
Introduction
Multistep outflow (MSO) experiments are a flexible tool for the 
identification of soil hydraulic parameters and are now frequently used. 
The estimation of the parameters describing the water retention curve 
and the unsaturated hydraulic conductivity function is usually carried 
out by nonlinear parameter estimation. While in general model 
adequacy can be tested within this framework (Hollenbeck and Jensen, 
1998), uncertainty estimation for the obtained hydraulic functions is 
usually exacerbated by the occurrence of model error which is 
statistically difficult to handle. Bayesian methods have become 
increasingly popular for model predictive uncertainty assessment in 
many fields of hydrological research and have also been discussed in 
the field of vadose zone hydrology (Abbaspour, 1999). We present an 
approach for conditioning soil hydraulic parameters on data obtained 
from an MSO experiment conducted on a sandy loam. 
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Parameter uncertainty by classic approach
• A multi-step outflow experiment was performed on Ponticelli sandy 

loam. The experiment was inversely simulated (ESHPIM code, 
Zurmühl), employing the Richards equation as process model and 
the standard Mualem-van Genuchten model of the hydraulic 
functions.

• The inverse optimization yielded optimized parameters α, n, θr, and 
Ks and the corresponding parameter covariance matrix. Values of θs 
and the tortuosity parameter τ were kept fixed.

• Prediction uncertainty bounds for cumulative outflow data were 
calculated by Monte Carlo simulation. 10000 correlated parameter
sets were generated from the estimated parameter covariance matrix. 
The variance of a predicted value of Q was then calculated after 
(Draper and Smith, 1966):

where σe
2 is the estimated error variance and Vare{Qi} is the 

variance obtained from Monte Carlo simulation.

Parameter uncertainty by parameter conditioning
• Parameter Conditioning was carried out within the framework of 

generalized likelihood uncertainty estimation (GLUE, Beven and
Binley, 1992). 

• Parameter sets were drawn randomly from uniform prior 
distributions of α, n, θr, and Ks until a total number of 50000 runs 
with sufficient agreement between measurements and model 
simulations were obtained (modeling efficiency was at least 0.5). 

• The posterior distributions of the model parameters and the predicted 
cumulative outflow were calculated according to:

• The number of retained simulation runs was adjusted so that the 
envelope of the simulated outflow data embraced the measurements. 
Posterior distributions of the two hydraulic functions were calculated 
from the retained runs. 
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The dotty plots show the results of the Monte Carlo simulation. Parameters α, (n-1) and Ks were 
drawn from a log-uniform distribution. Each dot represents one simulation with associated 
likelihood L(Q|pi). All parameters except θr show distinct optima. Optimized parameters are 
0.027 cm-1, 1.48, 0.05, and 4.37 cm hr-1 for parameters α, n, θr, and Ks , respectively.

Results

Left Colum: Classically calculated prediction uncertainty intervals for cumulative outflow 
obtained from the t-distribution are shown in the top-left of the figure. The majority of 
measurements is not encompassed by the uncertainty bounds. Uncertainty bounds for the 
hydraulic functions were obtained from propagating the inversely estimated parameters with their 
corresponding covariance matrix through the functions. 

Right Column: The outflow uncertainty bounds obtained from parameter conditioning using 
GLUE are depicted in the top-right figure. Runs were retained so that the envelope of the runs 
encompassed all observations. It is apparent that the envelope is extremely wide. This is due to 
the inadequacy of the employed retention model which is not able to simultaneously describe the 
outflow behavior close to saturation and at later stages. However, the 2.5% and 97.5% quantile of 
the posterior distribution of the retention curve do not spread as much. There is dramatic 
uncertainty in the K(h) function. 

Conclusions
• Calculating parameter uncertainty and prediction uncertainty by 

parameter conditioning instead of classic parameter optimization
leads to far wider uncertainty estimates.

• The wide uncertainty bounds are caused by the inability of the 
hydraulic model to correctly represent the retention properties of the 
soil under investigation. Comparison of the two approaches on 
synthetic data corrupted with noise but without model error (not
shown here) leads to negligible differences.

• In case of wrong structural models, which are rather the rule than the 
exception, the classic parameter fitting may lead to underestimated 
uncertainties of the parameters. Simulations based on these 
uncertainty estimates do not encompass observed outflow data.

• The width of the uncertainty intervals could be highly reduced by 
applying a more flexible model for the retention curve (independent 
m, n or bimodal)
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