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Zusammenfassung 

Der Wasserstatus von Böden beeinflusst ökosystemare Stoff- und Energieumsetzungen auf allen 
Skalen. Zur Quantifizierung der Ausbreitung von Schadstoffen im Boden ist daher eine korrekte 
Beschreibung des ungesättigten Wassertransportes erforderlich, welches die Kenntnis der 
bodenhydraulischen Eigenschaften voraussetzt. In diesem Zusammenhang gilt der Frage nach der 
Übertragbarkeit bodenhydrologischer Prozesse auf größere Skalen ein besonderes Interesse. Um 
die bestehende Skalenlücke zwischen Labor und Feld zu schließen, wurde in diesem 
Forschungsprojekt die Lysimeterskala gewählt. Zur Identifikation der bodenhydraulischen 
Eigenschaften bzw. zur Quantifizierung des Tracertransportes wurde die Methode der inversen 
Modellierung unter Einbeziehung des global konvergenten Shuffled-Complex-Evolution-
Algorithmus angewandt. Dazu wurden Daten der Lysimeterstation Wagna in Österreich 
herangezogen. Die Experimente fanden an zwei unterschiedlich bewirtschafteten monolithisch 
gestochenen Lysimetern unter atmosphärischen Randbedingungen über einen Zeitraum von 18 
Monaten statt und beinhalteten zeitlich hoch aufgelöste Messungen von Tracergehalten und 
Wassermengen im Ausfluss sowie von Wassergehalten und Matrixpotentialen in mehreren Tiefen. 
Die Schwierigkeiten der Anwendung der inversen Modellierung auf der Lysimeterskala liegen vor 
allem in der Heterogenität der Böden und der damit verbundenen Nichtexistenz eindeutiger 
effektiver bodenhydraulischer Eigenschaften begründet.  

Introduction 

Modeling the transport of solutes in soils requires a valid description of water transport. In general 
the Richards equation is used to describe transient flow processes. Due to the high nonlinearity of 
the hydraulic functions, the use of this equation for large scales in soils with spatial variability of 
hydraulic parameters is a frequently discussed problem in soil hydrology (Durner & Flühler, 2005). 
To close the existing gap between laboratory and field scale, the lysimeter scale more and more 
finds itself in the soil scientific spotlight. Lysimeter have the advantage of a controlled mass 
balance, because the water that leaves the system through the upper and lower boundary can be 
measured in high precision by weighting and sampling the outflow. 
The main focus of this research project lies in the inverse simulation of the unsaturated water 
transport to determine the hydraulic properties of heterogeneous soils, using measured data from 
the lysimeter station Wagna in Austria (Fank, 1999). The obtained hydraulic properties were used 
for the subsequent inverse simulation of the transport of bromide, used as an ideal tracer. The 
lysimeter experiments took place under atmospheric boundary conditions over a period of several 
years and still continue. This study is related to a basic study about inverse simulation of water 
transport, which used synthetic data to simulate measurements in heterogeneous, layered soils 
(Jansen, 2005; Durner & Jansen, this issue). The simulations for synthetic data showed the 
difficulties of the inverse determination of effective hydraulic parameters in particular for strongly 
heterogeneous soils under atmospheric boundary conditions. From this basic study it became 
evident that the layered soils in Wagna could not be represented by one set of quasi-homogeneous 
properties. Thus, two sets of hydraulic parameters were estimated simultaneously.  



Material and methods 

In 1991 the research station Wagna was established, because the intensification of agriculture in the 
region of the “Leibnitzer Feld” (Steiermark) in the eighties resulted in quality problems of the 
groundwater (Fank, 1999). Since autumn 2004 this station operates two undisturbed, weighable, 
suction lysimeters (surface: 1 m², depth: 2 m) on differently cultivated experimental sites 
(conventional and ecological). The lysimeters have special edges and lowering techniques to be 
planted and handled in the same way as the surrounding field. The lysimeter soils are characterised 
by a very high vertical heterogeneity due to a fine-textured topsoil and a sandy subsoil containing 
gravel. In this study, data of the lysimeter on the conventionally farmed experimental site were 
primarily used because this lysimeter was provided with additional tensiometers and TDR tubes. 
During the simulation period (October 2004 until January 2006) different crops were cultivated on 
the fields. The pumpkins which were planted in the vegetation period from May to September 2005 
played a decisive role for the water transport simulations because of their high water requirements.  
For the inverse simulation of the unsaturated water transport a short simulation period (38 days) 
was chosen, which was defined by a continuous drying of the soil. Therefore, hysteresis did not 
need to be considered. The optimisation of the hydraulic parameters was carried out with the global 
convergent shuffled complex evolution algorithm of Duan et al. (1993). The bimodal Mualem-van 
Genuchten model (Durner, 1994) as well as a free-form parameterisation (Bitterlich et al., 2004) 
were used to characterise the unsaturated hydraulic functions. The upper boundary condition was 
set according to the matrix potential measured in the same depth next to the lysimeter.  
The optimised hydraulic parameters were included in the direct simulations of water transport over 
longer simulation periods and finally in the solute transport simulations of the tracer bromide, 
which was applied on the 12.04.2005. These simulations were realised by the software HYDRUS-
1D (Simunek et al., 1998). The inverse determination of the bromide transport parameters was 
obtained with the local convergent Levenberg-Marquardt algorithm. The convection-dispersion 
equation in the form of the two-region model (mobile-immobile approach) was applied. 

Results and discussion 

The inverse simulation scenario using the free-form parameterisation of the hydraulic functions 
provided optimal agreement between observations and simulation. However, this parameterisation 
is not included in HYDRUS-1D software. Therefore, a slightly worse-fitting scenario with bimodal 
Mualem-van Genuchten parameters and two soil layers was used in the subsequent solute transport 
simulations and is presented here. Inverse simulations that consider more than two soil layers could 
currently not be realised since the required computer power is too high.  
The measured data of cumulative outflow (Q) correspond excellent to the simulated value (Fig. 1, 
upper right), and also the agreement between measured und observed pressure heads is relatively 
good, keeping in mind the two-layer arrangement of the simulation. The water contents show 
systematic deviations between fitted and measured data, indicating some further heterogeneities in 
the upper soil layer. To improve this, an additional layer must be introduced. The prediction 
uncertainty was calculated by the 95% confidence intervals and is composed of parameter 
uncertainties (dark-grey) and uncertainties caused by measurement errors (bright-grey). In the 
majority of cases the parameter uncertainties are small (Fig. 1). For the outflow, the prediction 
uncertainty is very small, which means that the effective flow properties of the system are captured 
very well by the simulation. For the water content and pressure heads, the above mentioned 
systematic deviations lead to wide prediction uncertainties. For more details see Jansen (2005). 
In principle the separate estimation of the hydraulic parameters for more than two soil layers would 
have been necessary. Another source of error resulted from the uncertain, and possibly somehow 
inaccurate definition of the root growth and root water uptake, which of course affects the soil 
hydraulic parameter estimation.  



  
Fig. 1. Measured (blue) and simulated (red) matrix potential, water content and cumulative outflow data of 
the inverse simulation with two soil layers by application of the bimodal van Genuchten parameterisation of 
the hydraulic functions (05.10.2005 to 10.11.2005).  

 
The application of the optimised hydraulic parameters for the whole simulation period resulted in 
the cumulative outflow presented in Fig. 2. The deviations in the last third of the simulation time 
could be due to the missing integration of the transpiration of grass vegetation since HYDRUS-1D 
only contains the root growth parameters for one vegetation period.  
However, since the total amount of simulated outflow was in the range of the measured value, the 
optimised hydraulic parameters were used in the inverse simulation of bromide leaching. In Fig. 3 
the measured total volume of bromide and the simulated bromide contents of two inverse scenarios 
are plotted versus pore volumes. The dispersivity ? and the mass transfer coefficient a of the 
mobile immobile approach of both soil layers were included in the optimisation procedure. During 
the simulation period of almost 300 days the pore volume was not completely replaced so that the 
maximum bromide concentration in the outflow is not reached yet. Around 23% of the bromide 
was collected by the end of January 2006. This is in accordance with a bromide mass of almost 
0.9 mg cm-2. The simulated bromide contents in the outflow of the first scenario (red line) 
approximately fit the measured values. To obtain this good correspondence, a high bromide uptake 
by the pumpkin vegetation had to be simulated, which strongly deviates from the actually measured 
values in the plant matter. 
 
 

Fig. 2. Measured (blue) and simulated (red) cumulative outflow data of the direct simulation with two soil 
layers by application of the bimodal van Genuchten parameterisation of the hydraulic functions (05.10.2004 
to 31.01.2006).  



 
Fig. 3.  Measured and simulated cumulative bromide concentration in the lysimeter outflow (12.04.2005 to 
31.01.2006).  

In a second simulation scenario (blue line) this uptake of bromide was approximately adjusted to 
the measured content in the plants. This resulted in a significant overestimation of the bromide 
mass in the outflow. This result could be affected by a wrong estimate of immobile and mobile 
regions in the simulations as compared to the real situation. A deficiency of the two-region model 
consists in the definition of immobility, which is set constant regardless of the true water content, 
and therefore has to be set strictly smaller than the minimum water content that occurs at any time 
during the simulation (Zurmühl & Durner, 1996). This leads in the simulation to an overestimation 
of the fraction of “mobile” pores which results in too much leached bromide.  

Conclusions 

Our study shows that inverse water and solute transport simulations on the lysimeter scale is a 
feasible tool to derive transport parameters. For the given case, it will be necessary to include more 
distinct soil layers and hydraulic parameter sets in the simulations, requiring more computer power. 
Better optimisation algorithms and more flexible descriptions of the hydraulic functions such as 
free-form parameterisations could also contribute to improve the simulation results. Furthermore, a 
more accurate definition of vegetation parameters as well as improved solute transport models 
should be included in the simulation software in the future.  
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