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Zusammenfassung 

Die Auswertung von instationären Fließexperimenten an Laborsäulen durch inverse Modellierung 
mit Hilfe numerischer Simulation bewährt sich zunehmend als genaue und schnelle Methodik zur 
Gewinnung von hydraulischen Parametern. Die Anwendung dieser Methodik auf der Feldskala ist 
jedoch noch wenig erforscht. Offene Fragen ergeben sich insbesondere für große Bodenkörper, die 
intern heterogen aufgebaut sind. Dies betrifft die Existenz, die Eindeutigkeit, die geeigneten 
Funktionstypen und die Unsicherheiten der effektiven hydraulischen Eigenschaften. Zur näheren 
Untersuchung dieser Fragen bieten sich Lysimeterstudien an. Der entscheidende Vorteil im 
Vergleich zum freien Bodenkörper liegt darin, dass in Lysimetern die Randflüsse genau kontrolliert 
werden können. Unsere Studie zeigt, dass unter Einsatz von effizienten und modernen 
Computercodes zur direkten Lösung der Transportgleichungen sowie robusten Algorithmen zur 
Parameter-Schätzung hydraulische Eigenschaften aus Lysimeterexperimenten unter natürlichen 
Randbedingungen identifiziert werden können. 

Introduction 

A proper characterization of water flow processes is needed in nearly all basic and applied aspects 
of soil, water, nutrient, and salinity management research. Water flow in soils is typically described 
with the Richards equation, which contains the water retention curve and the hydraulic conductivity 
curve as constitutive relationships. The Richards equation is valid on a scale of 10-2 to 10-1 m, 
which we may call the measurement scale (Durner and Flühler, 2005), but frequently applied as 
process model for water transport at much larger scales. The retention curve and conductivity 
function are then used as effective properties. The often very large variability of the soil hydraulic 
properties in space is accordingly replaced by the assumption of homogeneity. Due to the non-
linearity of the flow equation, averaging non-linear properties gives mean properties that are not 
identical to the “effective” properties. For the general case, it is not clear whether effective 
properties exist at all. If they exist, questions arise with respect to their general shape in relation to 
the local properties (e.g. van Genuchten/Mualem functions). A methodology to investigate the 
problem is to determine the hydraulic properties directly on the scale of interest by inverse 
modeling. 
The aim of this paper is to investigate the identification of effective hydraulic properties of 
homogeneous and layered soil systems on the lysimeter scale. To answer these questions, 
feasibility studies based on synthetic data are performed. In a companion paper (Jansen and Durner, 
this issue), the methodology is used to investigate real measured data of the lysimeter station 
Wagna in Austria. 



 

 

 

 
Fig. 1. Left: Synthetic measured and inversely simulated cumulative outflow, Q, pressure heads, h, and water 
contents, θ, at two depths in a 2 m long lysimeter. Soil type: Sand. Experiment type: Natural boundary 
conditions.  Right: Identified hydraulic properties. Upper Row: Identification results by the local convergent 
Levenberg-Marquardt algorithm, obtained from different initial parameter estimates. Lower row: 
Corresponding estimates obtained by the global convergent SCE-UA algorithm.  

Material and Methods 

Synthetic data of soil water status (water contents and matrix potentials at different positions) and 
boundary water flow (cumulative outflow data and upper boundary fluxes) were generated by 
forward simulations of the soil water movement in 200 cm long lysimeters, using the HYDRUS-1D 
Software. The generated data were perturbed by adding some random noise, reflecting typical 
measurement errors, and were then used in the inverse simulations to determine the effective 
hydraulic properties. The forward simulations were carried out under natural transient boundary 
conditions over a period of one year, for homogeneous soils (clay, silt, and sand, as defined in 
Durner and Flühler, 2005), and for layered profiles with different soil materials.  
The combination of silt and silty loam (Profile I) led to a weakly heterogeneous soil system, the 
combination of silt with loamy sand (Profile II) induced a strong heterogeneity. The generated data 
were used in the inverse simulation scenarios. The objective function contained 366 cumulative 
outflows (one value per day), 732 pressure heads and – in some scenarios – also 732 water 
contents. All synthetic data were corrupted with noise by adding a normally distributed error with 
zero mean and a standard deviation of 0.001 cm for outflow, 0.5 cm for the pressure head, and 
0.01 cm for the water content. These deviations reflect the accuracy of the measuring instruments 
at the lysimeter station Wagna (Austria). The weights for the data in the objective function were 
taken as reciprocal to the variance of the measurement errors.  
The soil hydraulic functions were taken according to the van Genuchten/Mualem model and imply 
five parameters: saturated water content θs, residual water content θr, pore-size parameter α, pore-
width parameter n, and saturated water conductivity Ks. In the inverse parameter estimation, the 
saturated water content, θs, was fixed at its real value so that the parameter vector p contained four 
unknowns. For the parameter optimisation the Levenberg-Marquardt algorithm, as implemented in 
HYDRUS-1D, and the global convergent shuffled complex evolution (SCE-UA) algorithm were 
applied. The SCE-UA algorithm is implemented in MATLAB, Version 6.5 and interlinked with the 
HYDRUS-1D Kernel, Version 7. An uncertainty analysis was carried out by applying the first 
order second moment (FOSM) method. For further details see Jansen (2005). 



 

 

 

Fig. 2. Left: Synthetic measured and inversely simulated cumulative outflow, pressure heads, and water 
contents at two depths in a 2 m long lysimeter. Soil type: Profile I. Experiment type: Natural boundary 
conditions. Right: Identified hydraulic properties obtained by the global convergent SCE algorithm. For 
comparison, the hydraulic functions of both individual soil layers are included as grey lines. The 
uncertainties in the effective hydraulic functions are presented as 95% confidence intervals. 

Results and Conclusions 

The inverse determination of hydraulic properties of locally homogenous lysimeters from 
observations of boundary fluxes and state variables in two depths under natural boundary 
conditions was successful. For most soil types it was sufficient to include the cumulative flux at the 
lower boundary and some tensiometric measurements in the object function. Observations and 
inverse simulations showed a perfect match (Fig. 1). The identification of the original properties 
was in most cases accurate and unique. This result for synthetic data reflects an absolute ideal case, 
where no error with respect to the process model and parametric model, and no systematic data 
errors are present. However, this positive finding is restricted to the use of a robust global 
parameter estimation scheme (Fig. 1). The inverse simulation for layered soil profiles (Figs. 2 
and 3) also gave always a very good accordance between observed and fitted outflow, despite the 
replacement of the layered by a homogeneous soil. Internal heterogeneity is not visible in the 
outflow data. For the less heterogeneous profile I, even the agreement between observed and 
simulated internal state variables (pressure heads and water contents) is good. However, for the 
strongly heterogeneous profile II (Fig. 3) the mismatch becomes very obvious. The layered system 
can no longer be replaced by effective “mean properties” of the soil. However, if the layering is 
explicitly included in the parameter estimation procedure, it is possible to estimate the properties of 
two individual layers simultaneously by the inverse procedure (Jansen, 2005). 



 

 

 

Fig. 3. Left: Synthetic measured and inversely simulated cumulative outflow, pressure heads, and water 
contents at two depths in a 2 m long lysimeter. Soil type: Profile II. Experiment type: Natural boundary 
conditions. Right: Identified hydraulic properties obtained by the global convergent SCE algorithm. 

 
Our results show that it is possible to derive effective hydraulic properties of large soil bodies on 
length scales relevant for field soils from measurements on lysimeters. In comparison to free soil 
bodies, an important advantage results from the accurate knowledge of the boundary water fluxes. 
Still, the investigation of water and solute transport properties of lysimeters by inverse modeling 
faces considerable challenges. We found that it requires the use of efficient and modern computer 
codes to solve the transport equations and robust algorithms for parameter estimation. Problems for 
applying the technique to real data will likely emerge from violations of some of the underlying 
assumptions, such as the errorless representation of the flow process by the Richards equation, and 
the neglect of hysteresis. Furthermore, the activity of plants in the water uptake during 
evapotranspiration might cause problems. This will be further evaluated in the companion paper by 
Jansen and Durner (this issue). 
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