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Abstract 
 
The semi-arid region of Bou Hajla (Kairouan – Central Tunisia) is exposed to the risk of salinization of 
soils and aquifers. A characterization of water movement using TDR probes installed down to a depth of 
4 m and salts transport using soil sampling was conducted to highlight this risk. At the same time, 
climatic parameters were monitored. The results were collected over a time period of approximately one 
year (from June 12, 2006 to May 08, 2007). Water movement and salts transport were simulated using the 
Hydrus-1D model. Inverse modeling was used to optimize the required soil hydraulic parameters. It was 
found that the simulated profiles of the volumetric water content and the electrical conductivity were 
close to those measured. The calculated RMSE values were low, indicating the reliability of Hydrus-1D to 
simulate the hydro-saline dynamics under field conditions. 
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1. Introduction 
 
Besides the scarcity of water resources and their often poor quality in arid regions, there is a 
potential shortage of these resources that could be exacerbated by climate change; especially 
when irrigation is a determinant factor of the agricultural intensification (Mermoud et al., 2005; 
Khan et al., 2006). In several regions, this intensification led to the endoreisation of the 
hydropedologic watershed (Mhiri et al., 1998). In addition, the use of saline waters in these areas 
induces, in the short-term, salinization of soils and, over time, the salinization of aquifers. 
Modeling of water movement and solute transport is useful for analyzing the effects of irrigation 
with saline water and predicting its impacts on soils, crops, and groundwater, as well as for 
developing sustainable management practices for irrigation and fertilization (Gonçalves et al., 
2006).  
 
Considerable progress has been made in recent decades in numerical modeling (van Genuchten 
and Šimůnek, 2004). The most commonly used models use a deterministic approach, which is 
based primarily on the numerical solution of the Richards equation for variably-saturated water 
flow and the advection-dispersion equation for solute transport. These models are important tools 
for analyzing water and solute dynamics in the vadose zone. However, their use in the field 
remains limited (Suarez and Šimůnek, 1997; Gonçalves et al., 2006) due to the large amount of 
critical input data they require, such as the soil hydraulic properties, solute transport parameters, 
and climatic data.  
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In the context of arid regions that are essentially endorheic and depend on saline aquifers, it is 
necessary to prevent soil salinization and the contamination of these aquifers. Risk assessment of 
the salinization process is usually based on a quantitative approach, which requires an 
understanding of salts transport phenomena, which are driven by water movement through the 
unsaturated soil zone to the aquifer (Milnes and Perrochet, 2005).  
 
Tunisia has limited water resources (4.8 billion of m3), which are very often salted. Over half of 
available water resources, essentially those of Central Tunisia, have a salinity of more than 3 g l-

1. Besides the scarcity and poor quality, overexploitation of groundwater results in the depletion 
of these resources. In the region of Bou Hajla on the plain of Kairouan in Central Tunisia, 
salinization of soils and aquifers is a widespread phenomenon, making groundwater resources 
unsuitable for irrigation (with saline water of about 6 g l-1) (Hachicha et al., 2005). In the short 
term, the impact of salinity on soils and crops occurs particularly in summer when evaporation is 
high. In the long-term, irrigation with saline water can degrade the overall system formed by the 
soil and groundwater.  
 
The objectives of this paper are (a) to evaluate water movement and salt transport in the soil 
profile  by studying variations of water and salt profiles as they depend on weather events, (b) to 
highlight the risk of salinization of the aquifers, and (c) to calibrate and validate Hydrus-1D 
(Šimůnek et al., 2005) for modeling the hydro-saline dynamics in the semi-arid context of 
Central Tunisia. 
 
 

2. Materials and Methods 
 
2.1. The Plot, Soil and Irrigation Water 
 
The region of Bou Hajla is located about 30 km southeast of the city of Kairouan in central 
Tunisia. It is situated between a mountain range to the west and an area of sabkhas (salt flats) in 
the east and south, receiving surface waters and groundwater flowing from the mountains. The 
region is characterized as having an arid climate and a temperate winter. Rainfall is highly 
variable with an annual average of about 250 mm. Evapotranspiration is about 1600 mm per 
annum. An experimental plot (35°15’47.58’’N; 10°4’17.16’’E) was selected from a farmer’s 
field about 9 km south of the village of Bou Hajla, having surface soils of sandy texture (0-
0.6 m) and a high clay content to a depth of 2 m. Below this depth, the texture is sandy to sandy-
silty (Table 1). Irrigation water comes from a surface well about 20 m deep, with a pumping rate 
of approximately 3 l s-1, and  a water quality corresponding to a TDS (total dissolved solids) of 
6.5 g l-1, an ECi (electric conductivity of irrigation water) of 7 dS m-1, and an SAR (sodium 
adsorption ratio) of about 7.5.  

 

http://www.google.com/url?sa=t&source=web&cd=4&ved=0CC0QFjAD&url=http%3A%2F%2Fen.wikipedia.org%2Fwiki%2FTotal_dissolved_solids&ei=EREGTYDWH4b94AaKrL3zCQ&usg=AFQjCNEH9wiCjLct4sW0KiG1AxBfh-ux6Q�
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Table 1. Soil particle size analysis. 
 

Depth (m) Clay (%) Loam (%) Sand (%) Texture 

0 – 0.6 
0.6 – 1.1 
1.1 – 1.8 
2 – 2.5 
2.5 – 3 
3 – 3.5 
3.5 – 3.7 
3.7 –4 

11.5 
15.5 
13.0 
4.0 
10.0 
11.0 
10 
17.0 

4.5 
6.5 
6.0 
8.0 
14.0 
14.0 
19.0 
22.7 

81.5 
77.5 
70.5 
81.0 
76.0 
56.0 
55.0 
47.5 

Sand 
Sand clay  
Sand clay   
Sand 
Sand loam 
Sand loam 
Sand loam 
Sand clay 

 
 
2.2. Experimental Methods 
 
The analysis of soil and aquifer salinization was performed by monitoring the soil water content 
using time domain reflectometry (TDR), and the soil salt content by using soil sampling. 

- Water content monitoring: Water content was monitored using TDR probes installed at 
depths of 0.1, 0.5, 1, 1.5, 2, 3, and 4 m. Monitoring of the soil water profile in situ by the 
TDR sensors was launched at the time of installation (Apr/05/2006). 

- Soil salt content monitoring: Soil salt profiles were monitored to a depth of 4 m. Soil 
salinity was determined using soil samples and the method of the soil diluted extract 
(soil/water ratio of 1/5). A relationship established by Hachicha (2005) has been used to 
convert EC(1/5) into the electrical conductivity of the saturated paste extract: 
ECe=7.4*EC(1/5). Three salt profiles were observed on the following dates: December 26, 
2006, February 2, 2007, and May 8, 2007. 

- Monitoring climate parameters: An automated weather station from the Campbell 
Company has been installed in Bou Hajla since April, 2004. It includes a set of sensors 
and a communication interface for data transfer, which includes an anemometer for 
measuring speed and wind direction, a bucket rain gauge, a temperature sensor, a relative 
humidity device, and a pyranometer for measuring solar radiation. Monitoring of each 
parameter is done hourly, and daily data is obtained by averaging data collected over 24 
hours. An ET0 software (Raes, 2007) was used to estimate daily evapotranspiration (ET0) 
from the collected data. 

 
2.3. Input Parameters of Hydrus-1D 
 
The soil hydraulic parameters were determined from the particle size distribution and the bulk 
density of the soil using the Rosetta model (Schaap et al., 2001) implemented in Hydrus-1D. 
Values obtained by pedotransfer functions were adjusted to volumetric water content and 
electrical conductivity values measured in the field using inverse modeling described by 
Šimůnek et al. (2005), as a method of optimizing parameters by matching results of numerical 
solutions with experimental data. Inverse modeling has been used for the determination of the 
shape parameters α and n, and the saturated hydraulic conductivity (Ks), the most sensitive 
parameters to water flow according to Lu and Zhang (2002). Initial values of the soil hydraulic 
parameters are presented in Table 2. The residual water content, θr, and the saturated water 
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content, θs, were estimated from the particle size distribution using the Rosetta (Schaap et al., 
2001) pedotransfer functions.  
 
As for solute transport parameters, dispersions coefficients (Disp) were taken from the literature 
(Vanderborght and Vereecken, 2007) for each type of texture. The adsorption coefficients (Kd) of 
salts were determined using the batch experiment for different layers. The upper boundary 
condition was set to the atmospheric boundary condition (BC) with a surface water layer, which 
requires an input of rainfall and evaporation calculated from climate data. Free drainage was 
used as the lower BC. Concentration flux BC was used as the upper boundary condition for 
solute transport. The results of the model were evaluated by both graphical and statistical 
methods. In the graphical approach, the measured and simulated volumetric water contents and 
soil salinities were plotted as a function of the soil depth at different times. The statistical 
approach involved the calculation of the root mean square error (RMSE): 
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where ip  are the predicted values, im  are the measured values, m  is the average value of 
observed data, and n  is the number of observations.  
 
 

3. Results 
 
3.1. Characterization of Water Movement and Salt Transport 
 
All water content profiles have the same distinct shape, from which four layers can be 
distinguished: two layers with high variations of water contents and two layers with small 
changes in water contents (Fig. 1).  
 
The layers with high variations in water contents are characterized by the following: 
- In the topsoil, primarily between depths of 0 and 0.7 m, the soil water content varies between 

the field capacity (36%) and the permanent wilting point (14%) in the silty sand material. 
This layer is directly exposed to evaporation, rainfall, and irrigation (absent during this 
period). 

- In the deep layer, located at a depth of approximately 2 m, the water content varies between 
the field capacity (35%) and the permanent wilting point (14%) in the silty clay material 
(Musy and Soutter. 1991). Variations in water contents in the deep soil layer can be 
explained by deep drainage and the influence of the clay material on top.  

 
The layers with minimal changes in water contents correspond to the following: 
- The soil stratum with a thickness of about 1 m, located between the topsoil and the soil layer 

starting at a depth of 2 m. This layer is a first zero-flux plane, which retains low levels of 
water. The texture is similar to the one found at the soil surface, i.e., a very permeable silty 
sand.  
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Figure 1. Soil water content profiles at different 

times. 

 
 

Figure 2. Variations of the soil salinity profiles at 
different times. 

 
- The soil layer at a depth of about 3 m, located between the soil layer at 2 m and the one at 

depths greater than 4 m. This layer is a second zero-flux plane that moderately retains water. 
The texture is sandy-silty and is also quite permeable.  

 
Five layers, corresponding to the four layers distinguished above in the examination of water 
contents, can be identified from the three available saline profiles (Fig. 2): 
- In the topsoil, between depths of 0 and 0.7 m, salinity (ECe) varies between 3 and 7 dS m-1. 

The high salinity value is due to the winter planting season in 2006, when a barley crop was 
irrigated with water having a salinity of 7 dS m-1. Fall rains appear to have completely 
leached salts. 

- The soil layer located about 2 m deep is a very salted layer, with an ECe higher than 20 dS m-

1. The silt-clay material reduces water infiltration, leading to the accumulation of salts. 
Rainfall also influences the content of salts in this layer, which allows for the transfer of salts 
to greater depths (Alimi-Ichola and Gaidi, 2006). 

- The soil layer between depths of 0.7 and 1 m, which corresponds with the first zero-flux 
plane, is comprised of a highly permeable sandy-silty material, which does not appear to 
retain salt, but is a salts transfer zone. 

- The soil layer down to a depth of 3 m, the second zero-flux plane with average salinity, 
seems to retain a portion of the salts arriving from the above saline layer. Although the soil 
layer located at a 4-m depth does not appear as a place for water retention, the ECe reached 
excessive levels equivalent to the soil layer located at approximately 2 m. However, this soil 
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layer differs from the 2 m layer, because it remains salinized and accumulates salts, while the 
2 m layer is desalinized. Although it is difficult to make further conclusions without further 
information regarding the constitution of the soil, it seems likely that a soil layer similar to 
that of the 2 m layer exists, playing a similar role in water retention and accumulation of 
salts. This soil layer seems to be located at a deeper level and may reach a degree of salt 
accumulation comparable to the previous level. The salt storage calculated for different dates 
shows an export of salts below the 4 m depth during the winter period (-0.623 t ha-1). An 
infiltration test was accompanied by an import of salts, which is reflected in the saline 
storage on May 08, 2007. This highlights the risk of salinization of the aquifer. 

 
3.2. Modeling the Hydrosaline Dynamics 
 
Calibration of Hydrus-1D was performed for a time period of 134 days, with a daily time step 
(from December 26, 2006 to May 08, 2007). Inverse modeling was used in the calibration of 
Hydrus-1D against the water content profiles. The solute transport parameters (dispersion and 
adsorption coefficients) were adjusted several times in order to find an adequate match between 
the measured and simulated salinity profiles. The print times were set to 57th and 134th days to 
match the salinity profiles measured on February 27, 2007 and May 8, 2007, respectively. The 
initial profiles of the volumetric water content and soil electrical conductivity are those of 
December 26, 2006. The depth of the soil profile is 4 m. There are five distinct soil strata, 
identified through the characterization of the dynamics of water contents and salinities in 
Sections 3.1 and 3.2. The depths of different soil layers are as follows: 0 - 0.7, 0.7 - 1, 1 - 2, 2 – 
3, and 3 - 4 m. Observation points were added to depths that correspond to the locations of TDR 
probes (0.1, 0.5, 1.5, 2, 3, and 4 m). The soil hydraulic parameters (θr, θs, α, n, and Ks) were 
determined by inverse modeling with a correlation coefficient, r², between measured data 
(volumetric water contents and electric conductivities) and modeling results, equal to 0.94. 
Optimized values of the dispersion and adsorption coefficients for each soil material are given in 
Table 2.  
 
Validation of calibrated results was performed on the water content and electrical conductivity 
profiles measured on July 22, 2008. The same input data were used, and only the upper boundary 
conditions were changed. Values of evaporation and precipitation were extended to day 577 in 
this simulation. 
 

Table 2. Input parameters of Hydrus-1D. 
 

 
Soil hydraulic parameters Solute transport parameters  

Depth (m) θr 
cm3 cm-3 

θs 
cm3 cm-3 

α 
cm-1 

n 
- 

Ks  
cm d-1 

Bd 
cm3 g-1 

Disp 
cm-1 

Kd 
- 

0-0.7 0.0543 0.372 0.0254 1.77 128. 1.38 17 0.10 
0.7-1 0.0536 0.373 0.0195 1.62 97. 1.35 6 0 .1 
1-2 0.0454 0.382 0.0474 1.61 142. 1.60 40 0.3 
2-3 0.055 0.386 0.01892 1.37 21. 1.54 17 0.05 
3-4 0.055 0.386 0.0173 1.375 54. 1.60 40 0.03 
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Figure 3. Measured and predicted water content and salinity profiles for calibration times.  

 
The water content and salinity profiles measured and simulated for the two calibration times are 
shown in Figure 3. Calibrated results showed a strong correlation between simulated and 
measured values. The RMSE values calculated for the 57th and 134th days of simulation are 0.06 
cm3cm-3 and 0.028 cm3cm-3 for water content profiles, and 0.35 dS m-1 and 0.26 dS m-1 for 
salinity profiles, respectively. 
 

 
Figure 4. Measured and predicted water content and ECe profiles on 577th day of 

the simulation.  
 
Similar results were found in the validation stage. Good agreement between simulated and 
measured soil water contents and electrical conductivities were found for the 577th day of the 
simulation (Figure 4). The RMSE value for the water content profile was 0.043 cm3cm-3, and for 
the electrical conductivity profile it was 0.21 dS m-1. These values are close to 0, which indicates 
the reliability of the model for the reproduction of water movement and transfer of salts under 
the field conditions. 
 
3.3. Discussion 
 
The Hydrus-1D model was able to simulate the dynamics of water and salts, as indicated by low 
values of RMSE. The inverse parameter estimation method was able to optimize the soil 
hydraulic parameters and to achieve a good correlation between measured and simulated data. 
However, it was unable to provide precise values of these parameters, due to the effects of spatial 
heterogeneity and the soil microstructure organization. An increase in the number of 
measurement points in time and space is suggested in order to better understand the variation of 
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soil water and salts contents (Köhne et al., 2009). The characterization of these parameters and 
the use of a hydro-structural approach for modeling the water and solute dynamics in the soil, as 
utilized in the Kamel model (Braudeau et al., 2009), can be a good alternative to our approach 
and could also demonstrate the limits of the approach used in this paper. 
 
The salts balance, calculated at a depth of 4 m, is additive, which increases the risk of aquifer 
contamination. It is essential to monitor the groundwater level and the aquifer quality in order to 
determine possible contamination of groundwater by irrigation with saline water and to assess 
this risk. Also, the consideration of cultures and the design of some irrigation management 
scenarios for the farmers in the region are needed, in order to better assess the magnitude of the 
secondary salinization and to find appropriate management strategies (Forkutsa et al., 2009). 
Finally, it will be interesting to study the effects of torrential rains on the leaching of salts in the 
semi-arid region of Bou Hajla. These rains may have a regulatory role on the salts dynamic in the 
topsoil (Armstrong et al., 1998). All these recommendations will be considered in future research 
work and papers. 
 
 

4. Conclusions  
 
The effect of irrigation with saline water on soils and aquifers was studied in an experimental 
plot in Bou Hajla, central Tunisia. Deep characterization and simulation of salt and water content 
of the soil over the course of one year reveals the significant effects of infiltration after rainfall. 
As changes in climate affect soil evaporation at certain layers, it can be seen that the infiltration 
effect is dependent upon climate.  The greatest effect is seen at depths greater than 3 m, and at a 
clay layer at 2 m, which is surrounded by sandy loam materials.  This particular layer appears to 
play a major role in the movement of water and in the transfer of salts. Indeed, the salinity 
profiles highlight the phenomenon of reversibility of salts movement toward the soil surface, but 
also its accumulation in the clay layer where the value of electrical conductivity exceeds 20 dS 
m-1. This layer reduces the transfer of salts into the aquifer, but does not seem to prevent them 
altogether. Thus, the region of Bou Hajla is subject to the salinization of its soils, which is further 
aggravated by aquifer over-exploitation and a decrease in aquifer piezometric levels. This may 
result in a reversal of the direction of groundwater flow, and thus exacerbate the intrusion of 
saline waters from surrounding sabkhas (salt flats). 
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