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Abstract A method for parameterization of mesoscale hydrological models is 
described. The aim of the method is a controlled parameterization of a 
conceptual model from known catchment characteristics within a larger region 
like a river basin. Since the hydrological model describes most of the relevant 
processes physically, most parameters can be derived directly from catchment 
characteristics utilizing a GIS. The remaining conceptual model parameters 
are correlated to these characteristics in an empirical, but physically 
meaningful way. The estimation of these conceptual parameters is done using 
an iterative procedure of numerical optimization, deterministic analysis and 
comparisons of the relationship between catchment characteristics and model 
parameters. This regionalization method of conceptual model parameters was 
successfully applied to a rainfall runoff model and tested in seven gauged 
catchments in a river basin of 840 km2. Transfer functions could be estimated 
for the conceptual model parameters. 

INTRODUCTION 

Within a river basin hydrological characteristics vary widely and hydrological 
simulations models are needed whose processes deal with this heterogeneity. The 
handling of a great amount of spatially distributed data like soil maps, digital elevation 
models or land use classifications from remote sensing, is possible using a GIS. 
Upscaling of this detailed data to catchment characteristics, describing hydrological 
processes at the mesoscale, can also be done in GIS by estimation of statistical 
parameters like mean values, variance and parameters of distribution functions. 

Thus hydrological models can be developed whose components describe the 
dominant hydrological processes physically and consider the heterogeneity in a 
statistical way. Most parameters of these models can be estimated directly from 
catchment characteristics and the number of remaining conceptual or "effective" 
parameters can be reduced to a minimum. Based on their physical meaning these 
conceptual parameters can be adjusted to reflect relevant catchment 
characteristics. 

STRUCTURE OF THE RAINFALL-RUNOFF MODEL 

The structure of the model used is related to the three dominant hydrological processes 
of transformation of rainfall into direct runoff: (a) runoff generation in the upper soil 
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layer, (b) runoff formation on hillslopes, and (c) runoff concentration within the river 
network. For each process the catchment is subdivided into spatial units considering 
the most relevant physical characteristics of each process. The heterogeneity of other 
relevant characteristics within these units is described by distribution functions or 
averaged parameters. To couple the three model components the fluxes of water 
from each one has to be distributed among the units of the following process model 
(Fig. 1). 

The runoff generation model 

For runoff generation the infiltration model of Green & Ampt is combined with a non­
linear storage model for the upper soil layer. Soil texture was chosen as the criteria for 
subdivision of the catchment into simulation units. The heterogeneity of the soil 
storage capacity within these units caused by the different rooting depth of different 
vegetation types is described by analytical distribution functions (Schumann, 1993). 
Surface runoff from infiltration excess is calculated by the infiltration model. The 
generation of surface runoff from saturated areas is described by the non-linear storage 
model. Interflow rate RH and percolation PER are calculated according to the relative 
soil storage content wact. 

RH = CH-w™EX (1) 

PER = CVSAT-wJt

BEX (2) 

With the parameters CH and CHEX of the non-linear interflow computation formula 
and the parameters CVS AT and CBEX of the corresponding percolation function, the 
runoff generation model has four conceptual parameters. 

The runoff formation model 

Runoff formation on hillslopes is controlled by soil and vegetation. For each 
combination of these characteristics the amount of runoff leaving the corresponding 
area element within one time step, to another combination or into the river network, is 
calculated. Therefore in every combination the specific surface roughness for surface 
runoff and horizontal transmissivity of the upper soil layer for interflow is considered. 
The interaction of all soil vegetation combinations, one beneath the other, and with the 
river network is described with transition frequencies. These transition frequencies are 
statistical parameters which are related to the contact length of two different 
combinations in flow direction on the hillslope or between one combination and the 
river network (Schumann & Funke, 1996). 

Surface roughness can be related to the vegetation. Transmissivity can be 
calculated from the actual storage content of the upper soil layer and the hydraulic 
conductivity of the soil. Finally transition frequencies can be derived from GIS-based 
digital elevation data, so that no conceptual parameters exist in the runoff formation 
model. 
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Fig. 1 Coupling of the three process models of runoff generation, formation and 
concentration to form the rainfall runoff model. 

The runoff concentration model 

The runoff concentration in the river network is computed with the aid of a two 
dimensional response function, which is parameterized by the linear advection-
dispersion equation. The response of the river network depends on advection and 
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dispersion parameters and the spatial distribution of inflow from the hillslopes. This 
distribution is calculated at each time step of the simulation using the concept of 
pathway probabilities (Snell & Sivapalan, 1994) and the simulated actual runoff from 
the runoff formation model. 

Nevertheless the majority of the parameters (11 parameters) are estimated from 
catchment characteristics directly in a GIS. Six conceptual parameters remain: two 
parameters of the non-linear equation for interflow generation, two parameters for the 
percolation and two parameters for the runoff concentration. Their values can not be 
estimated directly from measured catchment characteristics and have to be determined 
by a so-called "adjustment processor". 

REGIONALIZATION OF CONCEPTUAL MODEL PARAMETERS WITH 
THE ADJUSTMENT PROCESSOR 

The regionalization of conceptual model parameters is realized by an iterative 
procedure of numerical optimization based on a global gradient algorithm, 
deterministic comparison and analysis, and a decision step about the relationship 
between optimized model parameters and catchment characteristics (Fig. 2). Model 
calibration and validation are done by split sampling of historical storm events. The 
objective function used for minimizing the overall simulation error of the m calibration 
storms is the Mean Square Simulation Error, F2: 

^ = - - £ ( l - ^ ) 2 « 
m % 

based on the simulation efficiency criterion EFF (Beven et al., 1984) for every storm j . 
The efficiency criterion is calculated from the ordinates Qmeas.i and QSim.i of the 

measured and simulated hydrographs and the mean measured direct runoff Qmeas of 
every storm: 

i(Q„,,-Qj-i(Q,,,,,-Q,J 
EFF,.=^ a - (4) 

t & _ - f l U 
J 

All conceptual model parameters are simultaneously optimized by a global 
optimization strategy until the best-fitted parameter set is identified for every 
catchment. In every optimization step the first parameter values are estimated with 
calibration event data, then they are verified with the validation data. After this 
controlled numerical optimization, a sensitivity analysis shows functional 
interdependencies of parameters. A regression analysis detects relationships between 
model parameters and known, physically relevant catchment characteristics, e.g. soil 
and land use parameters or geomorphological indices. As a result of this adjustment, 
step transfer functions can be defined or new optimizations can be started with adapted 
boundary conditions and taking account of functional dependencies between the 
parameters. A new value set of the remaining parameters is computed for each 
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Fig. 2 Flow chart of the "adjustment processor" 

particular catchment where the optimized parameters did not match the identified basic 
relationship of the region. This adjustment procedure for the model parameters of each 
catchment, considering its catchment characteristics, is repeated until physically 
consistent parameter sets for all catchments are estimated. Finally, a regional transfer 
function between catchment characteristics and model parameters is quantified by a 
regression analysis. 

By application of the adjustment processor to all the catchments of a region the 
number of conceptual parameters could be reduced significantly. At the beginning of 
the procedure one conceptual parameter of every parameter type in every catchment 
exists, but this set can be replaced by the two regression coefficients of the transfer 
function, valid for the whole region. 

CASE STUDY IN THE PRUEM CATCHMENT, GERMANY 

The rainfall runoff model and the regionalization procedure presented above were 
applied to the catchment of the Pruem River (840 km 2), a tributary of the Mosel River 
in the western part of Germany. The GIS-based model parameterization was done in a 
pre-processing procedure for seven gauged catchments of area between 18 km 2 and 
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574 km 2. The six conceptual model parameters could not be estimated directly and 
have to be quantified within the adjustment processor. Regression analysis estimates 
the catchment characteristic CC with the highest correlation to every conceptual model 
parameter MP and quantifies the parameters of the transfer function. Therefore 
different linear and non-linear regression models were used (Table 1). 

Table 1 Regression models used for transfer functions between catchment characteristics and model 
parameters. 
Model parameter MP = f (catchment characteristic CC): 
Linear model Power law model Logarithmic model Exponential model 
MP = c0 + cl-CC MP = c0-CCl MP = c0 + clMCQ MP = c0 + cl-exp(CQ 

At the beginning of the regionalization procedure the best fitted parameter values 
for each catchment were estimated without consideration of catchment characteristics. 
No correlation to any catchment characteristic could be found by comparison of these 
fitted parameter values (Fig. 5, left side). Functional dependencies between the para­
meters CH and CHEX of the non-linear interflow computation formula (equation 1) and 
also for the parameters CVS AT and CBEX of the corresponding percolation function 
(equation 2) were detected by a sensitivity analysis. Figure 3 shows a long small ridge, 
where for each value of CH an exponent CHEX exists with an optimal efficiency. 
Figure 4 shows this for the parameters CVSAT and CBEX of the percolation function. 

In the first adjustment step the factor CH of our interflow generation formula 
(equation 1) is now related to the horizontal transmissivity, which we can define as the 
product of the hydraulic conductivity of saturated soil ks and the actual water level in 
the soil storage SBact(i). The rewritten interflow generation formula is: 

RH^-SBacl(t)-wjrX « 
In the same manner the percolation parameter CVSAT is related to the hydraulic 
conductivity ks and the percolation formula rewritten to: 

PER = ks-wjr ( 6 ) 
As result of the reparameterization of equations (1) and (2) to equations (5) and (6), the 
conceptual model equations more closely reflect soil physics, and the set of conceptual 
model parameters is reduced from six to four parameters. 

After a new optimization of this reduced set the parameters CHEX and CBEX 
correlate physically correctly and strongly with the "wetting front suction" parameter, 
t|/, (Rawls et al, 1983) of the Green & Ampt infiltration model (Fig. 5, centre). The 
best regression model for both parameters is the linear model. Now the basic 
relationship between increasing MJ and increase of the values of CHEX and CBEX can 
be formulated. 

This relationship is valid for five of the seven catchments; the parameter values of 
two catchments are outliers (Fig. 5, centre). On one hand they contradict the identified 
basic relationship and the values of the other catchments. On the other hand they are 
out of the confidence interval of the regression line. The numerical optimization for 
these parameters for these two catchments was repeated with new boundary 
conditions. These new boundaries are estimated in accordance with the basic 
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Fig. 3 Sensitivity of mean simulation efficiency against the percolation parameters 
CVSAT and CBEX of the model in catchment Pruem (53 km2). 

20 
Fig. 4 Sensitivity of mean simulation efficiency against interflow parameters CH and 
CHEX of the model in catchment Pruemzurlay (574 km2). 

relationship from the values of the other catchments. After this second adjustment step 
the correlation coefficients increase from 0.925 to 0.968 for CHEX and from 0.673 to 
0.840 for CBEX (Table 2) and no more outliers exist (Fig. 5, right side). The overall 
mean of F2 for all seven catchments increases due to this procedure only from 1172 to 
1173, and all the model parameters are estimated according to the relevant catchment 
characteristics. Finally the functional dependencies between spatial mean values of \\i 
in the catchments, to the corresponding model parameter values of CHEX and CBEX 
can be quantified. The linear transfer functions for catchments in the Pruem river basin 
are: 

CHEX = 8.601 + 0.273 y and CBEX = 0.139 + 2.758 y (7) 

With these transfer functions the parameter set was reduced from fourteen different 
values of the two parameters in seven catchments, to four values of the regression 
coefficients of the two functions for all catchments in the region. Using this form of 
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Fig. 5 Adjustment procedure of the model parameter CHEX to the parameter wetting 
front suction y of the Green & Ampt infiltration model in seven catchments of the 
Pruem river with different regression models. 

parameterization the model has only the two remaining conceptual parameters of the 
runoff concentration model for the river network, and can be applied to further gauged 
and ungauged catchments of the region with reduced parameterization expense. 

Table 2 Results of an application of the developed model and the adjustment procedure on seven 
catchments of the Pruem River in the western part of Germany. Catchments handled in the several 
adjustment steps are marked in bold. 

Gauge Catchment 
area 
(km2) 

Number of 
storm events 

Mean Square Simulation Error F1: 
without adjustment 1 
adjustment 

adjustment 2 

Pruem 53 8 0.950 1.221 1.221 
Sinspelt 101 9 0.974 1.753 1.753 
Echterhausen 323 11 0.481 0.426 0.426 
Pruemzurlay 574 9 0.227 0.677 0.677 
Giesdorf 17 5 1.986 3.622 3.622 
Seffern 136 5 0.172 0.123 0.123 
Alsdorf 264 9 0.598 0.381 0.388 
Overall mean F1 0.770 1.172 1.173 
Correlation coefficient r for CHEX and \\i -0.379 0.925 0.968 
Correlation coefficient r for CBEX and \\i -0.278 0.673 0.840 
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CONCLUSIONS 

In this paper a method for parameterization of hydrological models was described, 
which adjusts conceptual model parameters of catchments in a region in accordance 
with known characteristics of these catchments. Therefore hydrological models are 
needed, where all model parameters have a physical interpretation and which can deal 
with the hydrological heterogeneity of a catchment. Here a new type of rainfall-runoff 
model was used, which deals with the heterogeneity in a statistical way. For this model 
it was possible to estimate the majority of model parameters from GIS-based 
catchment characteristics and to regionalize the remaining conceptual parameters in 
accordance with the catchment characteristics in the region by an iterative procedure of 
numerical parameter optimization, deterministic analysis and decisions. It was shown, 
that some conceptual model parameters could be replaced by physical parameters 
directly, and other parameters could be quantified by transfer functions from known 
catchment characteristics. In future this parameterization method will give advantages 
for the parameterization and simulation in unmeasured catchments of the region. 
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Abstract One major research interest of the DFG research project 
Regionalization in Hydrology is the problem of spatial parameter relationships 
relevant for hydrological modelling. In this study, physically based 
hydrological models and Geo-Information Systems (GIS) have been applied to 
investigate relationships between geomorphometry and hydrological processes 
at different spatial scales. The results show the importance of geo­
morphometry through (a) high correlations of different geomorphometric 
parameters with hydrograph indices, (b) the relevance of soil-geomorphometry 
relationships for parameterization in hydrological modelling, and (c) the 
correspondence of mesoscale landform types to areas showing similarity in 
runoff production. Scale thresholds related to catchment sizes are proposed. 

INTRODUCTION 

During recent decades, a growing number of environmental science disciplines have 
used hydrological models in planning and resource management, e.g. for flood 
forecasting (Penning-Rowsell, 1994). There has been a focus on simplification of 
model structure and parameter demand, so that models are usable at larger spatial 
scales with lower parameter requirements. Whereas hydrological processes at the 
microscale are well understood and appropriate models have been developed, 
difficulties result from applying microscale equations to meso- or macroscales (e.g. 
grid cells of tens of metres in a distributed model). This leads to the necessity for 
regionalization of model equations and/or parameters (Kleeberg, 1992). 

Geomorphometric parameters, such as slope angle and slope length, or locations of 
topographic divergence and convergence are the main controls in a number of 
hydrological processes. Attempts to quantify this influence show that 
geomorphometric parameters controlling runoff at the microscale do not necessarily 
have the same influence at larger scales. 

This study is focused on the influence of geomorphometry on runoff processes. 
The main aim is to identify geomorphometric parameters which significantly influence 
hydrological processes at different scales and to look for regionalization techniques to 
transfer parameters from one scale to another (Sivapalan & Kalma, 1995). Therefore, 
the first step is to determine thresholds in catchment size, where the significance of one 
geomorphometric parameter declines, and then to identify new or changed parameters 
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appropriate at the new scale, e.g. larger catchment size (Kirkby, 1988). These parameters 
are called "effective parameters" as they effect hydroiogical processes significantly. 

This study has been earned out within the framework of the Schwerpunkt-
programm "Regionalization in Hydrology" of the Deutsche Forschungsgemeinschaft, 
in which various German research groups have addressed the question of 
regionalization of hydroiogical models and parameters. Study areas include the 
Weiherbach catchment (6.3 km 2) in the Kraichgau area, southwest Germany, and the 
Leineturm catchment (991 km 2) in central Germany, which is a part of the Weser 
catchment. The Digital Elevation Models (DEMs) used have grid resolutions of 12.5 m 
and 31m, respectively. 

METHODOLOGY 

Geomorphometric parameterization and classification using GIS 

The study is concerned with determining the influence of geomorphometric features on 
hydroiogical processes at different scales, using and testing GIS technologies. 
ARC/INFO® and GRASS were used as basic GIS-packages in the entire research 
project. Additionally, geomorphometric software packages were included in our 
investigation, e.g. DGRM (Dikau, 1992). One research task was the analysis of the 
GIS packages concerning their capabilities in geomorphometric modelling and the 
development of new geomorphometric tools. Therefore, a hierarchical framework 
classifying existing and new GIS tools was developed (Schmidt & Dikau, 1999). It 
consists of a classification of geomorphometric objects, parameters and methods, in 
which primary geomorphometric parameters (e.g. local slope angle) and representative 
geomorphometric parameters (e.g. hypsometric integral) are identified (Fig. 1). This 
approach was used to prepare an inventory of GIS tools for deriving geomorphometric 
objects and parameters from raster-based DEMs using GIS. Table 1 shows some examples 
of representative geomorphometric parameters for catchments used in this study. 

Hydroiogical models 

In order to take varying catchment sizes and modelling concepts into consideration, 
two hydroiogical models have been used. 

The hydroiogical model TOPMODEL (Beven & Kirkby, 1979) is based on the 
concept of variable contributing source areas for streamflow generation. The tendency 
of any point (in this case, one pixel) in a catchment to generate saturation excess 
overland flow and thus to contribute to streamflow generation is given by its 
topographic wetness index ln(a/tanfj), where a is the area drained per unit contour 
length and (3 is the slope angle at this point. Model inputs are the frequency distribution 
of the topographic wetness index ln(a/tan|3), precipitation and évapotranspiration data. 
Further input parameters describe catchment behaviour concerning storage, channel 
routing and root zone conditions. Model output is the runoff hydrograph for the 
catchment, the water balance and saturated contributing areas for each time step. 
Figure 2 shows a calculated and an observed hydrograph for the Leineturm catchment. 
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The topographic wetness index ln^/tanP) is generally derived from a DEM. Thus, 
it is important to be aware of the close dependency between the model output and the 
grid size of the DEM used. Zhang & Montgomery (1994) stated that a 10 m grid size 
seems to be appropriate for deriving the topographic wetness index ln(a/tan|3) for 
TOPMODEL. However, Wolock & Price (1994) discussed the effects of digital 
elevation model map scale and data resolution on the distribution of the topographic 
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Fig. 2 Calculated and observed hydrographs for the Leineturm catchment. 
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Table 1 Some examples of geomorphometric catchment parameters derived by GIS-methods. 

Drainage basin parameters GIS-function/module GIS/program 
GRASS/ARC/INFOw 

GRASS/ARC/INFO® 
GRASS/ARC/INFO® 
GRASS/ARC/INFO® 
GRASS/ARC/INFO® 
GRASS 
GRASS 
GRASS/ARC/INFO® 
GRASS/ARC/INFO® 
GRASS/ARC/INFO® 
GRASS/ARC/INFO® 
GRASS/ARC/INFO® 
GRASS/ARC/INFO® 
GRASS/ARC/INFO® 
GRASS/ARC/INFO® 
GRASS/ARC/INFO® 
GRASS/ARC/INFO® 
ARC/INFO® 
ARC/INFO® 
ARC/INFO® 
GRASS/ARC/INFO® 
GRASS/ARC/INFO® 

Average height of catchment HA 

Relief (maximum height difference) dHE 

Relief ratio (= relief/length) dHR 

Height distance outlet - average height dHA, 
Relief magnitude index (= dHMHarea) IM 

Hypsometric integral / 
Skewness of hypsometric curve SKH 

Catchment volume VE 

Average catchment slope SB 

Maximum catchment slope SM 

Median catchment slope SMe 

Catchment area with low slope angles ALS 

Catchment area with high slope angles AHS 

Median profile curvature CvMe 

Median plan curvature ChUe 

Catchment area with low profile curvature ACv 

Catchment area with low plan curvature Aa 

Maximum flow length FlMAX 

Average flow length FlM 

Average slope of longest flow path SR 

Average of topography - index X 
Standard deviation of topography - index a 

r.statistics / ZONALSTATS 
r.statistics / ZONALSTATS 
r.mapcalc / arithm. calc. 
r.statistics / ZONALSTATS 
r.mapcalc / arithm. calc. 
r.stattst 
r.statist: 
r.statist: 
r.statist 
r.statist! 
r.statist 
r.statist; 
r.statist] 
r.statisti 
r.statist 
r.statist 
r.statisti 

cs/ZONALSTATS 
cs/ZONALSTATS 
cs / ZONALSTATS 
cs / ZONALSTATS 
cs / ZONALSTATS 
cs / ZONALSTATS 
cs / ZONALSTATS 
cs / ZONALSTATS 
cs / ZONALSTATS 
cs / ZONALSTATS 

FLOWLENGTH 
FLOWLENGTH 
FLOWLENGTH 
r.statistics / ZONALSTATS 
r.statistics / ZONALSTATS 

index, concluding that there is an interdependence between DEM scale and grid 
resolution. This means, that the optimal grid size also depends on the DEM map scale. 
For this research, a 31 m grid was chosen. It might be too fine for the whole catchment 
(991 km") and too coarse for very small-scale catchments, but for most of the 
investigated areas it is an appropriate compromise. By way of comparison, Zhang & 
Montgomery (1994) worked in catchments of 0.3 km 2 and 1.2 km 2. 

The three-dimensional model SAKE (Simulationsmodell fïir Abfliisse Kleiner 
Einzugsgebiete, runoff simulation model for small catchments) works with a regular 
horizontal grid and an uneven vertical discretization. The different hydroiogical 
processes are modelled by separate modules (Merz & Bârdossy, 1998) for infiltration, 
macro-/micropore flow, unsaturated flow, overland flow and channel flow. The 
physical basis of the process modelling is provided by the Richards equation (vertical 
soil water movement), kinematic wave approximation (macropore flow) and diffusion 
wave model (overland flow). Calibration and validation have been earned out in a 
highly instrumented subcatchment of the Weiherbach (Merz & Bârdossy, 1998). The 
SAKE model outputs detailed hydroiogical event information: runoff hydrograph, soil 
moisture, interception, overland flow, macropore moisture. 

Relevance of geomorphometric parameters and classifications in hydroiogical 
modelling 

This approach is based on the application of the geomorphometric and hydroiogical 
models described above to different subcatchments of both study areas. In order to 


