simulated stream flows with the RRP correspond better to 
the observed stream flows than those simulated with the 
satellite-based rainfall estimated for the Gambia River 
basin (Figure 3). Most peak stream flows are 
overestimated by the forced model with satellite products 
(with the exception of PCDR), due to overestimation of 
heavy rains by CHIRPS and TRMM compared against 
RRP. It is in this context that the application of bias 
correction is necessary. 
 
 
Effect of bias correction on satellite rainfall products  
 
As shown in the previous section, satellite products, 
though an important asset in many applications, are 
subject to substantial biases. On the other hand, 
hydrological models, even though they are designed from 
physics-based equations, are generally statistical tools 
calibrated with meteorological data on the ground. In 
addition, they are often nonlinear, and they can be very 
sensitive to estimation biases. To limit this "weakness" 
and allow satellite data to be integrated into the 
hydrologic model more efficiently, a correction of satellite 
rainfall estimation biases has been applied. Although this 
correction of satellite estimation biases against baseline 
data is not a complete solution due to the shortcomings 
associated with soil network data for calibration and 
validation in Africa (Washington et al., 2006), it helps to 
reduce the bias of satellite precipitation estimates and 
gives more improved qualities (Jobard et al., 2011). 
 
 

Contribution of the bias correction of the satellite 
rainfall products  
 

We used the calibrated model with the RRP to simulate 
the stream flows using the corrected CHIRPS, PCDR, 
and TRMM precipitation estimates. We used the 
parameters of this model calibrated with RRP in all 
simulations with CHIRPS, PCDR, TRMM and the RRP  to  
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Figure 3. Hydrographs observed and simulated from RRP and uncorrected satellite rainfall products. Red represents 
the observed stream flow, black forced stream flow with TRMM, blue represents forced stream flow with RRP, green 
represents the forced stream flow with CHIRPS and the yellow represents PCDR. 

 
 
 

minimize the impact of simulation biases from other 
sources of uncertainty (for example, the uncertainty 
related to the parameters). For the entire simulation 
period (1999-2009), the biases of all products are positive 
at all stations, except for Kedougou stream gauge station 
where the underestimation bias occurs. Even in periods 
of high water (the months of August and September), 
biases are always negative. This suggests that a 
proportion of the rains is stored in the model instead of 
contributing to the production of stream flow. Overall, the 
results indicate that the biases of CHIRPS, PCDR, and 
TRMM are amplified in model simulations. Bias correction 
impacts moisture conditions by making simulated stream 
flows with satellite products more realistic. 

We evaluated the contribution of bias correction on  the 

simulations of the GR4J model, with the products 
CHIRPS, PCDR and TRMM. Figure 4 shows the 
simulated hydrographs from CHIRPS, PCDR, and TRMM 
data corrected by the cumulative distribution Function-
Transform (CDFt) method (Michelangeli et al., 2009). 
CDFt is a statistical method developed to generate local 
cumulative distribution (CDF) functions from large-scale 
fields. After bias correction, the gap between the 
corrected daily SRE and RRP became very low. Indeed, 
product biases have been significantly reduced (Tables 3 
and 5). Table 5 clearly shows that bias correction has 
added value to the corrected products. Overestimation 
biases have been passed through low underestimations 
for CHIRPS and TRMM to very strong underestimation at 
a very low underestimation with PCDR. The statistics  are  
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low density of the network, or errors in the transformation of the flows observed in a water slide. 

 
 

 

Figure 4. Hydrographs observed and simulated from the corrected satellite rainfall products (CDF-T method) and the RRP. 

 
 
 

Table 5. Evaluation of the corrected products (CHIRPS, PCDR and TRMM) against the RRP over a period of 1998-
2010. 
 

Statistical criteria Kédougou Mako Simenti Wassadou 

PBIAS 

CHIRPS -1.90 -1.4 -2 -2 

PCDR -0.5 -0.8 -0.2 -2 

TRMMv7 -2.20 -0.9 -2 -2 

      

RMSE 

CHIRPS 8.95 8.70 8.47 8.39 

PCDR 9.75 9.49 9.51 8.39 

TRMMv7 9.53 9.51 9.47 8.39 

      

MAE 

CHIRPS 5.90 5.70 5.53 5.46 

PCDR 6.57 6.39 6.40 5.46 

TRMMv7 6.14 5.94 6.08 5.46 
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better for corrected products than for uncorrected 
products that are closer to reality. 
 
 
Contributions of the satellite rainfall bias correction 
on the simulated flow 
 
The analysis of Figure 4 demonstrates that the observed 
hydrographsare reproduced more accurately with 
corrected CHIRPS, PCDR and TRMM rainfall estimates 
compared to the uncorrected data. However, the 
observed hydrographs are better represented using only 
the RRP (Figure 4). The hydrographs simulated from the 
two input sources of the model (RRP and corrected 
satellite products) show the same variability as those of 
the observed hydrographs. Such agreements can be 
explained by the contribution of bias correction of satellite 
products. 

The study then evaluates the propagation of errors in 
estimation of CHIRPS, PCDR, and TRMM rainfalls in 
model simulations (Table 5). To dissociate the effect of 
rainfall estimation errors from the effects of uncertainty 
resulting from model parameters on model performance, 
model simulations with kriged RRP were used as a RRP 
to compare the criteria for product performance. After 
bias correction, the precipitation estimates of CHIRPS, 
PCDR, and TRMM is lower than that of the RRP from-2 
to-1.9%, respectively; -0.8 to-0.2% and from-2.2 to-0.9%. 
These low underestimations resulted in biases in 
simulated stream flows in larger satellite rainfalls (Tables 
5 and 6). However, simulated flows with corrected 
products have lower biases than those simulated with 
uncorrected satellite rainfalls (Table 5). The propagation 
of precipitation bias at simulated stream flows persists for 
all products (CHIRPS, PCDR, and TRMM) both corrected 
and uncorrected. In addition to this propagation, it is 
noted that the negative biases of the precipitation at 
Mako and Simenti stream gauge stations have been 
transformed into positive biases in the simulated stream 
flows of these stations. This indicates non-linearity in the 
parameters of the hydrological process in the GR4J 
model. Thus, the amplification of errors in the simulated 
stream flows with the products is probably related to the 
non-linearity of the rainfall-runoff relationship and the 
streamflow generation relative to the model. A small bias 
in rainfall input can propagate to result in larger 
streamflow bias when the watershed is wet than when it 
is dry (Habib et al., 2014). Such situations may be 
caused by deficiencies in model structure (e.g. simplified, 
incomplete or incorrect description of hydrological 
processes), low representation of precipitation by low 
density of the network, or errors in the transformation of 
the flows observed in a water slide. 

Table 6 presents biases in model-simulated stream 
flows using corrected and uncorrected satellite rainfall. In 
relation to the observed stream flows and those 
simulated with the RRP, the simulated stream  flows  with  

 
 
 
 
the uncorrected and corrected satellite data (with the 
exception of PCDR) are consistently stronger during the 
rainy season (June-July-August-September) of the period 
1999-2009. However, the simulated stream flows in low-
flow periods with the corrected or uncorrected products 
do not differ from the observed stream flows (Figure 4). 
However, statistical analysis has shown that errors 
associated with the simulated flows with CHIRPS PCDR 
and TRMM products are more important than those 
associated with RRP. This may be due to the buffer effect 
of the model because they transform the rainfall, which is 
highly variable, into flow. The bias between the observed 
flows and the flows obtained with the corrected SRE is 
smaller than the bias between the observed stream flows 
and the stream flows resulting from the simulation of 
uncorrected SRE. Bias correction thus contributes to 
improve the quality of the stream flows obtained with 
SRE. Overestimation biases become weaker and more 
underestimates are improved. Therefore, the correction 
significantly reduced the bias of the simulated stream 
flows. 
 
 
DISCUSSION 
 
In this study, we used model calibration based on RRP 
and observed stream flow over 1982-1996 for all the 
GR4J model runs. For evaluating hydrological simulation, 
over the period 1998-2010, our benchmark was the 
observed discharges. Various studies (Yilmaz et al., 
2005; Artan et al., 2007; Zeweldi et al., 2011) noted an 
increased performance of hydrological model when the 
model calibrated using SRE than RRP. Although we 
could calibrate with the SRE, we found four reasons for 
not doing so : (i) calibrating the model using the RRP 
gives better coefficients to simulate stream flows with all 
its products, (ii) the length of the RRP used for our 
calibration is longer than that of the SRE and provides 
better basis for evaluating model performance under 
different climate conditions, (iii) keeping same model 
parameters allows one to investigate how various rainfall 
estimates affect simulated streamflow, and (iv) as GR4J 
model parameters are the same for all runs, biases in the 
simulated streamflow (Tables 4 and 6) could be 
attributable to differences in input precipitation. Most 
peak of stream flows were overestimated in daily 
hydrographs. This is associated with the apparent 
overestimation of high rainfall in the SRE. The large 
overestimation of the peak flow over Gambia River basin 
was mostly attributable to the overestimation of high 
rainfall in SRE in this basin. All positive rainfall bias drove 
large positive bias response in simulated stream flow. 
This finding is in good agreement with those of Nijssen 
and Lettenmaier (2004) who found that unbiased and 
temporally uncorrelated errors in precipitation can give 
rise to biases and temporally correlated errors in other 
hydrologic fluxes and states because of  nonlinearities  in  
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Table 6. Statistical criteria for hydrological assessment of CHIRPS, PCDR and TRMM. 
 

Statistical criteria Kédougou Mako Simenti 

PBIAS 

CHIRPS -2.4 10.5 6 

 PCDR -4.9 13 12 

TRMMv7 -4.1 14.2 9.6 

     

RMSE 

CHIRPS 103.1 109.1 176.9 

PCDR 126.5 148.6 235 

TRMMv7 98.66 105.6 152.9 

     

MAE 

CHIRPS 49.3 56.3 88.2 

PCDR 59.3 68.1 108.7 

TRMMv7 47.26 55.2 81.3 

 
 
 
the hydrological cycle. We hope that this assessment will 
contribute to improve the accuracy of satellite precipitation 
estimates for hydrological modelling. 
 
 
Conclusion 
 
Somme studies, such as Habib et al. (2014) have shown 
that satellite-based rainfall estimates are subject to 
systematic and random errors. However, very few studies 
have shown how these products can be used in various 
applications by reducing their errors. In this study, we 
evaluated the contribution of bias correction of CHIRPS, 
PCDR, and TRMM on the performance of the 
hydrological model GR4J. The study is novel in that it 
evaluates the effect of bias correction of CHIRPS, PCDR, 
and TRMM for hydrological modeling in a poorly gauged 
river basin. The results contribute to efforts to improve 
the use of SRE products. In general, CHIRPS, PCDR and 
TRMM all present uncertainties and biases on the 
precipitation estimates over the Gambia River basin. 
These uncertainties and biases of SRE could come from 
the calibration of sensors, algorithms and sampling errors 
of rain fields (Delahay, 2013). The present study showed 
by the hydrological assessment that uncertainties are not 
only derived from rainfall estimates.  

The correction of the estimation biases of CHIRPS, 
PCDR and TRMM was made with the CDFt correction 
method. One of the main innovations of this study is the 
contribution of bias correction on the three products used. 
It has significantly improved the quality of the products by 
reducing their bias. The low density of the ground 
measurement network in the Gambia basin could 
contribute to the persistence of residual biases after 
correction, resulting in a slight gap between the observed 
data and the corrected satellite data. The model 
reproduces better the variability of the observed 
hydrographs when using the corrected estimates than 
when using the uncorrected estimates. The study shows 
that the model amplifies small errors in estimating 

precipitation and large errors on simulated stream flows. 
The values of these error amplifications have become 
lower for the corrected satellite data than for the 
uncorrected ones. In this study, mean biases of 40% of 
CHIRPS precipitation, -34.1% of PCDR, and 26% of 
TRMM resulted in mean stream flow biases of 1115.3% 
for CHIRPS, -52.7% for PCDR, and 93.1% for TRMM. 
Bias amplification is more important (for example, 45% 
precipitation bias at 138% flow bias for CHIRPS to Mako) 
when the model is forced with uncorrected data. It should 
be noted that this amplification of errors depends not only 
on the errors in the input data (precipitation), but also on 
the accumulation of precipitation which affects the actual 
humidity and the initial state of the model (water in the 
reservoirs of Models). Future studies could calibrate the 
model with the satellite products used to show how the 
performance of a hydrological model changes when RRP 
is replaced with satellite products. 
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This study investigates the variability and the predictability of bush fire on inter-annual and multi-year 
timescales in Guinea (latitudes 7° 05 and 12° 51 N and longitudes 7° 30 and 15° 10 W). Using Moderate 
Resolution Imaging Spectroradiometer (MODIS) with a spatial resolution of 231 m × 231 m and 16 days 
composite temporal resolution between 2001 and 2016, two brush fire hazard indices are calculated 
based on the NDVI variability. Results show that both indices could be considered as good indicators of 
NDVI deficiency corresponding to the drought of vegetation. Multiple linear regression model using 
these risk indices as predictors and burned areas as predictands has shown a non-significant model 
skill of 0.33 (lower than the significant threshold  equals to 0.42),  at the inter-annual scale, while at the 
multi-year timescale (>5 years), the model’s skill rise up to 0.89. These indices can therefore be used as 
predictors of Guinea burned areas on multi-year timescale. This novel finding improved our 
understanding on the forecasting of burned area in Guinea, and could therefore help for successful 
adaptation strategies. 
 
Key words: Bush fire, Guinea, index of risk, NDVI-MODIS, variability and predictability.  

 
 
INTRODUCTION 
 
Bush fires are a critical factor in savannas areas where 
pressure from human activities is low, and fire frequency 
is high. It is considered as a major factor in explaining 
vegetation dynamics (Jacquin, 2010). Their effects on 
ecosystems and hydrology are considerable, notably on 
the loss of vegetation and on the transformation of the 
soil,   which   greatly   disrupts   the   flow    patterns   and 

hydrological behavior expected during years after fire 
(Cydzik and Hogue, 2009; Debano, 2000; Huete et al., 
2002; Jung et al., 2009; McMichael et al., 2009; Pierson 
et al., 2008). This could promote erosion, accelerate 
surface runoff, sediment deposition, transport and impact 
soil moisture. Nowadays, satellite observation is an 
essential tool used by  researchers in environmental field.  
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It is accurate and provides information in regions where 
human access is very difficult. Archiving of satellite data 
provides an objective view of plant activity by measuring 
surface reflectance at regular and frequent time intervals. 
Time series analysis of satellite data can provide 
information on trends in multi-factor vegetation dynamics 
including climate change (Reed 2006), entropic activities, 
and changes in the land use. Drought events are normal 
and recurring climatic events that often have negative 
effects on many sectors of society, including agriculture, 
energy, recreation, tourism, transportation (Rosenberg et 
al., 1978; Wilhite, 2000). Among these effects, bush fire 
is the most important, with disastrous consequences in 
places, unfortunately leading to losses in human life.  

The risk assessment of bush fires is of paramount 
importance in the prevention and management of the 
damage they cause each year in the savanna countries. 
Its importance lies above all in the ability to anticipate 
decision-making by raising awareness of the risks and 
consequences for the environment. This would facilitate 
the establishment of a program to rehabilitate the areas 
affected by fires and the conservation of spared areas. 
Fires produce different types of signals that are easily 
observed in space (Robinson, 1991) by infrared and 
thermal infrared satellite channels. 

The effects of fire on vegetation are the subject of an 
adversarial debate (Mbow, 2000). Indeed, some authors 
consider fires as tools for savannah management 
(Dupuy, 1968; Jeffrey and Humphrey, 1975) while others 
(Trabaud, 1987; Whelan, 1995; Scholze et al., 2006; 
Doerr and Santín, 2016; Hagmann et al., 2018; 
Guiterman et al., 2018; Inoue et al., 2018) pointed out the 
bad impact of bush fire on vegetation and biodiversity. 
This contradiction really proves that our knowledge of the 
exact effects of fires is very limited and that research 
must be conducted in this context for their good 
management. The fire risk assessment should be 
considered as the most relevant components associated 
with the occurrence of fire. To estimate when and where 
the fire will produce adverse effects, we need to model 
both the ignition and spread potential of fire and the 
vulnerability of ecosystems (Chuvieco et al., 2014).  

Many studies have been recently conducted on bush 
fires in West Africa (Mbow, 2000; Millimono, 2009; Valea, 
2010; Sow, 2012; Millimono et al., 2017) and results from 
these studies provide important information on fire 
regimes and environmental consequences. For instance 
in Guinea, like other savanna countries under the 
recurring threat of bush fires, a fire management policy 
organizing awareness campaigns on their harmful effects 
through rural radios has been implemented since 2009. 
However, despite efforts made by researchers to 
understand some aspects of active fires, many questions 
remain about their actual impacts. The methods of active 
fire discrimination, fire traces with remote sensing tools 
and Geographic Information System (GIS) allow us now 
to  have  an  approach  analysis  of  the  management   of  
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these fires. Such approaches based on satellite data, 
have been recently used over Guinea using MODIS data 
to investigate the spatial and temporal distribution of 
active fires (Millimono, 2009) and the estimation of areas 
burned (Barry et al., 2015).  

Regarding the lack of information on bush fires in 
Guinea emphasized by National Directorate of Water and 
Forests (DNEF), and the Center for Observation, 
Monitoring and Environmental Information (COSIE), this 
work aims to develop indices  from vegetation index 
variables and to evaluate their ability to predict bush fire 
events. In addition, the previous studies cited above have 
addressed aspects generally related to the climatology, 
and therefore using a prediction model in the present 
work, we investigate the predictability of bush fires at 
inter-annual and multi-year (above 5 years) timescales  
over Guinea for the first time. This study overcomes the 
limitations of information on bush fires and could enrich 
the literature whose deficiency is very notorious in this 
geographical area. 
 
 

MATERIALS  AND METHODS 
 

Burned area MODIS datasets 
 

The MODIS burned area is derived from combination of TERRA 
and AQUA satellites acquisitions described in the MODIS Collection 
5 Burned Area user‟s guide by Boschetti et al. (2009). This report 
gives detailed information about mapping burned area and 
algorithms based on the Bidirectional Reflectance Model-based 
Expectation Approach, Temporal Implementation and the Iterative 
Procedure for Identification of Burned Pixel Candidates. Burned 
areas are characterized by deposits of charcoal and ash, removal 
of vegetation and alteration of the vegetation structure (Roy et al., 
2002). The Moderate-Resolution Imaging Spectroradiometer 
(MODIS) algorithm to map burned areas takes advantage of these 
spectral, temporal, and structural changes. The applications for the 
MODIS products to characterize the fire patterns in the savannah's 
zone give very interesting results with climate data and Fire 
Weather Index components (Mataveli et al., 2018; Bedia et al., 
2015). The algorithm used detects the approximate date of burning 
at 500 m by locating the occurrence of rapid changes in daily 
surface reflectance time series data. It is an improvement of 
previous methods through the use of a bidirectional reflectance 
model to deal with angular variations found in satellite data and the 
use of a statistical measure to detect change probability from a 
previously observed state (Roy et al., 2005).  

The bidirectional reflectance model-based change detection 
algorithm developed for the MCD45 product is a generic change 
detection method applied independently to geolocated pixels over a 
long time series (weeks to months) of reflectance observations (Roy 
et al., 2002; Roy et al., 2005). Reflectance sensed within a temporal 
window of a fixed number of days is used to predict the reflectance 
on a subsequent day. A statistical measure is used to determine if 
the difference between the predicted and observed reflectance has 
a significant change. Rather than attempting to minimize the 
directional information present in wide field-of-view satellite data by 
compositing, or by the use of spectral indices, this information is 
used to model the directional dependence of reflectance. This 
provides a semi-physically based method to predict change in 
reflectance from the previous state (Boschetti et al., 2009). All 
burned area images processing and area burned calculations were 
performed  using  the ArcGIS Geographic Information System (GIS)  
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software and have been cumulated for each year. 
 
 
NDVI-MODIS datasets 
 
The data used are provided by TERRA MODIS sensor with a 
spatial resolution of 231 m in longitude over 231 m in latitude and a 
16-day temporal resolution (MOD13Q1) (Justice et al., 1998; Huete 
et al., 2002) between 2001 and 2016. These data are available on 
the following link: http://ivfl-info.boku.ac.at/index.php/eo-data-
processing/dataprocess-global?chronoform=dataprocess-global-
evolution& event=submit. The choice of NDVI is motivated by its 
very wide use in various fields according to Huete et al. (2002). The 
Quality 1 (Q1) collection of MODIS data is justified by its better 
spatial resolution compared to former NDVI products offered by 
MODIS. 

Two indices are extracted from the NDVI: The first index 
corresponds to the interannual standard deviation of greenery 
during the NDVI growth period Equation 1.  

 
dSG=(SGi-SGM)/SGM                                                                                                       (1)                                                                                                                                                           
 
where SGi is the sum of NDVI during the growth period of year i and 
SGM is the average of the entire time series. It gives the value of the 
risk of bush fire at the beginning of the dry season. The second 
index is obtained by combining the maximum NDVI at the end of 
the rainy season, its value at the driest period of the season and its 
value before the start of the rainy season Equation 2.  
 
AnnualRGRE=  (NDVIminPhase2 – NDVIminPhase1)/(NDVImax – 
NDVIminphase1)                                                                                 (2) 
 
NDVImax - NDVIminphase1 indicates for each pixel, the amount of living 
biomass produced during the growing season, while NDVIminPhase2 - 
NDVIminPhase1 gives the amount of biomass that is still green during 
the drier period of the season. The ratio between the two 
(RGREannual) corresponds to the proportion of the remaining 
green biomass (produced along the year) at the end of the dry 
season. The lower the annual RGRE is, the more dead is the 
biomass and the greater is the fire susceptibility. These indices are 
obtained from a synthesis of two methods of analyzing bushfire risk 
through time series of NDVI-MODIS (BROWN et al., 2008; Chéret 
and Denux, 2007; Chéret and Denux, 2011).  For the first time, dSG 
has been applied and tested for sensitivities in the West African 
region.  dSG inverted values below 0 better characterize the risk of 
bush fire in this region. These two indices (dSG and RGRE) used to 
characterize the risk of bush fires are complementary. dSG gives 
the risk of fire at the beginning of the dry season and allows 
sensitization through maps of the spatial distribution of occurrences 
and the Annual RGRE. It evaluates the intensity of the dryness of 
vegetation at the end of the dry season. dSG, which is not 
commonly used, has been adapted to the study area through tests 
of significance (dSG < 0  is proved significant for the prediction of 
burned areas) and the results have been found very realistic. 
 
 
The linear multi-regression model 
 

A statistical analysis using a linear prediction model is used to 
define the performance of the two indices (dSG and RGRE) to 
predict the burned areas calculated from the MODIS  burned area 
products (Boschetti et al., 2009), already validated in this field of 
study for the same period. The predictors are utilized to perform a 
leave-one-out cross-validated hindcast at lag 0 (predictors/ 
predictands based on the same period). In this way, the linear 
regression model is built for each year to be predicted, calculating 
the coefficients of the model with all the years in our database 
except  the  one  that  is  predicted  (ter Braak  and  Juggins,  1993;   

 
 
 
 
Birks, 1981). The hindcast is performed and correlated with the 
omitted observations.  
 
 
RESULTS  
 
The phenomenological cycle of NDVI 
 
Figure 1 presents temporal evolution of spatial monthly 
average of NDVI from 2001 to 2017. A strong growth of 
NDVI is shown in Figure 1, probably due to the intense 
rainfall for at least six months out of twelve. The NDVI 
profile shows a clear annual cycle with a growth phase 
between February and October and a decay phase 
between October and December. A moderate decrease 
of NDVI variation is also observed each year between 
July and August. This situation could be, due to the 
intense monsoon activity during summer season and 
could then affect the visibility and reflectance measured 
by the sensors. The intensity of this NDVI decreasing is 
also shown to vary from year to year depending probably 
on the intensity of the rainfall recorded each season. This 
confirms the work of various authors on plant phenology 
and ecophysiology cycle over the year (De Lillis and 
Fontanella, 1992).  
 
 
Spatiotemporal distribution of indices of fire risk 
 
The dSG threshold values are categorized as follows: 
Values below -20% correspond to extreme risks; that 
between -20 and -5% to high risk; that Between -5 and 
5% to medium risk; and that above 5%, low risk (Chéret 
and Denux, 2011). Figure 2 shows a strong inter-annual 
variability of dSG that can be attributed to various origins 
including human activities (agriculture, livestock, mining, 
etc. ..), climate variability due to large-scale forcing like El 
Niño (Wooster et al., 2012). During the years 2007, 2012, 
2015 and 2016, the index displays significant values 
below the extreme risk threshold of -20%. According to 
the dSG evolution, the year 2007 recorded the highest 
risk on average (Figure 2) whereas the RGRE (Figure 3) 
indicates the year 2006 as the year of the critical risk. To 
better understand the differences in risk estimation by the 
two indicators, an analysis of the spatial distribution of 
these indices is necessary. Figure 4 shows the 
distribution of the risk level of bush fires for the year 
2007. 

Both indices agree well on the high level of risk in the 
northern zone in agreement with the previous studies 
(Millimono, 2009, 2017; Barry et al., 2015) highlighting 
the drastic consequences of bush fires in North part of 
Guinea. Whereas, in the southern zone, the risk is not 
clearly represented within the RGRE, while with the dSG, 
one can estimate it throughout the area. Indeed, over the 
southern zone, the West Africa monsoon starts in April, 
and since the RGRE assesses risk at the end of the dry 
season, generally estimated in  June  in  Guinea,  leading  

http://ivfl-info.boku.ac.at/index.php/eo-data-processing/dataprocess-global?chronoform=dataprocess
http://ivfl-info.boku.ac.at/index.php/eo-data-processing/dataprocess-global?chronoform=dataprocess
http://ivfl-info.boku.ac.at/index.php/eo-data-processing/dataprocess-global?chronoform=dataprocess-global-evolution&event=submit
http://ivfl-info.boku.ac.at/index.php/eo-data-processing/dataprocess-global?chronoform=dataprocess-global-evolution&event=submit
http://ivfl-info.boku.ac.at/index.php/eo-data-processing/dataprocess-global?chronoform=dataprocess-global-evolution&event=submit
http://ivfl-info.boku.ac.at/index.php/eo-data-processing/dataprocess-global?chronoform=dataprocess-global-evolution&event=submit
https://r.search.yahoo.com/_ylt=AwrJ6yo3NKpb8eAAeo1XNyoA;_ylu=X3oDMTEyYjh0dmF0BGNvbG8DYmYxBHBvcwMxBHZ0aWQDQjYwNTdfMQRzZWMDc3I-/RV=2/RE=1537909944/RO=10/RU=https%3A%2F%2Fwww.climate.gov%2Fenso/RK=2/RS=G7bKenTih3jJ_YruuBzL4nYrlOQ-
https://r.search.yahoo.com/_ylt=AwrJ6yo3NKpb8eAAeo1XNyoA;_ylu=X3oDMTEyYjh0dmF0BGNvbG8DYmYxBHBvcwMxBHZ0aWQDQjYwNTdfMQRzZWMDc3I-/RV=2/RE=1537909944/RO=10/RU=https%3A%2F%2Fwww.climate.gov%2Fenso/RK=2/RS=G7bKenTih3jJ_YruuBzL4nYrlOQ-
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Figure 1. Temporal evolution (2001 to 2017)of  monthly average of MODIS NDVI over the Guinea. 

 
 
 

 
 

Figure 2. Inter-annual variability of dSG from 2001 to 2016.  

 
 
 
therefore to an unrealistic estimation of the risk within 
RGRE in this region during this period. Figure 4 also 
clearly highlights the heterogeneity of the spatial 
distribution of the risk of bush fires in Guinea, which could 
be explained by the diversity of socio-economic activities, 
types of vegetation and relief, rainfall and climate among 
others. 
 
 
Variability of the burned areas 
 
Figure 5 presents the inter-annual evolution of burned 
areas and its 4-years moving average from 2001 to 2016.  
No absolute trend of increasing of burned area has  been 

observed during this period of study. However during the 
periods, 2003-2009 and of 2013-2016, MODIS shows 
clear increased burned areas. This ongoing increasing 
shows the urgency to act in the face of this drastic 
phenomenon.  

The year 2016 has been found as the most alarming 
one. Recorded burned area for this year is twice 
compared to those observed in 2004, 2010 and 2011 for 
example. 2007 and 2006 that respectively appeared as 
the most critical ones regarding dSG and RGRE 
respectively (Figures 2 and 3) appear quasi normal 
regarding the recorded burned areas. Therefore taking 
into account separately risk indices, no clear link between 
them  and  the  recorded  burned   areas   is  noted.   This  
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Figure 3. Inter-annual variability of RGRE from 2001 to 2016.  

 
 
 

 
 

Figure 4. Spatial distribution of RGRE (top pannel) and dSG (bottom pannel) in 2007 over Guinea.  

 
 
 
situation therefore lead us to the multi-linear regression 
approach in order to see whether by combining both risk 
indices effects, one can reproduce the temporal variability 
of burned areas over Guinea. 

Predictability of burned areas based on the indices of 
risk of bush fire 
 
As seen above, the linear multi-regression model is  used  
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Figure 5.Temporal evolution of annual burned area (2001 to 2016) and they 4-years moving average (in  curve) 
over the Guinea. 

 
 
 
to combine effects of both indices of risk on predicting the 
burned areas. Therefore dSG and RGRE indices are 
used as predictors and the burned areas as predictand. 
The statistical multi-regression model has been first run 
using interannual time series (Figure 6a).  Results show 
that predicted burned areas fit sometimes well with 
observation (example 2006, 2009, and 2013). But the 
correlation between predicted time series and the 
observation is weak (0.33) and non-significant (significant 
threshold equals to 0.42); meaning that even by 
combining effects of both indices of risk, no linear 
evidence of predictability is found at interannual 
timescale. Moreover, Figure 6a also reveals that 
temporary trends (from 2003 to 2009 and from 2011 to 
2016), previously discussed within the observed burned 
areas (cf. Figure 5) are more or less reproduced by the 
predicted time series. At a more smoothed timescale, skill 
of the linear regression model could be significant. In 
order to handle this, the linear multi-regression model is 
run again using this time, the 4-years mobile averaged 
indices (Figure 6b). By applying 4-years mobile 
averaged, we remove all fluctuations below 5 years, and 
keep only variability above, called multi-year variability 
(Sheen et al., 2017). As expected, the skill of the model 
rose up to 0.89 (Figure 6b) despite the model seemed to 
overestimate (underestimate) burned areas from 2001 to 
2013 (from 2014 to 2016).  

The statistical analysis therefore reveals that dSG and 
RGRE   indices     are    useful     benchmarks     for    the 

predictability of bush fires in Guinea. Indeed, even the 
performance of the model at the inter-annual timescales 
is very weak at inter-annual variability, at multi-year 
timescale the dSG, adapted to the study area, appears 
strongly correlated with the burned areas extracted from 
the already validated MODIS Burned Area data; its 
combination with the RGRE gives a very significant 
performance in the prediction of fire traces. Risk index 
maps have been broadly consistent with the realities 
observed each year in the area. For all years, the maps 
of the dSG show a strong capacity to reproduce the 
areas burned by indicating the high risk of wildfires 
especially in the northern zone which borders the Sahel 
(very dry zone). The RGRE is unable to reproduce the 
areas burned in the southern zone, which is very humid, 
with an average of 7 to 8 months of rain per year. 
 
 
DISCUSSION  
 
In this paper, we have investigated the variability of the 
NDVI, indices (dSG and RGRE) of bush fire risk and that 
of burned areas over Guinea as well as the predictability 
of bush fire based on the risk indices.  Risk indices have 
been performed using NDVI-MODIS datasets and bush 
fires are assumed by observed burned areas. For the 
predictability of bush fire, a linear multi regression model 
with burned areas considered as the predictand and risk 
indices of predictors is used.  This  statistical  model  was  
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Figure 6.  Predictability of burned area based from linear multi-regression model using dSG and RGRE as predictors at 
inter-annual (a) and at multi-year (b) timescales. Black lines represent the observed burned areas and the pink ons 
correspond to predicted burned area by the linear multi-regression model. 

 
 
 
performed using both inter-annual and 4-years mobile 
average time series in order to investigate the 
predictability on interannual and multi-year timescales 
respectively.  

Results show that over NDVI is associated with a clear 
annual cycle, with a growth phase between February and 
October and a decay phase between October and 
December, in agreement with previous works on plant 
phenology and ecophysiology cycle over the year (De 
Lillis and Fontanella, 1992). The NDVI and the derived 
risk indices present also a strong inter-annual variability 
but no absolute trend is noted during the period of the 
study. However analysis made on NDVI index maps is 
qualitative and therefore not necessarily exhaustive. 32 
maps produced from these RGRE and dSG for the period 
2001-2016 have been used to understand the evolution 
of bush fires in Guinea independently of the weather 
conditions. During the wet years, distribution of the level 
of risk is found almost homogeneous in zones with similar 
ecosystems whereas during dry years, the values 
contrast strongly (specially in the south). We also note 
that for a dry year, dSG gives very high values of  the  fire 

risk level while within the RGRE index, we note a minimal 
risk in the same meteorological conditions. Regarding the 
predictability, there is a very high and significant 
performance of dSG and RGRE in predicting fire traces 
at multi-year scales (> 5 years). However, at this 
interannual timescale no clear evidence of predictability is 
found.  

Results demonstrate the usefulness of the indicators 
proposed in this research, first by establishing the 
interannual variability of the state of the vegetation linked 
to local weather conditions (at the beginning of the dry 
seeding with the dSG and at the end of dry season with 
the annual RGRE) and secondly by showing the 
possibility of using these two indices as predictors to 
make predictions at the multi-annual scale of the areas 
burned in Guinea. The geographical details of local 
variability maps of the risk of bush fires at the beginning 
and end of the dry season (conducive to bush fires) 
provide particularly valuable information for ecosystem 
planners and managers. A very important additional 
benefit of dSG is its ability to map burned areas in the 
previous year across the study area. 



 
 
 
 
Conclusion    
 
It would be important in the future to specify the areas of 
interest in order to classify the risk according to the 
ecosystems and the activities of the people. It is also 
necessary to use the Forest Weather Index (IFM), which 
can give fire risk values at daily time steps if there are 
stations that provide daily records of weather conditions.  
We plan to put in place clues that could produce bush fire 
risk prediction maps from MODIS-NDVI at 16-day and 
one-month time scales in the interest of early warnings of 
wildfire for an effective management for a successful 
protection of the Guinean environment and ecosystems. 
We also plan to use a new  gridded burned area products 
provided by European Space Agency, (Chuvieco et al. 
2018) combined by the MODIS active fire products 
(Giglio et al., 2003; Giglio, 2010; Giglio, 2015) to study 
the spatial-temporal relationship between burned area 
and dSG and RGRE. 
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In this work, a hybrid algorithm of Levenberg-Marquardt and empiric analytic method is proposed to 
solve the recurring convergence problem that occurs during the module parameters extraction with the 
iterative method. The proposed method aims to avoid divergence and a long computation time due to 
the improper initial value. Elsewhere, LTSpice photovoltaic cell model is developed to simulate the 
extracted parameters in sub-Saharan outdoor conditions. The LTSpice model with it virtual component 
is expected to facilitate the understanding photovoltaic module behavior under these conditions. 
Measurements performed with VSP50P-12V polycrystalline module and compared to simulation results 
show the accuracy of the hybrid method and the ease of LTSpice model. The hybrid algorithm with 
RMSE value of 0.9% while correlation one is greater than 97% for simulated irradiation is more accurate 
than the Levenberg-Marquardt algorithm. 
   
Key words: Cell model, LTSpice model, Levenberg-Marquardt algorithm, empiric analytic.  

 
 
INTRODUCTION 
 
The electric performance of photovoltaic module is 
described by mathematic equations that model current-
voltage (I-V) curves. Seven mathematical models divided 
into three groups are usually used (Table 1). The widely 
used model is the single diode model. These equations 
are non-linear and need the appropriate methods to 
extract their parameters. In the literature, several  authors 

have presented reviews of the methods used to extract 
module parameters (Rabeh Abbassi et al, 2018) (Ashwini 
Kumari, 2018;Tamrakar and Gupta, 2015). Table 2 shows 
a non-exhaustive list of various methods used in literature 
to determine model parameters. Even if these different 
methods are powerful, most of them, mainly iterative 
methods as Levenberg-Marquardt (LM)  algorithm require  
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Table 1. Photovoltaic cell equivalent model classification. 
 

Group Model Parameters 

One diode model 

3 Parameters model , ,  

4 Parameters model , , ,  

5 Parameters model , , , ,  

   

Two diode model 
6 Parameters model , , , , ,  

7 Parameters model , , , , , ,  

   

Model with recombination in intrinsic layer 
One diode model with recombination , , , , ,  

Two diode model with recombination , , , , , , ,  

 
 
 
initial values. Generally, the user gives these initial values 
intuitively. Then, if the values entered are far from the 
real initial values, the algorithm's calculation time will be 
long or at worst there will occurred a convergence 
problem. It would be desirable to have a method to obtain 
these initial values, because the algorithm accuracy, it 
convergence and the calculation time can be affected by 
the inappropriate initial values. 

In this paper, we propose to calculate the initial values 
from the electrical specifications of the module given by 
the manufacturer using the empiric analytic method 
developed by Ali Senturk et al. (). Then, this method is 
incorporated in extraction algorithm of LM to form a 
hybrid algorithm. The present approach should contribute 
to improving the accuracy of the LM algorithm as well as 
saving valuable calculation time. Furthermore, the 
LTSpice solar cell model is proposed to evaluate the 
extracted parameters in sub-Saharan outdoor condition. 
The LTSpice software is a high performance professional 
variant of Simulation Program with Integrated Circuit 
Emphasis (Spice) running on graphical interface base. It 
is an open source software that can contribute to 
evaluate the influence of the photovoltaic module model 
parameters and the climatic factors variation on the 
module performance. 
 
 
MATERIALS AND METHODS 
 
The equivalent mathematical model of one diode (five parameters) 
for the solar cell is given by Equation 1: 
 

                (1) 
 
where  and  are a photo-generated current, dark 

saturation current, ideality factor, series resistance, and shunt 
resistance, respectively. These parameters are to be determined. 
The initial values required by LM algorithm to perform calculation 
are calculated with the empiric analytic method exposed after LM 
algorithm presentation. The LM algorithm combines the methods of 
the gradient descend and the Gauss-Newton’s. This led the 

algorithm  to  be   robust   and   fast.  A  vector  ( is  the 

number of points measured for the current-voltage curve) is 
considered. For each measured voltage value VI, a theoretical 
current  is calculated from the equivalent model with a function 

Lp (V) of 5 parameters  (  and ). A residue vector is 

obtained from the theoretical current and the measured current as 
shown in the Equation 2. The values of the parameters p which 
minimize the norm f(p) (Equation 3) of the residue r(p) are the 
parameters which model the module. For each iteration i, the norm 

of the vector residue r(p) is calculated. The parameter 𝜆 (Figure 1) 
varies in the same direction as the error to adjust the influence of 
the hessian (H) on the convergence of the solution. This adjustment 

may result in an increase or decrease in the parameter 𝜆. Knowing 
the vector pi of the parameters at iteration i, the parameters at 
iteration  are obtained using Equation 6. The optimal 

parameters are obtained after several iterations. 
The method process is assumed as shown in Figure 1, 

where ,   and  are given by Equations 2 to 6. 

 

                                                                   (2) 

                                                                     (3) 
 

                                                                        (4) 
 

                                                                               (5) 
 

                                         (6) 
 
The initial parameters  are calculated 

based on an empiric analytical method proposed by Senturk et al. 
(2017). This method performed in six calculation steps uses the 
electric data at reference conditions from module datasheet given 
by the manufacturer. Even if Senturk’s method saves calculation 
time, it allows lot of assumption. The number of equations is 
reduced by taking the diode ideality factor as a constant value. 
Consequently, the method accuracy can be affected because the 
ideality factor characterizes the recombination mechanism that 
takes place in the solar cells. Elsewhere, Singh et al. (2013) 
reported an increasing maximum output power with the diode 
ideality factor. Assuming this factor as a constant value, may affect 
the maximum output power also. Then, we prososed to use the 
parameters   calculated   by    Senturk’s     method   as    the    initial  
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Table 2. The non-exhaustive list of various extraction methods.   
 

Extraction method Reference 

Analytical Parameter Extraction Methods  

Lambert W-function Gao (2016), Batzelis and Papathanassiou (2016), Peng (2014), Chunfu (2011) 

Numerical/Analytical approach Bonkoungou (2015), Mares et al. (2015), Laudani (2014) 

I-V curve fitting using multiple nonlinear regression analysis Ayala-Mató (2017), Ryan (2018),  

Reduced form of equation Antonino (2014) 

Partern search algorithm Park and Choi (2015), AlRashidi et al.(2012) 

Fast Least-Squares Approximation Ma et al. (2014) 

Piecewise Linear Approximation Ahmad (2017), Al-Hamadi (2014)  

Adaptive differential evolution algorithm Jiang et al.  (2013) 

  

Iterative Parameter Extraction Methods  

Trust-region doleg Mohapatra (2013) 

Explored geometric estimation based slope method Jesús (2018) 

The Taylor’s series expansion Lun et al. (2013) 

Derivate a Nonlinear I-V curve fitting base on manufacturer datasheet Villalva et al. (2009) 

Newton – Raphson + Lambert W-function Emad (2018), Hejri et al. (2014), Faisal (2012) 

Levenberg–Marquardt  Algorithm Alain (2014) 

  

Evolutionary Parameter Extraction Methods  

Genetic algorithm GA Zagrouba (2010) 

Particle Swarm Optimization (PSO) Babu et al. (2018) 

Simulated annealing  AlRashidi (2013) 

Artificial bee colony (ABC) Chen (2016), Chopde (2014) 

Mimetric algorithm Cuckoo Search Ma et al. (2013) 

Bacterial Forging Optimization Bidyadhar (2018) 

Hybrid Generic algorithm + Nelder - Mead Maherchandani et al.(2012) 

Hybrid Generic algorithm + Particle Swarm Optimization Panneerselvam (2013) 

Chaotic Particle Swarm Optimization algorithm (CPSO) Huang (2011) 

Cuckoo Search + Nelder Mead Raka (2014) 

Artificial Fish Swarm Han et al. (2014) 

Chaotic asexual reproduction Optimization (CACO) Yuan et al. (2014) 

Harmony Search Rezazadeh (2012) 

Fuzzy control  Bendib et al. (2013) 

Neuronal network Karamirad et al.(2013) 

Shuffled frog leaping algorithm (SFLA) Hasanien (2015) 

Wind-driven optimisation (WDO) algorithm Derick (2017) 
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Table 2. Contd.   
 

Firefly algorithm Louzazni (2016) 

Imperialistic competitive algorithm (ICA) Ahmed (2017) 

A hybrid of flower pollination algorithm and Nelder-Mead algorithm Shuhui (2017) 

Whale optimization algorithm Diego (2017), Omnia and Elazab (2017) 

Mine blast algorithm Fergany (2015) 

 
 
 

 
 
Figure 1. Diagram of the parameter extraction process. 

 
 
 
parameters for LM algorithm. 

The following equations are used to perform calculation 
empiric analytic method at the open-circuit from Equation 1 
in the reference condition, that is, I=0, V=Vocref,  is 

deducted, 

                                                     (7) 

at the short-circuit point in reference condition, that is, 
I=Iscref, V=0,  is calculated, 

 

      (8) 

 
at the maximum-power point in reference, that is, V=Vmref, 
I=Imref; 

                        
 (9) 

 
Base on assumption well describe in Villalva et al., (2009), 
de Soto et al., (2006), and Dezso (2007), Equations 10 and 
11 are expressed as follow: 
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Figure 2. LTSpice equivalent circuit of photovoltaic model. 

 
 
 

 
 

Figure 3. Illustrative diagrams of the inputs and outputs of the LTSpice model. 

 
 
 

                                                              (10) 

 

                                       (11) 

 
where k is the Boltzmann constant, q is the charge of electron, Rsin 
is the initial series resistance, Rshin is the initial shunt resistance, 
Rsoin  is the reciprocal slope of the initial I-V curve at open-circuit 
condition, Iphin is the initial photo-generated current, Ioin  is the initial 
dark saturation current, Vocref  is the reference open circuit voltage, 
Vmref is the reference maximum output voltage, Imref is the reference 
maximum output current, Iscref is the reference short circuit current 
and Tref (25°C).  

Rsoin and Rshoin are evaluated as follows: 

 

                                                                 (12) 

                                                                 (13) 

 
The LTSpice photovoltaic cell model shown in Figure 2 is used to 
evaluate the extracted parameters ( ) 

in the sub-Saharan outdoor conditions. The model takes as input, 
the parameters of the cell in the reference conditions (extracted 
with hybrid method) and the climatic data (temperature of the 
module, the irradiation) as shown in Figure 3. The solar cell 
parameters vary according to climatic variables (irradiation, 
temperature, wind speed). The influence of the wind speed is 
implicitly integrated in the model through the relation established by 
(Kratochvil et al., 2004) between this one and the temperature of 
the module: 

 

                  (14) 

 
Equations  15  to  18  allow  to translate module performance in  the 

real operating conditions using LTSpice model presented earlier. 
The photocurrent Iph : 
 

                  (15) 
 
The saturation curent I0: 
 

                         (16) 
 

where   

 
The series resistance Rs: 
 

                            (17) 
 
The shunt resistance Rsh: 
 

                                                                 (18) 
 
 

RESULTS AND DISCUSSION 
 
Sofiane Kichou et al. (2016), compared the accuracy of 
five methods of extracting parameters. These methods 
are: Levenberg-Marquardt (LM), Genetic Algorithm (GA), 
Particle Swarm Optimization (PSO), Differential Evolution 
(DE) and Artificial Bee Colony (ABC). Two models (the 
five-parameter model (5PM) and the Sandia Array 
Performance Model (SAPM)) were used to model three 
PV modules of different technologies: crystalline silicon 
(c-Si), amorphous silicon (a-Si:H) and micromorph silicon  
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Table 3. Solar module electrical specifications. 
 

Module specification 
PV modules 

pc-Si (VSP50P-12V) pc-Si (SQ175) 

Short current Isc (A) 3.09 5.43 

open circuit voltage Voc (V) 22.2 44.6 

maximum power current Imp (A) 2.85 4.95 

maximum power voltage Vmp (V) 18 35.4 

Maximum power Pmp (W) 50 175 

Isc temperature coefficient (%/°C) 0.037 0.026 

Voc temperature coefficient (%/°C) -0.34 -0.29 

Pmp temperature coefficient (%/°C) -0.48 -0.43 

Area (m²) 0.6318 1.22 

Number of cells 36 72 

Efficiency (%) 12.23 13.3 

 
 
 
Table 4. Comparison of the extracted parameters between Hybrid algorithm and LM or empiric analytic method. 
 

Study Iph Io n Rs Rsh Number of data points Number of iteration RMSE (%) 

Proposed method 5.43 1.74E-09 1.1 0.7 224.34 75 9 0.9 

Senturk 5.5 9.70E-09 1.2 0.47 118.47 - 1 1.7 

Tossa et al 5.45 1.20E-09 1.09 0.7 196.2 - 237 <2 

 
 
 
(a-Si:H/mc-Si:H). The study was conducted under 
different conditions ranging from clear to cloudy skies. At 
the end of the study, they concluded that the least fair 
method is the LM method. It was reported that the RMSE 
obtained in the comparison of the daily evolution of main 
electrical parameters of the PV systems is below 8% in 
all cases except the case of using LM. The extraction of 
PV cell parameters requires to initialize the parameters 
values. An improper initial values can affect the accuracy 
of the algorithm as reported by Sofiane kichou et al. 
(2016).  

In order to evaluate the contribution of the present 
method, the results of the study are compared with the 
results of the methods developed by Senturk et al. 
(2017)empirical method and Alain and Tossa et al. (2014) 
LM for the polycrystalline module SQ175. Tables 3 and 4 
show the used modules datasheet and the extracted 
parameters of module SQ175, respectively. The 
proposed method presents the best value of RSME 
(0.9%). Considering the number of iteration points, the 
present hybrid method improves the calculation time of 
the LM algorithm. 

Furthermore, the solar cell parameter obtained with 
hybrid LM and empiric method is used in an LTSpice 
solar cell model. A single junction polycrystalline silicon 
module (VSP50P-12V in Table 3) is proposed to compare 
the measurement results with those obtained by 
simulating the extracted parameters. The I-V 
characteristic   measurements      were      performed    in 

Laboratory of Solar Energy and Energy Saving (LESEE) 
of international institute of water and environment 
engineering (2iE) of Burkina Faso using outdoor 
monitoring test facility named ‘’IV bench’’. The module 
temperature and sun irradiation were measured at the 
same time as module I-V characteristic. Three 
multimeters are used to measure simultaneously module 
voltage and module current whereas a pyranometer was 
used to measure the sun irradiation. The module 
temperature was measured by a PT100 temperature 
sensor stuck on solar cell with thin aluminium tape at the 
back of the module. The two measurements of I-V data 
were separated by a 5 min interval and the time required 
to complete I-V curve was less than 2 s. Then, the solar 
irradiation can be considered constant for each I-V 
measurement. The range of -0.5V to 105% of Voc 
voltage were applied to module. All I-V data stemming 
from measurements are stored in CSV Excel format on 
PC. 

The maximum power output of the module was 
calculated from measurements and LTSpice simulation. 
The results are as shown in Figure 4a and 4b, 
respectively for the current-voltage (V-I) and the voltage-
maximum power output (V-P) characteristic. The 
correlation coefficient between the measured and 
simulated maximum power values was also calculated for 
different climatic conditions. This coefficient remains 
higher than 97% under each of these conditions. 

The  module  daily  output  power  is examined with the  
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 (a) (b) 

             

 (a) (b)   
 

Figure 4. The measured and simulated I-V (a) and P-V (b) curves for different operating conditions. 
 
 
 

 
                                (a) (b)   

   
        (c)     (d)   
 

Figure 5. The measured and simulated output peak power values for 05th October 2014 (a), 15th October 2014 
(b) and 21st October 2014 (c). (d) is measured and simulated performance ratio for 05th October 2014.   

 
 
 

proposed method and compared to the measurement. 
Figure 5a, 5b and 5c shows the daily result for 05th 
October  2014,  15th   October  2014   and  21st  October 

2014, respectively. A relative error of less than 10% is 
obtained for each simulation. The module performance 
ratio  is  as  shown  in   Figure  5d.  It    shows    a    good  
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performance of the hybrid and LTSpice model to evaluate 
the module performance.  
 
 
Conclusion 
 
A hybrid Levenberg-Marquardt and empiric analytic 
algorithm is proposed to extract module parameters. The 
proposed method aims to avoid divergence and a long 
computation time due to the improper initial value. The 
hybrid algorithm is shown to be more accurate than 
Levenberg-Marquardt and empiric algorithm taken 
separately. Elsewhere, LTSpice photovoltaic cell model is 
developed to simulate the extracted parameters in 
outdoor conditions. The LTSpice model with virtual 
components gives advantage of conceptualizing and 
anticipating the characterization of solar module in 
outdoor conditions. Measurements performed with 
VSP50P-12V polycrystalline module are compared to 
simulation results. The RMSE value of 0.9% and 
correlation one greater than 97% for simulated irradiation 
indicate computation efficiency and accuracy of the 
proposed algorithm. An improvement in the accuracy of 
the LM algorithm, will contribute to the accuracy of 
system performance estimated under real operating 
conditions. 
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The optimization of the solar cell includes the study of the influence of parameters such as cell 
thickness, doping levels and profiles, contact configuration and optical confinement on the output to 
obtain a structure leading to the best performance. The optimal parameters depend on the structure of 
the solar cell, the quality of the substrate material (lifetime, mobility), the quality of the ohmic contacts, 
the speed of recombination, etc. The cell to be studied has a structure composed of an n-type gap 
material (Eg3C-SiC=2.36 eV) as a window layer and a small gap material (EgSi = 1.12eV) as a substrate. The 
manufacture of a cell based on 3C-SiC / Si is expensive because 3C-SiC is a material that does not exist 
in the natural state, hence the interest of numerical simulation in order to determine the most important 
parameters for the operation of heterojunction solar cells (3C-SiC / Si), to minimize losses and to 
optimize the physical and geometrical parameters of the cell in order to obtain maximum efficiency. The 
most important recombination sources are Shockley-Read-Hall recombinations in the substrate, Auger 
recombinations and recombinations on the front of the cell. To study the influence of the various 
parameters, we first defined a reference solar cell with a set of fixed parameters, then we varied the 
parameters one by one (the others remaining fixed) in order to analyze their influences. On the 
characteristics of the solar cell, we obtained a Voc of 0.633 6 V, a short-circuit current of 37.82 mA / cm

2
, 

a form factor of 83.38%, which gives us a yield of 19.98%. 
 
Key words: Solar cells, numerical study, heterostructure, silicon carbide, Silicon. 

 
 
INTRODUCTION 
 
One of the methods used to exploit solar energy is to use 
photovoltaic cells that convert the energy carried by the 
incident radiation into a continuous electric current. This 
conversion is based on the photovoltaic effect generated 
by the absorption of photons. Part of the absorbed 
photons generates electron-hole pairs that are  separated 

by an electric field created in the space charge area of a 
p-n junction. One way to amplify this current is to reduce 
the thickness of the first insolated area that absorbs 
some of the incident light. 

An actual trend is to build a band shape wavelength 
collection  also  called  multi-junctions  solar  cells,  where 
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Figure 1. Structure of the tandem cell based on 3C-SiC / Si. 

 
 
 

several single junctions made of different materials with 
different band gaps are superposed, each one collecting 
a part of the spectra. Thus, III-V compounds are currently 
dominating the multi-junction field, with a 40.7% 
efficiency world record for GaInP/GaInAs/Ge triple 
junction cell (Yastrebova, 2007). However, Silicon and its 
alloys are still a field of interest for producing multi-
junction cells. High development degree of silicon 
technology, lower cost of fabrication and non-toxicity are 
good arguments to follow this way. In case of tandem 
cell, the optimal band gap for the top junction would be 
between 1.6 and 1.8 eV, but few materials compatible 
with silicon are presently available meeting this 
requirement (Toure et al., 2014).  

3C silicon carbide (3C-SiC), with 2.36 eV band gap 
could be a potential replacement material. SiC is known 
for his ability to resist high radiation level, making it 
suitable to work in solar concentrators. The opportunity to 
make 3C-SiC/Si tandem cells has been studied 
theoretically (Heidarzadeh et al., 2014; Richards et al., 
2003), leading to a theoretical efficiency of 26%. 

In particular, in this study of numerical simulations, we 
propose a solar cell tandem based in inorganic material, 
a bilayer solar cell of 3C-SiC on a substrate in silicon. 
The advantage of the difference in the network parameter 
between 3C-SiC and silicon, that is to say the low 
recombination of the carriers in the SiC / Si interface, 
leads to the harvesting of the maximum wavelength of 
the spectrum AM 1.5. A solar cell including a bandgap at 
1.12 eV and a wider bandgap at 2.3 eV leads to the 
harvesting of the solar spectra photons added to the UV 
wavelengths photons. 

Toure et al. (Toure et al., 2014) have done a first study 
which allowed us to evaluate the potential of the 
heterojunction 3C-SiC / Si for a photovoltaic application. 
The conclusion of this study is that the performances of 
the cells are deteriorated by SRH recombination 
phenomena which hut the current density, the open-
circuit voltage as well as the quantum yield in the infrared 
domain. These recombinations could come from the 
deterioration of the diffusion length of the silicon during 
the deposition of 3C-SiC at high temperature. 

Being a material that does not exist in the natural  state 
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and is expensive, it is essential to conduct numerical 
simulation studies to see which parameters act to 
improve the performance of the 3C-SiC / Si cell. 

In order to predict the cell's performance, we used the 
SCAPS simulation software. SCAPS (Solar Cell 
Capacitance Simulator) by adopting the structure of 
Richards et al. (2003) (Figure 1) to determine the most 
important parameters for the operation of heterojunction 
solar cells (3C-SiC / Si), minimize losses and optimize 
the physical and geometrical parameters of the cell in 
order to obtain maximum efficiency. 
 
 
Presentation of the numerical model 
 
In Figure 2 we presented the structure of solar cell. To simulate the 
solar cell device under the light, Maxwell electromagnetic equations 
are solved. The Maxwell equation solver leads to the 
electromagnetic field strength which allows us to obtain the 
generation rate (G) of the electron-hole  
pair by the following equation:  
 

                              (1) 
 
Where η, is the quantum yield assumed the unity, ħν the photon 
energy (ħ being the quantum Planck constant, ν the wave 

frequency),  HE
2

1 
  the power density (related to the time 

averaged Poynting vector) according to the electric field E


 and the 

magnetic field H


.  
To compute the solar cell device, the electromagnetic results are 

injected in the electrical simulation regarding the physical 
phenomena inside the device. Thus, generation rate is introduced 
in the following continuity and Poisson Equations 2, 3, 4 in order to 
determine the evolution of the charge carrier density and the 
electric field inside the solar cell device: 
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Where, n, p are electron and hole densities (cm-3), Gn Gp electron 
and hole generation rates (s-1.cm-3), R(n,p) the carrier 
recombination rate (s-1.cm-3), q the elementary charge (C), µn, µp 

electron and hole mobilities (cm2.V-1.s-1), Φ the potential (V), kB the 
Boltzmann constant (J.K-1), T the temperature (K), ρ the charge 
density (cm-3), ε0 the vacuum permittivity constant (m-3.kg-1.s4.A2), 
εSC the semiconductor permittivity constant. It is important to 
emphasize these continuity equation expressions are coupled to 
recombination    physical     phenomena     such     as     the     SRH  
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Figure 2. Structure of the 3C-SiC / Si solar cell. 

 
 
 

Table 1. Value of life time and mobility in SiC. 
 

Life time 180 ns et 3 µs (Ichimura et al., 1997; Ščajevn , 2014) 

Mobility 20 cm²/V. s (Nishino et al., 1983 ) 100 cm²/V. s (Ščajevn et al., 2013) 

 
 
 
recombination-generation rate R (n,p). The τn and τp are electron 
and hole lifetime. For both simulation window, in particular on the 
both sides of the solar cell device, are imposed the Neumann 
boundary conditions sides. All simulations are performed at room 
temperature (300 K). The bandgap EG of the 3C-SiC has a width of 
2.3 eV and 1.12 eV for the silicon whereas work function χ, are 
respectively equal to 4.05eV and 3.85eV.  

In the SCAPS literature was introduced by the references 
(Niemegeers and Burgelman, 1996; Burgelman et al., 2000), its 
algorithms are amply detailed in (Niemegeers et al., 1998), and its 
applications of the simulation can be consulted in the references 
(Niemegeers and Burgelman, 1997; Burgelman et al., 1999). 

The optimization of the solar cell includes the study of the 
influence of the parameters such as the thickness of the cell, the 
levels and the doping profiles, the quality of the material, the 
substrate (lifetime, mobility), the configuration and quality of the 
ohmic contacts, the recombination speed, the optical confinement 
in order to obtain a structure leading to the best performance. 
 
 

RESULTS AND DISCUSSION 
 

In order to predict the cell's performance, we used the 
SCAPS simulation software. SCAPS (Solar Cell 
Capacitance Simulator) is a one-dimensional numerical 
simulation software for solar cells developed by the 
Department of Electronic and Computer Systems (ELIS) 
at the University of Gent in Belgium. Several researchers 
have contributed to the development of this software: 
Alex Niemegeers, Marc Burgelman, Koen Decock, Johan 
Verschraeagen, Stefaan Degrave (Decock et al., 2011; 
Burgelman and Marlein, 2008; Verschraegen and 
Burgelman, 2007; Degrave et al., 2003; Niemegeers and 

Burgelman, 1996). This allows from the fundamental 
parameters of the materials used to calculate the 
performance of the cells, such as the internal quantum 
efficiency as well as the current-voltage curves under 
illumination. The difficulty of this study was to be able to 
simulate the 3C-SiC.Si on SCAPS because it was 
originally developed for the CuInSe2, CdTe family cell 
structures and to obtain the SiC-3C parameters, in 
particular the lifetime and mobility in this material given in 
Table 1. According to the literature, this can vary 
according to the quality of the material (Ichimura et al., 
1997; Ščajevn, 2014). However, several extensions have 
improved its capabilities to become applicable to 
crystalline solar cells (of the Si and GaAs family), as well 
as amorphous solar cells (a-Si and Si micro-morphs). 

So we did four simulations. In the first case, we set an 
intermediate lifetime in SiC: 1.3 μs. The current-voltage 
curves under AM0 are shown in Figure 3a and the 
quantum yield curves in Figure 3b for the four doping 
levels.  

The simulation of current-voltage curves under 
illumination shows that these doping levels do not affect 
the characteristics of our cells. In all cases, the open 
circuit voltage is of the order of 0.57 V, short-circuit 
current 46.5 mA / cm

2
, the form factor is 81%, which 

gives us a performance of 16.8%. This shows that the 
weakest doping is sufficient to establish a large area of 
space charges in the silicon. As regards the internal 
quantum efficiency (QE), it can be observed that the most 
important  doping  induces  a  considerable  drop   in   the  
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Figure 3. Variation in the doping rate of the service life and thickness of the SiC layer. 

 
 
 
efficiency at the shortest wavelengths in the range 200 to 
400 nm. 

This decrease could be due to a decrease in carrier 
collection that could come from a narrowing of the space 
charge zone in SiC. For the rest of the simulations, we 
used 2x1018 cm

-3
 doping for the SiC layer. In a second 

step, we tested the influence of the lifetime on the 
quantum yield and the results are represented in Figure 
3c. 

From 200 to 400 nm, we have a quantum efficiency 
variation of about 80% for 180 ns and about 88% for the 
rest. Above 400 nm, the curves are confounded for all 
lifetimes, because the diffusion length is sufficient to 
ensure the collection of loads even with a service life of 
180 ns. The parameters Voc, Jsc, FF, η are identical. 
Thirdly, we varied the thickness of the SiC layer in Figure 
3d, keeping the doping at a value of 2x1018 cm

-3
 and the 

lifetime at 1.3 μs. The quantum yield in the UV rises 
significantly as the thickness of the layer decreases as 
the space charge area approaches the surface. Finally 
we have decreased the life time in silicon logarithmic 
way. We can observe in Figure 4a that the quantum 

efficiency remains constant in the UV. This component 
comes indeed from the silicon carbide layer. On the other 
hand, it is significantly degraded in the infrared part 
generated by silicon. With regard to the current-voltage 
characteristics in Figure 4b, we see that the open circuit 
voltage as well as short-circuit current fall as the service 
life decreases.  This result therefore makes it possible to 
envisage the use of a substrate of very good quality. 

These simulation results allowed us to detect optimal 
values given in Table 2 for some parameters that will 
allow us to optimize the performance of our 3C-SiC / Si 
heterojunction cell. The results of the simulation with 
these parameters are given in Figure 5a and Figure 5b. 

The simulation of the current-voltage curves under 
illumination with the optimum parameters gives us an 
open circuit voltage is the order of 0.633 6 V, short-circuit 
current 37.82 mA / cm

2
; the form factor is 83, 38%, which 

gives us a return of 19.98%. The external quantum 
efficiency is determined not only by the thickness of the 
substrate and the window layer but also by an important 
parameter which is the diffusion length. a deterioration of 
the parameters of our cells by recombination phenomena  
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Figure 4. Variation in the life of the Si layer. 

 
 
 

Table 2. Optimum parameters for the heterojunction cell. 
 

Settings Optimum value 

Doping of the 3C-SiC layer 2x10
18

cm
-3

 

Lifetime in 3C-SiC 1,3 µs 

Electron mobility in 3C-SiC  100 cm²/V. s 

The thickness of the 3C-SiC layer 500 nm 

Si substrate doping 2x10
16

cm
-3

 

Lifetime in the Si 4 µs 

 
 
 

 
 

Figure 5. Evolution of I-V characteristic and the quantum yield of the cell according to the optimum parameter. 



 
 
 
 
was noticed. These same remarks were made by Biondo 
et al. (2014) by performing a numerical simulation study 
using the Finite Difference Time Domain (FDTD); they in 
turn concluded that the SRH recombination phenomena 
inside the junction are responsible for the deterioration of 
the current density and the open-circuit voltage. 
  
 
Conclusion  
 
In this paper, we studied the influence of the parameters 
of the 3C-SiC / Si solar cell on its efficiency using 
numerical simulation under SCAPS. The aim of the study 
was to optimize the geometrical and doping parameters 
of the window layer as well as the substrate as a function 
of the wavelengths in order to obtain a maximum yield. 
The numerical simulation shows that the 3C-SiC / Si 
structure requires the use of a substrate of good 
electronic quality, a very thin window layer of the order of 
500 nm for 3C-SiC and a rate of doping of the order of 
1018. This study also makes it possible to highlight the 
main parameters influencing the performance of the cell. 
We deduce the optimal conditions for achieving 
satisfactory conversion efficiencies of about 20%.  

Any other simulation must be done by including more 
parameters of 3C-SiC that until now are not very well 
known as those of silicon. 
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