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Abstract 
 
Improving the sustainability of irrigation systems requires the optimization of relevant 
operational parameters, such as the irrigation threshold, the irrigation amount, and the sensor 
location. However, little work has been done to investigate the relationship between irrigation 
scheduling, irrigation threshold, water salinity, irrigation amount, and their dependence on the 
sensor location. Optimization of these parameters using field experiments would require 
numerous experiments, time, and work. Instead, in this paper, we propose the use of the 
HYDRUS (2D/3D) model as a tool for investigating different scenarios that occur in the field. 
 
 

1. Introduction 
 
Efficiency of water use in agriculture can be increased by improving irrigation scheduling, i.e., 
by optimizing the timing and amounts of water applications over the growing season. However, 
executing an efficient irrigation plan is challenging, due to many variables that must be taken 
into consideration, including climate, crop type, irrigation method, salinity, and various system 
constraints (Howell, 1996). Several approaches can be used to initiate and terminate irrigation. 
The most common approach is to initiate irrigation for a certain amount of time or by applying a 
certain water volume when a predetermined threshold is reached. Automated closed loop 
irrigation systems, based on a threshold of soil pressure head or water content, have been shown 
to save water while maintaining high yields (Phene and Howell, 1984). Determining the proper 
irrigation threshold has been studied extensively (e.g., Taylor, 1965; Phene and Howell, 1984; 
Hodnett et al., 1990; Thompson et al., 2000; Hoppula and Salo, 2007). Nevertheless, most of 
these studies are empirically based and are valid only for a specific experimental setup: a crop 
type, soil type, climatic conditions, location of the measuring device, irrigation method, 
irrigation salinity, and the volume of applied water for each irrigation episode. However, for 
different soils, climate, and vegetation, different combinations of a threshold and an irrigation 
amount will yield different ranges of water available for plants, different root water uptake rates, 
and different water losses below the root zone. Optimization of these parameters, aimed at 
achieving better water use efficiency, should take into consideration the crop water uptake rate 
and water application rates. 
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In this study, we examined the relationship between irrigation thresholds and applied amounts of 
water for different soils and climates using the HYDRUS (2D/3D) (Šimůnek et al., 2008) code 
that numerically solves the Richards equation describing water flow and plant water uptake in 
homogeneous or heterogeneous soils. HYDRUS has previously been utilized to study optimal 
irrigation management (e.g., Cote et al., 2003; Lazarovitch et al., 2009). Additionally, we studied 
the effect of sensor location in a heterogeneous soil on measurement variability and the effect of 
water salinity on the performance of a feedback irrigation system. 
 
 

2. Materials and Methods 
 
The HYDRUS (2D/3D) model was used for three different scenarios to evaluate (i) the effect of 
the irrigation threshold on the quantity of applied water, (ii) the dependence of the variability of 
observation (irrigation triggering) points' measurements on their location (depth and distance) 
relative to a dripper, and (iii) the effect of salinity of irrigation water on water use efficiency of 
crops. The triggered irrigation option in the HYDRUS (2D/3D) code was used for two 
hypothetical soils, silt and clay loam (Carsel and Parrish, 1988), to determine an optimal 
irrigation threshold that maximizes water use efficiency. The triggered irrigation option switched 
a time-variable flux boundary condition, representing a surface dripper, from no flux to constant 
flux for a certain time duration when the pressure head in a predetermined observation point 
reached the irrigation threshold (Dabach et al., 2013). 
 
Scenario 1: For an irrigation amount of 10 mm, two hypothetical soils (silt and clay loam), and 
increasingly larger potential transpiration rates (2, 4, 6, 7, and 10 mm d-1), the irrigation 
threshold was adjusted until the ratio between irrigation and potential transpiration (ITp

-1) 
reached a value of 1. The simulations included irrigation and root water uptake processes. 
 
Scenario 2: The effect of sensor placement on the performance of an automated irrigation 
system was also investigated. Specifically, the variability of measurements by a sensor placed at 
various distances from a subsurface dripper, the total volume of applied water, and bottom 
drainage were studied. The HYDRUS (2D/3D) software numerically simulated two-dimensional 
water flow and root water uptake in a heterogeneous sandy loam soil (Carsel and Parrish, 1988) 
with a subsurface dripper. Twelve heterogeneity realizations in soil hydraulic properties were 
created using random fields of scaling factors (Vogel et al., 1991) with a standard deviation of 
0.5 and a correlation length of 5 cm in both x and z directions. Three pairs of observation points 
were defined in the flow domain on each side and at distances of 10, 20, and 30 cm from the 
dripper. Each simulation was run for a different observation point, i.e., for every heterogeneity 
realization, six simulations were performed. In each simulation, irrigation events were triggered 
by a different observation point when the irrigation threshold was -60 cm. The irrigation amount 
was 5 mm per irrigation pulse. The coefficients of variation were calculated for observation 
points located at the same distance from the dripper (two in each realization times twelve 
realizations).  
 
Scenario 3: Triggered irrigation was additionally simulated with saline water in a sandy loam 
soil (Carsel and Parrish, 1988). The simulation was axisymmetric with a surface drip source and 
a duration of 90 days. Various levels (from 0 to 4 mmol cm-3) of irrigation salinity were applied 
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from a surface drip source. The irrigation threshold was -80 cm, and the potential transpiration 
rate was 4 mm day-1. Water use efficiency (WUE) was calculated from root water uptake (RWU) 
divided by a total irrigation amount for the simulation duration. 
 
 

3. Results and Discussion 
 
Figure 1 shows the thresholds that yielded an ITp

-1 value of 1 for silt and clay loam soils, as a 
function of different potential transpiration rates, when a water volume of 10 mm per irrigation 
pulse was used. The higher the daily potential transpiration rate, the higher the irrigation 
threshold needed to achieve the ITp

-1 value of 1. As plants grow during the season, their 
transpiration rate increases and so does their water demand. Therefore, the irrigation threshold 
has to be raised in order to compensate for an increasing water demand during the growing 
season. Keeping the irrigation threshold constant while the potential transpiration rates rise 
would result in more irrigation events since the threshold would be reached faster. Nevertheless, 
this would not produce a sufficient supply of water since the rate of the pressure head decrease 
depends on water fluxes in the soil and is limited by the hydraulic conductivity. Therefore, to 
achieve optimal automatic triggering of irrigation via pressure head measurements, the irrigation 
threshold must be adjusted according to changing potential transpiration rates. 
 

 
 

Figure 1. Irrigation thresholds that yielded ITp
-1 [-] values of 1 as a function of potential transpiration 

for silt and clay loam soils with a water volume per irrigation equal to 10 mm. 
 
 
Coefficients of variation for simulated pressure head measurements are presented in Figure 2 for 
each of the three distances of the observation points from the dripper. The coefficient of variation 
was increasing when water contents were changing rapidly in the soil. For observation points 
located further away from the dripper, the water front did not reach them in all realizations at the 
same time, and as a result the variation in measurements increased. On the other hand, as 
observation points were placed further away from the dripper, the coefficient of variation 
decreased because the rise in the pressure head due to irrigation was smaller. However, the 
coefficient of variation of the total quantity of applied water increased considerably with the 
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distance of the observation point away from the dripper (results not shown). If the pressure head 
in the measurement location does not rise above the irrigation threshold after the irrigation pulse, 
then another irrigation pulse is triggered. Even though the variability in pressure head 
measurements was lower as the distance of the observation point increased, the hydraulic 
conductivity of the soil between the dripper and the observation point varies depending on the 
location of the observation point relative to the dripper. This variation in the hydraulic 
conductivity affects the travel time of the water front from the dripper to the observation point, 
thus causing the variability in total applied water.  
 

 
 

Figure 2. The coefficient of variation of simulated pressure heads at three distances (10 cm, 20 cm, 
and 30 cm) from the dripper during a 1-week simulation. 

 
 
As the salinity of irrigation water increased, WUE decreased (Figure 3). Salinity affects root 
water uptake of plants, and indeed, simulations showed a steady decrease in RWU as salinity 
increased. The drop in RWU resulted in a slower decrease in the pressure head, which resulted in 
fewer irrigation events and hence less applied water while drainage was only slightly higher. 
This combination of factors and processes converged to an undesirable result, in which the 
decrease in RWU caused fewer irrigation events, which further raised soil salinity and decreased 
RWU. The decrease in RWU was steeper than the decrease in the quantity of applied irrigation 
water, and consequently, WUE declined with salinity. When irrigating with saline water, the 
tensiometer alone cannot efficiently be used to control irrigation. An additional sensor that 
monitors salinity is necessary in order to provide data needed for the decision to leach excess 
salts from the root zone. 
 



5 
 

 
 

Figure 3. Water use efficiency (root water uptake divided by irrigation) as a function of the relative 
salinity of irrigation water (water salinity divided by the C50 (3 mmol cm-3) parameter of van 
Genuchten (1987). 

 
 

4. Conclusions 
 
Optimization and adjustment of the irrigation threshold throughout the growth season is needed 
to accommodate changing water uptake rates of the plants in systems that use pressure head 
measurements to trigger irrigation. The HYDRUS (2D/3D) code can be utilized to optimize 
irrigation threshold values for specific boundary conditions and plant types. The boundary 
conditions can be updated during the growing season, and used to determine new irrigation 
thresholds to compensate for increasing root water uptake by plants. 
 
Variability of matric head measurements substantially increases during changes in soil water 
status. When a rapid change in soil water contents occurs, whether naturally or artificially, it will 
not occur at all locations simultaneously, and therefore variability will increase during times of 
change. Irrigation systems, which operate based on data from tensiometers, sometimes use an 
algorithm that turns off irrigation when the pressure head rises above a preset value. Our results 
suggest that this algorithm should be avoided because of the increase in variation of the 
tensiometer measurements during irrigation. Instead, we recommend using an algorithm that 
stops irrigation after a fixed volume of water has been applied.  
 
When irrigating with saline water, a decrease in plant water uptake results in higher pressure 
heads in the soil and hence fewer irrigations, which in turn causes higher soil salinity. Therefore, 
when this is an issue, irrigation cannot be based only on sensors measuring the soil water status, 
but must be complemented with salinity monitoring. 
 
A numerical model is a good tool for optimizing irrigation regimes. However, many parameters 
are involved in simulating triggered irrigation systems, and the operation of the numerical model 
requires relatively extensive knowledge (i.e., root spatial distribution, soil spatial variability, 
dripper wetting patterns, uptake fluxes), to which most farmers do not have access or realize only 
at the end of the season. Additional work is necessary in order to standardize and simplify the 
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decision making process regarding sensor location, the value of the irrigation threshold, and the 
volume of applied water in each irrigation pulse according to changing spatial variability, 
irrigation methods, and crop conditions. 
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