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Abstract 
 
Scarcity of water resources is one of the major problems that faces many arid and semi-arid areas where  
potential socio-economic development is often hindered by the lack of water. This has led to the use of 
non-conventional water sources such as desalinated brackish groundwater and/or seawater for urban and 
agricultural demands. Applications of non-conventional water to the vadose zone may produce various 
impacts such as changes in soil hydraulic properties, among others. In this context, monitoring vadose 
zone water dynamics is key to studying these possible impacts. According to the available literature, 
different monitoring systems and strategies have been carried out independently, while comparative 
studies between different monitoring techniques have received less attention. 
 
In this study, an experimental plot was set with automatic and non-automatic sensors to measure the 
volumetric water content (θ) and the soil pressure head (h) down to a depth of 1.5 m. Water flow 
simulations for automatically and non-automatically collected data were carried out using HYDRUS-1D. 
A good agreement between simulated and experimental data was observed for both automatic and non-
automatic data acquisitions. General trends were captured as expected, except for outlier values. Slight 
differences were found between hydraulic properties obtained from laboratory determinations and fitted 
by inverse modeling for both data acquisition strategies. Differences of up to 14% in the bottom drainage 
were obtained between both strategies. According to our results, automatic sensors were more accurate, 
and thus more appropriate, for detecting subtle changes in soil hydraulic properties as a consequence of 
non-conventional water use. Nevertheless, if the aim of the research is to control the general trend of 
water dynamics, then there are no significant differences between both data acquisition systems.  
 
The current work presented here is the first part of the study carried out before the geochemical processes 
responsible for expected changes in the soil hydraulic properties as a consequence of non-conventional 
water use are analyzed. This second part will be carried out using the HP1 model, which couples the 
HYDRUS and PHREEQC models. 
 
 

1. Introduction 
 
In semi-arid regions with endemic water scarcity, which imposes constraints on socio-economic 
development (Lattemann and Höpner, 2008), the use of non-conventional resources (such as 
desalinated water, treated water, and waste-water) for agricultural purposes is increasing during 
recent years. The potential impacts of the use of non-conventional water on soil, plants, or 
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aquifer media may include changes in soil hydraulic properties due to mineral precipitation, root 
growth blockage and plant uptake of pollutants, and/or contaminant leaching to groundwater 
(Calderón-Preciado et al., 2011; Candela et al., 2007; Mandal et al., 2008).  In addition, this 
irrigation water is usually characterized by high electric conductivity values while high 
evapotranspiration rates may prevail in arid areas. The combination of these two factors may 
enhance soil salinization, which ultimately causes damage to crop yield (Kanzari et al., 2012). 
 
To assess these possible impacts, having a careful monitoring procedure of the vadose zone at a 
field scale is a very important issue. Field monitoring can be carried out using different devices, 
the number of which is continuously increasing following the latest technological developments. 
Among them, methods range from classical ceramic cup tensiometers and gravimetric 
determination of soil water contents from oven-dried samples to Time Domain Reflectometry 
(TDR) technology. These methods can be classified as manually managed, i.e., with non-
automatic data acquisition, or with automatic data acquisition using more sophisticated sensors, 
which makes monitoring less time-consuming but with an increasing initial investment. 
 
Although automatic and non-automatic monitoring strategies have been commonly used 
separately in the past in order to study different aspects of the vadose zone (Jiménez-Martínez et 
al., 2009; Wallis et al., 2011; Wollschläger et al., 2009), the selection of a monitoring strategy 
has not been completely justified in these studies. However, studies in which different 
monitoring strategies have been simultaneously set up and compared have not been carried out. 
 
In this work, a comparative study between an automatic and non-automatic monitoring strategy 
for the same experimental plot is presented. Two different flow simulations were carried out 
using HYDRUS for different data sets (the monitoring period extended over 9 months). A 
conservative tracer test has also been modeled in order to validate the previous water flux results. 
 
 

2. Methodology and Field Experiment 
 
An experimental plot of 9 x 5 m located on the campus of the University of Alicante (Spain) was 
set up. On the plot, a mixture of turf grass (St. Agustine grass, Stenotaphrum secundatum, and 
ray grass, Lolium perenne) was grown to mimic the current management of the campus 
landscape. The plot was irrigated using micro-sprinklers, providing a quasi-uniform water input 
over the land surface. 
 
Installed measurement devices included manual or non-automatic instruments, which consisted 
of ten Jet Fill tensiometers (Soil Moisture®) for h measurements installed at depths of 30, 45, 60, 
90, and 120 cm (2 tensiometers in each depth), and two 44 mm (i.d.) polycarbonate access tubes 
installed down to a depth of 1.9 m for θ measurements using a TRIME FM TDR portable probe 
(IMKO®). The probe was previously calibrated in the lab following the manufacturer’s 
recommendations and also specifically calibrated following previous study procedures (Laurent 
et al., 2001; Laurent et al., 2005; Varble and Chávez, 2011). Installation of non-automatic 
equipment was done from the plot surface, aided by hand auger equipment (Eijkelkamp®). 
Vertical installation was carefully performed in order to prevent preferential flows along the side 
walls of the equipment itself. Automatic data acquisition consisted of five 5TE sensors (Decagon 
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Devices ®) installed at depths of 20, 40, 60, 90, and 120 cm for θ measurements, and one MPS-1 
sensor installed at a depth of 60 cm for h measurements. All automatic sensors were controlled 
by the data-logger, CR1000 (Campbell Scientific®). Installation of automatic sensors took place 
horizontally in an 80 cm wide and 150 cm deep excavated trench. Horizontal holes (40-50 cm 
long) were drilled in the trench walls for sensor installation in order to reduce the boundary 
effects. Subsequently, the holes were re-filled with the same soil material extracted during the 
excavation, in an attempt to keep the original soil conditions (e.g., bulk density). The side-wall of 
the trench was covered with a plastic film and finally, the trench was refilled with the soil 
material, creating a non-flow boundary condition for further modeling purposes. 
 

 
Figure1. Scheme of the experimental plot with the configuration of automatic and non-automatic 

devices.  
 
2.1. Data Gathering 
 
Data acquisition started on September 1st, 2011, five weeks after the devices’ installation. Non-
automatic θ measurements were taken twice per week, while h measurements were taken three 
times per week.  An hourly measurement frequency was used regarding automatic data 
acquisition. A five-minute frequency was used in November, 2011, in order to capture the 
infiltration dynamics following extreme rainfall events that took place in this period. 
Meteorological data were recorded every 30 minutes by a meteorological station located 900 m 
away from the plot. 
 
2.2. Numerical Modeling 
 
Water flow through the vadose zone was modeled using HYDRUS-1D (Šimůnek et al., 2009), 
which numerically solves the governing Richards equation describing flow in partially-saturated 
porous media (Richards, 1931): 
 

 1hK S
t z z
θ∂ ∂  ∂  = + −  ∂ ∂ ∂  

 (1) 
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One dimensional modeling was selected based on the assumption of horizontal uniformity over 
the experimental plot and vertical flow being a dominant direction of flow in the experiment. 
Daily time steps were considered in the modeling process. Collected data in smaller time steps 
(as those values obtained with automatic data collection) were averaged over daily intervals. 
 
The soil hydraulic properties were modeled using the van Genuchten-Mualem constitutive 
relationships (Mualem, 1976; van Genuchten, 1980): 
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In order to reduce the number of free parameters, we considered l = 0.5, which is a common 
assumption regarding this model. The remaining parameters were estimated from laboratory data 
and by inverse fit. 
 
Atmospheric boundary conditions (BC) were considered at the soil surface, and free drainage BC 
on the bottom of the soil profile. Daily evaporation and transpiration rates were computed 
following the Penman-Monteith method (Allen et al., 1998). A modified Feddes root water 
uptake model (Feddes et al., 1978; Wesseling and Brandyk, 1985) was considered for modeling 
the influence of the plants  The key parameters of the model adopted for the current crop (grass) 
were: h1= -10 cm, h2= -25 cm, h3.1= -240 cm, h3.2= -360 cm, and h4= -8000 cm. Root growth was 
not considered due to the selected species being completely developed at the beginning of the 
simulation period. 
 
2.3. Tracer Test 
 
A conservative tracer test with a LiBr solution was carried out in order to assess water flow and 
to estimate dispersivity coefficients for different soil layers. The Br- tracer application was used 
due to the low background concentration of Br in the soil profile. On June 27th, 2012, a solution 
of LiBr (25 L with a LiBr concentration of 131.73 mmol/L) was sprinkled over 10 m2 of the plot. 
Undisturbed soil samples were collected (7, 37 and 57 days after injection) at different depths. 
Subsequently, the total bromine concentration (Br) was determined using X-ray fluorescence, 
following the methodology proposed by Abderrahim et al. (2011). To simulate Br- transport in 
the soil profile, soil hydraulic parameters obtained from the flow model with automatic data were 
used. 
 
 

3. Results and Discussion 
 
An important difference between the two monitoring strategies was the amount of collected data. 
1489 versus 400 daily values were collected by an automatic and non-automatic monitoring 
strategy, respectively. Following identical and parallel procedures, θ and h measured values for 
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both data sets were simulated by means of HYDRUS-1D. Figure 2 shows the observed and 
simulated values of θ for the automatic and non-automatic equipment at different depths. A good 
agreement is observed between the experimental and modeled data for both collection strategies. 
Recorded and simulated h values are shown in Figure 3. Note that automatic sensors properly 
capture the peak events, while the non-automatic ones present a smoother behavior, which can be 
a consequence of the acquisition frequency. On the other hand, a greater dispersion of h data is 
found for the non-automatic acquisition system. Several statistics were calculated for pressure 
head (h) and volumetric water content (θ) data at all depths observed by both automatic and non-
automatic devices. A summary of the results is provided in Table 1. 
 
 

 
 

Figure 2. Observed and simulated θ values collected by an automatic (a) and non-automatic (b) 
monitoring strategy. Water input data (irrigation plus precipitation) is depicted on the secondary 
vertical axis. 

 
 

 
 

Figure 3. Observed and simulated h values collected by an automatic (a) and non-automatic (b) 
monitoring strategy. Water input data (irrigation plus precipitation) is depicted on the secondary 
vertical axis. 
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Table 1. Goodness of fit measures for simulations and experimental data. 

 
 
Despite of good agreement between both simulations and experimental data, computed drainage 
flux through the bottom boundary was equal to 230 and 196 mm for automatic and non-
automatic data acquisitions, respectively. This is a difference of 14.8% between both models, 
which is an important difference when attempting to assess groundwater recharge from a semi-
arid area point of view. 
 
The results of the tracer test performed to assess the flow model and to derivate transport 
parameters are shown Figure 4. A good agreement between measured and predicted total 
bromide (Br) concentrations along the soil profile was observed, which validates the flow model.  
 
 

 
 

Figure 4. Measured and predicted values of total Br concentrations in soil at 7 (a), 37 (b), and 57 
(c) days after the tracer application.  

 
 

4. Conclusions 
 
The analysis proposed in this study has provided insights into soil and vadose zone monitoring 
strategies to assess water dynamics and changes in soil hydraulic properties. However, 
monitoring results for hydraulic parameters were complex, indicating that one of the main 
limitations is the inability to measure the effective properties representing the overall system. 

Acquisition Statistic 
Pressure head, h  Volumetric water content, θ   

60 cm  30 cm 45 cm 60 cm 90 cm 120 cm All  All (h and θ)   

Automatic 
RMSE 0.21  0.05 0.04 0.02 - 0.05 0.04   

EF 0.72  0.81 0.74 0.94 - 0.5 0.76   
R2          0.96 

Non-automatic 
RMSE 0.16  0.07 0.05 0.10 0.12 0.14 0.10   

EF 0.80  0.00 0.43 0.24 -0.02 -0.37 0.44   
R2          0.98 
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The instruments used normally explore a domain that is notoriously too small to describe average 
properties. Field measurements obtained with non-automatic (vertically-installed) instruments 
need to be carefully analyzed since the installation process can lead to preferential flow along the 
device walls, even when careful installation procedures are followed. It should be noted that if 
previously determined information on soil characteristics obtained in the laboratory is not taken 
into account, unrealistic soil hydraulic parameters can be obtained from simulated values of both 
automatic and non-automatic data.  
 
The HYDRUS simulations were able to reproduce the behavior of a field-scale plot instrumented 
with automatic and non-automatic data acquisition systems. A good agreement between the 
predicted and measured soil water contents and pressure heads was obtained. However, the 
overall trend was predicted better than extreme episodes, which has been also observed by other 
researchers. Significant differences between the modeled parameters obtained from the non-
automatic and automatic experimental data were observed. On average, the statistical evaluation 
revealed that fits of the θ data proved better than those of the h data. This fact could be related to 
the equilibration time required by the pressure head devices to obtain reliable measurements. For 
the tracer test, a good agreement between measured and predicted total bromine (Br) 
concentrations in the soil profile was obtained, which validates the flow model. 
 
This work only represents the first step of the study, before the geochemical processes 
responsible for the expected changes in the soil hydraulic properties as consequence of the use of 
non-conventional water is analyzed. This purpose will be carried out using the coupled 
HYDRUS and PHREEQC model HP1. 
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