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In Tunisia, flood problems arise from the only perennial river, Medjerda, in 
particular the Plain of Bou Salem where two tributaries (Mellegue and 
Tessa) and the main station of Jendouba discharge into. The inundation of 
January 2003 was a catastrophic event in the Bou Salem watershed. Hence 
this event was chosen for research to test the reconstitution of hydrographs 
by different methods and to analyze the effect of its tributaries. Two models 
are used; Muskingum and Regression to simulate the hydrograph at 
different calculation times (2, 4, 6 and 8 h). To evaluate the quality of 
reconstitution models, three performance criteria were selected: standard 
deviation error ‘S’, peak relative error ‘S1’ and peak time difference ‘S2’. The 
reconstitution of Bou Salem’ floods (downstream station) from Jendouba 
(upstream station) was set in four scenarios: (1) ignoring the tributaries, (2) 
considering the tributary Mellegue, (3) taking into account the tributary 
Tessa and (4) considering both tributaries of Tessa and Mellegue. Following 
this application, the fourth scenario reproduced well the flood peak and 
illustrated how important the consideration of tributaries was. Regression 
model gave the best values of performance criteria and simulated the 
discharges hydrographs well.  
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INTRODUCTION 
 
Flood risk may be defined as the probability that floods of 
given intensity and loss occurs in a certain area within a 
specified time period (Apel et al., 2006; Merz et al., 2007). 
Many natural disasters have led mankind to reflect on the 
power and frequency of floods. In the past, interest was 
mainly on the knowledge of maximum values of the water 
depth and flow. However, currently, interest is switching 
more and more to knowing the characteristics of 
hydrographs and their variations during flood propagation, 
particularly under the influence of tributaries. Models of 
flood propagation varr; there are a big number of 
algorithms from simple statistical receipt to the partial 
differential equations of Saint-Venant (Bentura, 1996). 
Numerical solutions of the Saint Venant equations are used 
to predict flood arrival time and its magnitude at various 
locations along a river, once the flood hydrograph at an 

upstream location is known (Mujumdar, 2001). To 
reconstitute a flood’s hydrographs, the simplest models 
used until now are the Muskingum and Regression models 
(Sahar, 2011).  

The Medjerda, the major and only perennial river in 
Tunisia, has experienced several catastrophic floods. The 
Plain of Jendouba-Bou Salem is at risk of flooding. It has 
been invaded by water at least three times; in 1973, 2000 
and 2003. These floods have reminded all of the acute 
dangers of floods to the society and the environment. 

On 10th and 11th January 2003, total rainfall recorded at 
Jendouba, Mellegue, Tessa, and Bou Salem was 84, 103.5, 
51.5 and 67 mm, respectively. Consequently the Medjrda 
River flooded the Plain of Jendouba – Bou Salem. The 
attributed runoff exceeded the maximum fill of the Mellegue 
Dam    at     2800 m3/s    on   11    January 2003.    The   river’s  
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Figure 1: Discharge hydroraphs observed in the 4 satations 

 
 

 
 

Figure 2:The discharge hydrographs in the upstream and downstream stations 

 
 
 
floodwaters reached the dam at 205 × 106 m3 in volume 
(DGBGTH, 2003). 

To protect the people against flood, strategies such as 
flood reconstitution and short-term forecasting are used. 
The reconstitution of flood hydrographs, also known as 
simulation, is an operation used to establish a time series of 
river flows from the relationship between upstream and 
downstream flow or the relationship between rainfall and 
runoff based on measured rainfall.  

The objective of this paper is to reconstitute the flood 
hydrographs at Bou Salem from Jendouba with and without 
tributaries. The data used in this study consisted of 4 
stations. Mellegue discharge hydrograph is the outflow 
from Mellegue Dam. The first part of the paper presents the 
models   and  the  performance  criteria,  the  second section 
Illustrates    the  study  area  while  the  third   part  presents 

 the results. 
 
 
MATERIALS AND METHODS  
 
The flooding of January 2003 was chosen for our research 
because it was an extreme event which had catastrophic 
consequences. The hydrograph at Bou Salem was 
reconstituted by using the discharge of Jendouba and the 
tributaries of Mellegue and Tessa. The four discharge 
hydrographs are presented in Figure 1. To reconstitute the 
intended hydrograph, we used in the upstream the sum of 
hydrographs of Jendouba and the tributaries Mellegue and 
Tessa (Figure 2). 

The   models   used  in  this  article  increasingly  allow the 
reflection of   upstream   stations  in   the   reconstitution  of 



 
 
 
 
flow hydrographs. The advantages of the use of these 
models are that there is no limitation in the response time 
and the area of the watershed. 
 
Muskingum method 
 
Since its development in 1939 by McCarthy, this model has 
been widely used in hydrological engineering. Cunge 
(1969) showed that the Muskingum model is numerically 
equivalent to the Saint-Venant equations via the diffusion 
equation of a wave. The Muskingum model proposes a 
relationship between the inflow Qa(t) and outflow Qs(t) 
(Merckel, 2002):  
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Where ‘Qa’ and ‘Qs’ are the upstream and downstream 
flow (expressed in m3/s), ‘t’ is the calculation time, ‘d’ 
represents the calculation delay and ‘a1, a2, a3’ are the 
coefficients of Muskingum model which can be calculated 
by the least squares‘ method. 
 
Regression method 
 
In this study, the approximations made by Habaieb (1992) 
were adopted thus: 

- Include the possibility of downstream extrapolation so 
there are interventions at least in two terms 

- Take into account the effect of flood propagation, 
involving information upstream (t) to a date (d) less time of 
transfer or spread (τp); 

 t + d-τp 
For extrapolation to downstream, the linear 

extrapolation was taken from an upstream point thus: 

)()()()(
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Here ‘τp’ is the propagation time between the two 
upstream and downstream stations and ‘b1, b2, b3’ are the 
regression model coefficients that can be calculated by the 
least squares method. 
 
Performance measures 
 
The quality of reconstitution was easily detectable by 
examining graphs and comparing the observed and 
calculated values (Mahjoub, 2009). The numeric criteria 
chosen to test the effectiveness of the models were: 
standard deviation error (S) between the observed (Qobs) 
and calculated (Qcal) values, relative peak error (S1); ‘Qcalmax’ 
is the maximum rate provided and ‘Qobsmax’ represent the 
maximum flow observed and peak time error (S2) between 
observed and calculated flow: 
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Ilustrative example: Section Jendouba- Bou Salem of 
Medjerda River 
 
The Medjerda River originates in the semi-arid Atlas 
Mountains of Eastern Algeria. In Tunisia, the western part 
of the catchment is delimited by the south facing slopes of 
the Tell region and in particular the Kroumir Mountains, 
and at the south by the north facing slopes and piedmonts 
of the semi-arid Dorsal Mountains (Zielhofer et al., 2002). 
The River then flows east, through the tectonic depression 
of the Ghardimaou basin, characterized by 8 to 10 m thick 
Holocene floodplain sediments. The Medjerda catchment 
covers approximately 24,000 km², of which 16,100 km² is 
located in Tunisia and extends for 460 km including 350 km 
into Tunisia (Habaieb et al., 2013).  

The area under study covers partially the Medjerda river 
Basin and is defined as the area draining between the 
gauging subwatershed of Jendouba and Bou Salem just 
before reaching the Sidi Salem Dam (Figure 3), the largest 
dam in North Africa. 

The area of Bou Salem subwatershed is about 16,483 km² 
and that of Jendouba is 2,414 km². The plain of Jendouba-
Bou Salem is drained by a series of rivers of varying sizes. 
On the right bank is Mellegue River which is 317 km in 
length over a vast area (10,610 km² of which 6,095 km² is 
in Algeria). The Tessa River (2,450 km²) arises on the 
Dorsal mountains of Tunisia covering 143 km in length. The 
rugged terrain overlooking the plain on the north side and 
south side slopes are generally high, which promotes 
surface runoff. The propagation time among different 
stations is between 6 and 12 h depending of the distance 
(Figure 4).  

 
Physical and morphometric contexts 

 
Regarding the form of a watershed, hydrologists quantify 
this characteristic by the index of compactness, Gravaliu Kc. 
As for the terrain, it is generally characterized for each 
basin by the hypsometric curve which is also used to 
determine the following characteristics:   

1. median altitude which corresponds to the altitude at 
the abscissa point 50% of the total area of the pool on the 
hypsometric curve. 

2. total relief difference between maximum and minimum 
elevation of the hypsometric curve. 

3. basin relief ratio is the ratio between total relief and 
basin length (long axis length).  

The hypsometric characteristics are mentioned in Table 
1. The watershed tends to lie from upstream to 
downstream. This trend has resulted in a growth index of 
compactness in upstream stations. The elongated shape of 
the basin has a significant  influence  on  the  shape  of  flood  
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Figure 3: Localisation of Medjerda River upstream Sidi Salem Dam 

 
 

 
 

Figure 4: Distance and time propagation between the different stations 

 
 

Table 1. Physical and morphometric parameters 
 

Parameters and formulas 
Medjerda in 

Jendouba 
Medjerda in 
Bou Salem 

Area (km²) 2,424 16,483 
Perimeter (km) 290 754 

Compactness coefficient 
A

p

2
 1.66 1.67 

Length (km) 
























2
128,1

11
128,1 c

c

K

AK
 

125.6 330.2 

Median altitude (m) H50% 700 700 

Total relief (m) H5% - H95% 565 565 

Basin relief ratio (m/km) D/L 6.2 6.2 
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Figure 5:Correlogram flows of section 

 
 
 
\hydrographs, and should contribute to the expansion of 
watershed areas.  
 
Climate context 
 
In a sub-humid climate which includes the upstream 
Medjerda region, evapotranspiration is 87% while 
precipitation is less than 300 mm/year in over 80% of its 
territory. It is therefore the selected event as one of the 
major events in the hydrological balance of the region. The 
prevailing wind is the northwest. Monthly wind speed 
varies between 1.8 and 4.5 m/s. 

The rainfall of the basin is characterized as Medjerda and 
other areas of Tunisia by a dry season from June to August 
and humid rainy season from September to May. Almost the 
entire basin located in Tunisia receives between 400 and 
600 mm/year (DGRE, 2005) average rainfall. The rain 
pattern is irregular in time and space because Tunisia 
experiences discontinuity climate where every cause can 
result in very significant impact on the rainfall regime. 
 
 
RESULTS  
 
Muskingum and regression models were applied to 
reconstitute the hydrographs with and without tributaries 
at 4, 6 and 8 h lower than the time of propagation. We 
proposed to represent the different correlograms in the 
form of a correlogram upstream/-downstream flow (Qa/Qv) 
and the downstream/-downstream flow (Qv/Qv). Thus the 
correlation coefficient between the two series was 
calculated by shifting the series of flow downstream at a 
time step ∆t compared to the series of flows upstream and 

repeated the same calculation for any different times. Then 
the outcome showed the series of correlation coefficients 
being built. 

These correlegrams allowed the determination of the 
propagation flood time ‘τp’. In fact the delay was relative to 
the time corresponding to the maximum recorded for the 
correlogram Qa/Qv. Once the correlation was done, we 
proceeded to the modeling. We had determined the model 
parameters a1, a2, a3, b, etc… of each time step and we had 
reconstituted the series of flows at the downstream end. 
When the modeling was completed, we had to evaluate the 
performance of the models using the graphic and numeric 
criteria. 

Figure 5 presents two correlogram flows of the Jendouba 
– Bou Salem Plain; the first presents the correlation between 
the upstream flow of Jendouba and the downstream flow of 
Bou Salem (Qa/Qv), the second illustrates the correlation 
between the downstream flows of Bou Salem (Qv/Qv). 

The maximum correlation coefficient between the two 
flows is 0.91 corresponds to a dephasing time of 17 h which 
was the propagation time of the flood. The standard 
deviation error (S) calculated for all scenarios (Figures 6 
and 7) varied between 26 and 120% for the Muskingum 
model and between 13 and 70% for regression model. We 
conclude that the regression model had the least value. The 
difference between the standard deviation (S) values 
between the two models is due to the fact that the 
Muskingum model used two information from the upstream 
station and one from the downstream (Figure 8) while the 
regression model used one information from the upstream 
and two from the downstream station (Figure 9). It also 
took into account the propagation time between the 
stations. 
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Figure 6: The standard deviation error S for Muskingum model 

 
 

 
 

Figure 7: The standard deviation error S for Regression model 

 
 
 
The results of the peak relative error ‘S1’ are mentioned in 
Table 2. We noted that the variation of ‘S1’ was 
proportional to the calculation of delay (d) for the two 
models. The comparison of the absolute value showed that 
the lower values are obtained from the regression model 
and for the scenario which took account of both tributaries 
Mellegue and Tessa. The results of the peak time error ‘S2’ 
varied thus preventing its choice as a suitable model (Table 
3). For the Muskingum model, the peak time error was 
similar for all scenarios from 6 h while for the regression 
model, the peak time error was similar for all scenarios at 
all the calculation time. 
 
 
DISCUSSIONS 
 
After running the two models for four scenarios, we could 
conclude that the three criteria cannot be obtained 

simultaneously by a single model. For the standard 
deviation (S), the regression model gave the best results for 
the fourth scenario. For the peak relative error (S1), the 
regression model gave the best results for all scenarios at 2 
and 4 h in the fourth scenario. Whereas for the time 
between peak flows (S2), the best results were obtained by 
the Muskingum model for 4, 6 and 8 h for all scenarios. 

The results of the reconstitution of hydrographs at Bou 
Salem from those of Jendouba with Muskingum model 
varied. According to the standard deviation error (S) and the 
relative peak error (S1), the results were satisfactory for 2 h 
taking into account the tributary Tessa and 4, 6 and 8 h in 
the fourth scenario. While according to the time between 
flow peaks (S2), the results were more satisfactory for 2 h in 
the first scenario, 4 h in the first and the third scenarios and 
same for 6 and 8 h in all scenarios. 

Figure 9 presents the reconstituted flow at 2 h taking into 
account   the   two    tributaries Mellegue    and    Tessa.    The  
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Figure 8: Necessary information to calculate the flow at the time (t+d) by Muskingum (a) and 
Regression (b) models 

 
 

Table 2.The peak relative error ‘S1’ 
 

Model d (h) Scenario 1 Scenario 2 Scenario 3 Scenario 4 

Muskingum model 

2 2 -3.5 -2.4 -3.3 

4 -10.9 -7.3 -7.7 -3.3 
6 -14.5 -10.5 -9.8 -3.4 
8 -18.9 -13.8 -11.4 -5.5 

Regression model 

2 0.9 0.7 0.8 0.6 
4 4.4 3.5 3.8 3.2 
6 8.1 6.6 6.8 6.1 
8 8.8 7.4 7.7 7.1 

 
 

 
 

Figure 9: Observed and calculated hydrograph by Muskingum model at 2 hours taking into account 
the tributaries 

 
 
 
hydrograph shape was reproduced and the calculated 
hydrograph recession was superimposed with that of the 
observed. Concerning the peak flow, its value was 
underestimated; representing 3.3% of the observed peak 
flow and the time of onset was delayed by 6 h. The error 
between observed and calculated values varied from -99 to 
60 m3/s (Figure 10). The correlation coefficient was 0.99 

and the scatter plot was close to the first bisector (Figure 
11). Thus, we can say that the values of the calculated flow 
were similar to those observed that was justified by the 
error between observed and calculated value (which varied 
between -67 and 28 m3/s). The peak flow was reproduced 
by its shape and value; representing 0.6% of the observed 
peak   flow    and    the    time   of   onset  was  delayed  by 6 h. 
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Figure 10: The error between observed and calculated value 

 
 

 
 

Figure 11:Correlation between observed and calculated discharge   

 
 
 
Based on the criteria of standard deviation error (S) and 
relative peak error (S1), the regression model gave better 
results than the Muskingum model taking into account the 
tributaries Mellegue and Tessa at all calculation times.  
 
 
Conclusion 
 
To reconstitute flood hydrographs at Bou Salem from 
Jendouba hydrographs, four scenarios were used regardless 

of tributaries first taking into account only Mellegue then 
only Tessa, and then the two tributaries together. We 
applied two propagation models, Muskingum and 
Regression models, that did not depend on many 
parameters. 

The performance criteria allowed the identification of 
which model can best reconstitute the flood hydrographs. 
To satisfy all the performance criteria for all calculation 
time by one model was not possible. According to the 
standard deviation error (S) and the relative  error of   peak  



 
 
 
 
(S1), the regression model gave the best results. Whereas 
for the time between peak flows (S2), the best results were 
obtained by the Muskingum model. 

The results were satisfactory for the four scenarios but 
the fourth scenario (considering Mellegue and Tessa 
tributaries) gave the best results. We therefore concluded 
that considering the tributary improved the reconstitution 
of the flow hydrograph more. 
 
 
 
REFERENCES 
 
Merz B, Thieken AH Gocht M (2007). Flood risk mapping at 

the local scale: concepts and challenges. In: Flood Risk  
Management in Europe: Innovation in Policy and Practice 
Ch. 13, 231–251. Advances in Natural and Technological 
Hazards Research (25), Springer, Dordrecht, The 
Netherlands. 

Zielhofer C, Faust D, Del Omo FD, Baena Escudero R (2002). 
Sedimentation and soil formation phases in the 
Ghardimaou Basin (Northern Tunisia) during the 
Holocene.Quaternary International 93–94:109–125.. 

DGBGTH (2003). Memorandum of floods Medjerda River 
and its supporters during the period between 10 January 
and 10 February. 

DGRE (2005). Hydrological Yearbook of Medjerda during 
the years 2003 - 2004, Tunisia. 

Apel H, Thieken AH, Merz B, Blöschl G (2006). A 
probabilistic modelling system for assessing flood risks. 
Natural Hazards 38:79–100. 

Abidi et al.          62 
 
 
 
Habaieb H (1992). Comparison Digital models for flood 

forecasting, application of watershed Belgian, French and 
Tunisian, PhD thesis at INP Toulous – French. 

Habaieb H, Abidi S, Hermassi T (2013). Essai de 
reconstitution et de prévision des crues aux stations 
principales de la Medjerda (Tunisie). 5ème Colloque 
International sur les Ressources en Eau et le 
Développement Durable (CIREDD) 142-146, 24-25 
Février 2013 Alger. 

Merkel H (2002). Muskingum-Cunge Flood Routing 
Procedure in NRCS Hydrologic Models, Hydraulic 
Engineer, USDA NRCS. 

Cunge JA (1969). On the subject of a flood propagation 
computation method (Muskingum Method), J. Hydraulic 
Res. 

Mahjoub MR (2009). Course of modeling in hydrology, for 
students of Master of Water Resources: Hydrology & 
Hydrogeology; 1:8-10. 

Bentura P (1996). Development of a flood propagation 
method (Method "Time-storage"), PhD Science and 
Technology Environment, University of Paris XII Val de 
Marne. 

Mujumdar PP (2001). Flood wave propagation; The Saint 
Venant Equations. General article Resonance. Department 
of Civil Engineering, Indian Institue of Science, Bangalore.  

Abidi S (2011). Test recovery and flood forecasting stations 
to main Medjerda upstream of the Sidi Salem dam 
(Section Ghardimaou - Jendouba - Bou Salem), Masters in 
Water Resource, Graduate School of Engineering 
equipment areas. 

 
 
 
 
 
 
 


