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Abstract 
 
Lysimeter experiments attempt to represent as closely as possible actual field conditions. The ability of 
zero tension plate lysimeters, installed in silty clay soils, to represent real field conditions, as well as the 
ability of the HYDRUS-2D software package to simulate water flow and nitrate dynamics in these 
conditions, were evaluated in this study. The relatively poor performance of the lysimeters during the 
vegetative period was mostly caused by a high water demand of the crops and possible diversion of water 
to the sides of the zero tension plate lysimeter when the groundwater table was deep. The HYDRUS-2D 
model was able to reproduce observed outflows to some degree. Water and solute diverged from the plate 
towards the drier unsaturated soil when groundwater table was deep. Simulated distributions of the 
pressure heads and nitrate concentrations around the lysimeter plate illustrated that the lysimeter plate had 
a significant impact on the water regime and nitrate dynamics in the soil. This paper summarizes some of 
the results published earlier by Filipović et al. (2013). 
 
 

1. Introduction 
 
Numerical simulations of water flow and urea-ammonium-nitrate reactions and transport in the 
vadose zone, while simultaneously accounting also for root water and nutrient uptake, can 
improve our understanding of the dynamic nature of these processes under field conditions.  This 
insight could then be used to improve fertilizer application strategies. Many computer models 
have been developed over the years to solve the problems of water, heat, and pollutant 
movement in the vadose zone. Two of the most advanced and most widely used numerical 
models are HYDRUS-1D (Šimůnek et al., 2008) and HYDRUS 2D/3D (Šimůnek et al., 2011). 
These programs have been used successfully to simulate fertigation and the transport of nitrogen 
(Hanson et al., 2006). Simulations were used also to optimize fertigation (with urea) and to 
reduce fertilizer applications by 30% (Ravikumar et al., 2011). Experiments used to validate 
mathematical models are frequently performed in the laboratory under controlled conditions 
generally not typical of natural field conditions. Lysimeters may also be used to evaluate solute 
transport models (Schoen et al. 1999), and to monitor the fate and mobility of contaminants 
(Ludwig et al., 2000). The goal of this study was to evaluate the efficiency of zero-tension plate 
lysimeters to collect soil water samples and to assess soil water regime and nitrate leaching in 
soils influenced by a high groundwater table. Four zero-tension plate lysimeters were tested in 
relatively fine-textured soils (silty clay) in 2007, 2008, 2009, and 2010. The ability of HYDRUS-
2D to reproduce observed water and nitrate outflows (collected by lysimeters) was also assessed. 
Results were published by Filipović et al. (2013). Here we show data only for 2010. 
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2. Materials and Methods 

 
2.1. Input Data and Soil Hydraulic Properties 
 
The research area is located near Biđ Field in Eastern Croatia between 18º15' to 19º00' east 
longitude and 44º45' to 45º20' north latitude. Climatic data were collected from the Gradište 
meteorological station (45°09' N and 18°42' E). The study was performed at 4 locations. Soil 
types were classified as follows: Luvic Stagnic Phaeozem Siltic (Horizons: Ap-Bt-Bg-C) at 
locations L1 and L2, Haplic Fluvisol Eutric Siltic (Horizons: Ap-A/Bw-Cg-Cr) at location L3, 
and Haplic Gleysol Calcaric Eutric Siltic (Horizons: Ap-Bg-Cr-Cg) at location L4. Measured soil 
textures are shown in Table 1. 
 

Table 1. Soil texture, bulk density, and van Genuchten soil hydraulic parameters for the four lysimeters 
L1 through L4 (Filipović et al., 2013). 

 

Location Depth 
(cm) 

Sand 
(%) 

Silt 
(%) 

Clay 
(%) 

Bulk 
density 
(g cm-3) 

θs 
(cm3 cm-3) 

θr 
(cm3 cm-3) 

Ks 
(cm day-1) α (cm-1) n 

L1 0-40 13 65 22 1.59 0.38 0 11 0.0026 1.18 

 40-75 4 63 33 1.57 0.37 0       15 0.0026 1.17 

L2 0-30 9 67 24 1.56 0.36 0 17 0.0018 1.26 

 30-75 2 61 37 1.55 0.37 0 12 0.00017 1.25 

L3 0-40 6 60 34 1.49 0.37 0 14 0.0016 1.20 

 40-90 6 60 34 1.55 0.38 0 9 0.0029 1.18 

L4 0-30 5 54 41 1.37 0.42 0 12 0.0014 1.20 

 30-70 3 54 43 1.55 0.41 0 14 0.0021 1.18 

 
 

Table 2. Information about crops, sowing and harvest dates, and fertilizer applications (Filipović et al., 
2013). 

 
Year Location Crop Sowing 

date 
Harvest 

date 
Application 

date Fertilizer 

20
10

 

L2 Barley 13.11.2009 15.07.2010 01.04.2010 NPK 15:15:15 260 kg/ha, 
Urea 180 kg/ha 

L3 Corn 04.05.2010 10.10.2010 04.05.2010 NPK 15:15:15 700 kg/ha, 
Urea 180 kg/ha 

L4 Corn 01.05.2010 03.10.2010 01.05.2010 NPK 15:15:15 600 kg/ha, 
Urea 180 kg/ha 

 
 
2.2. Lysimeter Experiment 
 
One zero tension lysimeter was installed at each location at a depth of 50 cm. Nitrate 
concentrations were determined with a continuous flow analyzer San+ (Skalar), while outflows 
were collected manually. Daily elevations of the groundwater table were monitored using two 
water level limnigraphs (Orphimedes-OTT Hydrometry). We recorded also all agricultural 
activities in the experimental fields, including sowing and harvesting dates, and the date and 
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amount of fertilizer application (Table 2). Location L1 was not used for the solute transport 
simulations because only an organic fertilizer was applied at this location. 
 
2.3. Model Description 
 
The HYDRUS-2D model was used to simulate water flow and solute transport. The Richards 
equation, which describes isothermal Darcian flow in a variably-saturated rigid porous medium, 
is solved numerically by the software. This equation may be written in a general form as follows: 
 

 ( ) wK H S
t
θ∂
= ∇ ∇ −

∂  (1) 

 
where θ is the volumetric water content [L3L-3], K is the unsaturated hydraulic conductivity [LT-

1], H is the hydraulic head [L], Sw is a sink term accounting for plant water uptake [T-1], ∇ is the 
spatial gradient operator, and t is time (T). 
  
Soil hydraulic functions were described using the van Genuchten-Mualem model (van 
Genuchten, 1980). Table 1 lists the parameters values. Of these, the saturated water content, θs, 
was measured, while the remaining parameters of the soil water retention curve (θr, α, and n) 
were optimized using the RETC software (van Genuchten, 1991) by fitting the measured 
retention data. Unsaturated hydraulic conductivities were predicted using the θs, θr, and n values, 
the measured values of saturated hydraulic conductivity, Ks, and assuming the pore connectivity 
parameter to be equal to the average of many soils (l=0.5) as suggested by Mualem (1976). 
 
The governing solute transport equations, which solve the transport of each chemical species 
separately, were simplified as follows: 
 
For urea: 
 

 ( ) ( )1
1 1 1 1a w

c D c qc c S c
t
θ θ µ θ∂

= ∇ ∇ −∇ − −
∂  (2) 

 
For ammonium: 
 

 ( ) ( )2 2
2 2 2 2 1 2v n a w

c s D c qc c c c S c
t t

θ ρ θ µ θ µ θ µ θ∂ ∂
+ = ∇ ∇ −∇ − − + −

∂ ∂  (3) 

 
For nitrate: 
 

 ( ) ( )3
3 3 2 3n w

c D c qc c S c
t
θ θ µ θ∂

= ∇ ∇ −∇ + −
∂  (4) 

 
where ci is the liquid phase concentration of chemical species i (the subscripts 1, 2, and 3 
represent urea, ammonium, and nitrate, respectively) [ML-3], D is the dispersion coefficient 
tensor [L2T-1], q is the volumetric flux density[LT-1], ρ is the bulk density of the soil [ML-3], s2 is 
the adsorbed concentration of ammonium [MM-1], μa is a first-order rate constant [T-1] 
representing nitrification of urea to ammonium, μv is a first-order rate constant [T-1] representing 
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volatilization of ammonium to ammonia and μn is a first-order reaction rate constant [T-1] 
representing nitrification of ammonium to nitrate. 
 
The parameters needed for simulating the transport of the various nitrogen species were set as 
follows. The longitudinal dispersivity along the direction of flow was taken as 5 cm and the 
transverse dispersivity as 0.5 cm. Molecular diffusion was neglected. The first-order reaction 
constant representing nitrification of urea to ammonium (μa) was taken as 0.38 per day (Hanson 
et al., 2006), the reaction constant representing nitrification of ammonium to nitrate (μn) was set 
at 0.2 per day (Hanson et al., 2006), and the reaction constant for volatilization of ammonium to 
ammonia (μv) was set at 0.0552 per day (Bolado Rodriguez et al., 2005). The distribution 
coefficient for ammonium (Kd) was assumed to be 3.5 cm3g-1 (Hanson et al., 2006). The bulk 
density was measured using undisturbed soil samples (Table 1). 
 
The model was used to simulate the water regime and solute transport above and around the 
lysimeter plate assuming a radially symmetric flow domain. The assumed 2D transect was 150 
cm wide radially, and 150 cm deep, with the lysimeter plate (Ø 50 cm) at a depth of 50 from the 
soil surface. Initial conditions were defined as a hydrostatic equilibrium pressure head 
distribution with the value of the pressure head at the bottom being zero (a groundwater table). 
Atmospheric conditions with surface runoff were selected at the top. A seepage face was applied 
at the top of the lysimeter plate. Root water uptake was calculated assuming potential 
evapotranspiration, a given root depth and density, and using the Feddes water stress response 
function (Filipović et al., 2013).  
 
The initial ammonium and nitrate contents in soils were set in terms of nitrogen concentrations in 
soil water (expressed in mmol cm-3). No flux was considered at both lateral boundaries, and the 
sides and bottom of the lysimeter plate. A third-type boundary condition was used at remaining 
boundaries. The concentration fluxes of nitrogen for all 3 applied species (urea, ammonium, or 
nitrate) were calculated assuming molar mass and a number of atoms for each molecule 
(Filipović et al., 2013).  
 
 

3. Results and Discussion 
 
3.1. Water Flow 
 
Observed and simulated results are shown in Figure 1. The simulated results depended upon 
precipitation events, the transpiration intensity and the position of the groundwater table. The 
water table in particular was found to have a major effect on pressure head distributions around 
the lysimeter plate. No outflow was simulated when the water table was deep. Cumulative 
outflow was then strongly affected by water diverging around the lysimeter, without any water 
flowing through the lysimeter plate. The reason is that outflow will occur only when the soil 
above the plate is fully saturated (e.g., the pressure head in the soil above the plate must reach a 
positive value). Outflows were simulated only after intensive rainfalls when the soil above the 
plate became saturated from below (i.e., when the water table was high and the soil profile 
mostly saturated due to capillary rise from the water table). 
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Figure 1. Observed and simulated cumulative outflows from the four lysimeters in 2010. The 
correspondence between measured and simulated values is expressed using the correlation 
coefficient, r (Filipović et al., 2013). 

 
The spatial distributions of the pressure head clearly indicate that water was diverging around the 
plate towards the dryer surrounding soil (as also discussed by Peters and Durner, 2009) and that 
water could also be supplied by capillary rise from the water table. Two examples of the pressure 
head distribution are shown in Figure 2. Figure 2a shows pressure heads within a two-
dimensional transect (i.e., around the lysimeter plate) after rainfall when no outflow was 
simulated. Figure 2b similarly shows pressure heads within the two-dimensional transect after 
rainfall when considerable outflow was simulated. The figures clearly show either low or high 
pressure heads above the plate, which resulted into either no or high outflows, respectively. 
 

 
 

Figure 2. Simulated pressure heads within the two-dimensional transect of lysimeter 4, 2010, day 
71 (a, left) and 152 (b, right) (after Filipović et al., 2013). 
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3.2. Nitrate Transport 
 
Cumulative nitrate outflow measured in different lysimeters and simulated using HYDRUS-2D 
are presented in Figure 3. Values reflect cumulative water outflow rates (Fig. 2) and actual 
nitrate concentrations above the lysimeter plate. Therefore, the correspondence between 
observations and model outputs varies. This is reflected by the r values in Figure 3, which range 
from 0.72 to 0.89. No outflow of urea was simulated because of root uptake and rapid conversion 
into nitrate (urea and NPK are highly reactive fertilizers that start reacting immediately after their 
dissolution in percolating water). Figure 4 shows the nitrate concentrations (79 days after the 
fertilizer application) after an extreme rainfall event in 2010. A considerable amount of nitrate 
passed in this case below the lysimeter plate due to large and intensive rainfall. Clearly, the 
amount of precipitation and its intensity strongly influenced the nitrate leaching process and its 
dynamics in the observed soil profile. These are the most dominant processes determining nitrate 
transport and distributions in the soil. 
 

 
Figure 3. Observed and simulated cumulative nitrate outflows from the three lysimeters in 2010. 
The correspondence between measured and simulated values is expressed using the correlation 
coefficient, r (after Filipović et al., 2013). 

 
 

4. Conclusions 
 
The ability of zero-tension plate lysimeters to collect soil water samples and to assess soil water 
regimes and nitrate leaching in soils influenced by the groundwater table was evaluated in this 
study. A poor efficiency during the vegetation period was caused mostly by high plant water 
demand and possible lateral diversion of water when the groundwater table was deep. The 
simulated water and nitrate outflows showed that the water regime was affected significantly by 
the groundwater table, which was monitored in the field. Outflow was simulated only when the 
soil above the plate was saturated from below, and during intensive rainfall periods.  
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Figure 4. Simulated nitrate concentrations within a two-dimensional transect of  lysimeter 4, day 
200 (Filipović et al., 2013). 

 
 
Nitrate outflow always reflected the simulated outflow of water and the actual nitrate 
concentrations above the lysimeter plate. The lysimeter plate generally acted as a barrier for 
water flow and also solute transport. The HYDRUS-2D software package was able to reproduce 
to some degree the observed water and nitrate outflows. Our results indicate that HYDRUS can 
be very helpful for understanding and estimating the dynamics of water flow and nitrate transport 
under real field conditions. 
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