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Preface 
 
Runoff generation processes are among the most important processes in catchment 
hydrology. Understanding where water goes when it rains, water residence times and 
subsurface flow paths is crucial for catchment modelling and the quantification of solute 
and contaminant transport. In recent years, tracer methods, combined with hydrometric 
measurements, have proved to be effective for identifying runoff generation mechanisms 
in headwater catchments. Nevertheless, many processes are still not well understood at 
larger basins scales. A challenge in future will be an adequate modelling of the dominant 
runoff generation processes at the meso- and macro-scale, in order to meet the needs of 
future water resources management. Thus, the objective of the workshop “Runoff 
Generation and Implications for River Basin Modelling” was to bridge the gap between 
field based experimental research and hydrological basin modelling and to help define the 
key state variables controlling runoff generation from headwater catchments to larger 
basin.  
 
More than 80 scientists from all over the world gathered in the workshop. Both modellers 
and field hydrologists attended. It was generally agreed that it is not enough for a today’s 
rainfall-runoff model to produce a close fit between measured and simulated runoff data, 
as this alone does not guarantee a correct reproduction of the internal hydrological 
processes. Various approaches to improve hydrological models were discussing, 
including: 
• using tracers or hydrometric measurements to set up conceptual model structures, 
• using process knowledge to spatially delineate a catchment for distributed modelling, 

and 
• using additional data to constrain model uncertainties. 
 

Papers dealing with plot, hillslope, catchment and large basin studies were presented at the 
meeting. These papers yielded a comprehensive overview of today’s state of the art in 
runoff generation process research and catchment modelling, which is summarised in this 
issue.  
 
The workshop was jointly convened by the IAHS and its International Commissions on 
Tracers (ICT) and Surface Water (ICSW) and by the National Working Group IHP/OHP-
Friend/ERB. The financial support for printing these proceedings from the German 
Secretariat of IHP/OHP and the Förderverein Hydrologie an der Universität Freiburg is 
gratefully acknowledged. 
 
 
The editors 
 

Chris Leibundgut, Stefan Uhlenbrook, Jeff McDonnell 
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Foreword to the special issue: Runoff generation and 
implications for river basin modelling 

Stefan Uhlenbrook1, Jeff McDonnell 2, Chris Leibundgut1 
1 University of Freiburg, Institute of Hydrology, Fahnenbergplatz, Freiburg, Germany,  
e-mail: uhlenbro@uni-freiburg.de 
2 Oregon State University, Department of Forest Engineering, Corvallis, OR 97331, USA, 
e-mail: Jeff.McDonnell@orst.edu 

Abstract 

A workshop on runoff generation experiments and river basin modelling was held in 
Freiburg, Germany, Oct. 9-12, 2000. Runoff generation processes from the small plot to 
the mesoscale catchment scale were discussed and various approaches for process and 
modelling studies throughout the world were evaluated. A comprehensive overview of 
today’s state-of-the-art in runoff generation research and process oriented catchment 
modelling was presented during the four-day meeting. In addition, specific issues 
concerning experimental process research, scaling, modelling and the benefits for 
management and policy were discussed in several small groups at the meeting. It was 
generally agreed that it is not enough for today’s rainfall-runoff model to produce a close 
fit between measured and simulated runoff data since this alone does not guarantee a 
correct reproduction of internal hydrological processes. Different ways to improve 
modelling by experimental findings were debated, including the use of additional 
catchment and process hydrological information for model calibration and validation. 

1 Introduction 
Runoff generation is considered to be one of the most fundamental and important 
processes in catchment hydrology. Correct separation of the effective precipitation into 
different runoff components is crucial for the modelling of solutes and contaminant 
transport processes. Stream water quality depends on the varying contributions from 
surface runoff, soil water and groundwater. In recent years, tracer methods combined with 
hydrometric measurements have proved to be effective for identifying runoff generation 
mechanisms in headwater zones. Nevertheless, methods to scale up the findings to larger 
basins are not well developed. A significant challenge in the future is the development of 
adequate modelling tools that capture the dominant runoff generation processes at both the 
mesoscale and macroscale. Thus, the main objective of the workshop, ‘Runoff generation 
and implications for river basin modelling’ (9-12 October, 2000, Freiburg, Germany), was 
to facilitate discussion on solving mesoscale modelling challenges by bringing together 
hydrologists working in different areas and to discuss process and modelling work from 
the headwater catchment to large basin scales. The papers in this Special Issue are divided 
into the following sections that conform to the conference oral presentation sessions: 



 2 

(1) Physical processes and mechanisms of stream flow generation at the catchment scale 

(2) Runoff generation processes at the hillslope and headwater scale 

(3) Process oriented modelling at different scales  

(4) Tracer and modelling studies for investigating runoff generation processes at 
different scales  

This short paper summarises some of the key points of the meeting and questions 
discussed in small groups. 

2 Scope and objectives 
The dominant features of runoff generation processes differ at different scales (Fig. 1; for 
a detailed discussion of scales in hydrology see e.g. BLÖSCHL 1996). At the plot scale, 
infiltration, vertical percolation and lateral movement of water in the unsaturated zone are 
the first-order processes of concern. Soil water process understanding is perhaps best 
developed at this scale, as compared to larger scale hillslopes and catchments.  
 
 
 

 
 
Fig. 1 Runoff generation in different scales and examples for related unsolved 

problems 
 
 
Nevertheless, some unanswered questions remain such as the interaction between macropores 
and soil matrix and its control on flow dynamics and solute transport (e.g. DE ROOIJ 2000). 
At the hillslope scale, lateral movement at impeding layers and in the upper soil horizons 
dominates flow and mixing. The main processes are well  understood  qualitatively, for in- 
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stance the formation of Horton overland flow, saturation overland flow and subsurface 
storm flow. The latter includes processes such as lateral macropore flow (e.g. MOSLEY 
1979), perched aquifers above less conductive layers (e.g. MCDONNELL 1990), near-
stream groundwater ridging effects (e.g. SKLASH & FARVOLDEN 1979), pressure wave 
effects (TORRES et al. 1997) and transmissivity feedback mechanisms (BISHOP 1991). 
However, the estimation of the significance of these processes on uninstrumented 
hillslopes is still problematic. At the catchment scale, plot and hillslope scale processes 
from different topographic elements combine to produce an integrated response. One key 
addition is channel processes, which increase in importance with increasing catchment 
size. Consequently, understanding and deconvolving the spatial and temporal distribution 
and interplay of all these various processes and water flow pathways is a major challenge 
at the catchment scale.  

In spite of these remaining unanswered questions, new experimental methods have proven 
useful for investigation of runoff generation processes at various scales. By combining 
hydrometric measurements (i.e. discharge at different sites, groundwater levels and soil 
water distributions) and tracers it is possible to discriminate between different dominating 
runoff generation processes at the small catchment scale (e.g. MC DONNELL et al. 1991, 
BONELL 1998). The outputs of such experimental investigations are the proportions of 
runoff components during different circumstances, the geographic source areas of runoff 
components and water flow pathways and residence times. These findings are a sound 
basis for developing and validating hydrological models based on new concepts of how 
the internal system works. 

Rainfall runoff models have also improved and become more sophisticated in recent years. 
Increased computer capacities have made it possible to develop distributed and largely 
physically based models (e.g. MIKE-SHE, REFSGAARD & STORM 1996). However, the 
enormous data requirements often prevent the extensive use of these models. Conceptual 
rainfall runoff models (e.g. TOPMODEL, BEVEN & KIRKBY 1979; PRMS, LEAVESLEY et 
al. 1983; HBV, BERGSTRÖM 1992) are less complex, relatively easy to use and the 
required input data are available for most applications. Nevertheless, despite these simple 
model representations, there exists a high degree of model uncertainty (e.g. GRAYSON et 
al. 1992). In addition, parameter uncertainty (different parameter sets reach equally good 
simulation results) exists, as most model parameters cannot be measured directly and must 
be determined by calibration (e.g. BEVEN & BINLEY 1992). The statement of KLÊMES 
(1986) that often “… models work well but maybe for the wrong reasons” still rings true. 
However, in order to meet the needs of future water resources management, improved 
process oriented modelling approaches are needed. The objective of the workshop was to 
bridge the gap between field based experimental research and hydrological catchment 
modelling and to help define the key state variables controlling runoff generation from 
headwater catchments to larger basins. The organizers viewed this as a necessary first step 
for a better process oriented modelling approach. 

3 Group discussion 
At the meeting, two separate blocks were reserved for small group discussions, where the 
audience was split into four groups addressing different key research questions. After 
about 1½ hours the group chairs and reporters presented the outcomes at the plenum for 
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general discussion. As both modellers and field hydrologists were present in each 
discussion group, the gap between both groups was quickly bridged.  

The following describes the output of the discussion groups. Besides the authors, the 
following persons served as chairs or reporters in the discussion groups: Volker 
Armbruster, Alfred Becker, Günter Blöschl, Jens Lange, Bruno Merz, Felix Naef, Jake 
Peters, Allan Rodhe, Andreas Schumann and Markus Weiler. Their reports are 
synchronised and modified below to fit into the whole context of the paper. 

3.1 Experimental research 

What is the minimal set of measurements necessary to characterise a hydrological 
system? 
The group concluded that the measurements needed to characterize a hydrological system 
depend on the scale, the conditions and the objectives of the study. It is important to 
record classical physiographic characteristics in headwater catchments, while in large river 
basins, meteorology (spatial patterns of rainfall) may be the first-order control on runoff 
generation. River routing may also be a key measurement at the mesoscale. However, the 
data requirements depend to a large extent on the importance that the researcher assigns to 
the different runoff formation processes. At an absolute minimum, reliable precipitation 
and discharge data would be needed. For studies that concentrate on single flood events, 
antecedent moisture conditions are important (rarely measured in catchment studies) and 
evapotranspiration can be neglected. In addition, topography and vegetation cover are 
important data drivers. Impervious areas can easily be assessed or monitored, (e.g. by 
remote sensing or from planning maps, etc). Soils are of crucial importance, especially soil 
water storage and conductivity. The heterogeneity of the soils should be classified as it 
determines the necessary spatial resolution and the number of samples necessary to 
characterize the system. Unfortunately, we still lack the means to quantify this 
heterogeneity, as available soil maps provide only limited information. Texture can be 
used to assess hydraulic conductivity, but in general, additional fieldwork is usually 
required. Many studies show that groundwater is a dominant storm hydrograph 
component, thus there is a need to assess the behaviour of the groundwater table during 
and between events. In addition to groundwater level records, tracers are important tools 
to constrain understanding of what water contributes to the stream and when. The tracers 
that are sampled depends on local conditions. While artificial tracer tests have proven 
useful at plot and hillslope scales, these studies are often too costly or impractical at larger 
catchment scales. 

Can we reconcile the tracer-based estimates of event water with hydrometric 
studies of water flowpaths and water sources? 
Tracer studies and mixing models usually suggest that a large percentage of pre-event 
water dominates channel stormflow (e.g. BUTTLE 1994). The responsible processes, 
however, have not always been explained adequately by hydrometric studies or physically 
based catchment models. While advanced physically based models may (technically) 
incorporate the physics of all water fluxes, these approaches have not yet aided in 
addressing this problem. The group debated possible reasons: 
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(a) The general uncertainty in tracer-based end member mixing models, which may cause 
an overestimation of the pre-event component. The main uncertainty arises from the 
correct definition of the end member concentrations. However, no systematic error (bias) 
can be identified, as this method has been applied worldwide with matchable results. 

(b) Limited knowledge of the mechanisms of flood generation at the catchment scale. 
Many microscale hydrometric studies still identify macropore or bypass flow (of event 
water) as a main reason for rapid hydrograph response. At the catchment scale, both the 
propagation of soil water and groundwater displacement (mainly water that was stored in 
the catchment prior to the onset of rain) were identified as major flood generation 
processes. Thus, the linkage between the “triggering effect” of preferential flow and piston 
flow displacement at larger spatial scales is poorly resolved conceptually in most 
catchment scale studies and to date not adequately introduced into hydrological models. 
At the microscale, vertical preferential flow processes are well described from lysimeter 
studies and tensiometer investigations. Comparatively little knowledge exists on the lateral 
propagation of pressure waves, which, in producing a storm flow hydrograph, must 
activate large volumes of pre-event water in a very short time period.  

What is the significance of preferential flow behaviour at the catchment scale? 
How can preferential flow behaviour be parameterised at the catchment scale? 
Group discussions defined preferential flow as flow and transport in a particular part of the 
pore space. The other immobile part of the pore space could be saturated or unsaturated 
and preferential flow could occur vertically or laterally. The group debated the 
significance of preferential flow behaviour at the catchment scale in consideration of 
different catchment properties and other influencing factors. Table 1 lists the results of 
those discussions for a small catchment (~1 km2) and for a larger mesoscale basin (>20 
km2). Surprisingly the group concluded that the significance of preferential flow is equal 
in both scales. 

The group discussed briefly that preferential flow is often not considered in hydrological 
modelling at the catchment scale in spite of its demonstrated importance at various scales 
(Tab. 1). It was agreed that preferential flow appears to be less important at larger basin 
scales due to averaging effects. One approach could be to define areas of known 
macropore flow behaviour, then model this in further detail in those catchment positions. 
No consensus emerged from the group on how preferential flow may be parameterised. 

3.2 Scaling 

What are the important differences between the well-investigated microscale 
headwaters and the mesoscale catchments? 
The definition of the hydrological mesoscale was discussed. The group divided this into a 
local scale (between 1 and 100 km2) and a regional scale (less than 1000-10000 km2). 
Catchments with an area of more than 10000 km2 were thought to belong to the 
hydrological macroscale. It was also stressed that time and space are always connected 
and a suitable time scale should be considered for the specific process of interest at each 
spatial scale. Many process responses were thought to be smoother in mesoscale 
catchments compared to microscale headwaters. However, channel processes are of larger 
importance with  increasing  catchment size, whereas for headwaters this storage can often  
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Tab. 1 Basin properties and other influencing factors of preferential flow in a small 
and a mesoscale catchment 

Significance of preferential flow Basin properties and 
influencing factors Small catchment 

(~1 km2) 
Larger mesoscale catchment 

(>20 km2) 
Parent material: 
- Fractured rock 
- Impermeable 
 
- permeable 

 
Always high in fractured (karstic) bedrock 
Depends on soil-bedrock interface, bedrock topography and pipe 
flow characteristics 
Significance is quite variable 

Climate: 
- Low precipitation 
intensity and amount 
- High precipitation 
intensity and amount 

 
Low significance 
 
High significance, mainly for wet antecedent soil moisture 
conditions 

Topography: 
- Steep 
- Flat 

 
High (lateral preferential flow on hillslopes) 
High due to preferential groundwater recharge and a fast increase 
of the groundwater level 

Land use: 
- Urban 
- Forest 
 
- Agriculture 
- Pasture 

 
High (very nice preferential flow pathways) 
Preferential flow can be high, but other properties (e.g. storage 
capacity) can reduce its significance 
High in drained areas (flow to drain and within) 
High due to undisturbed preferential flow pathways, if abundant  

Soil: 
- Thickness 
- Texture 

 
High for thin soils; macropores are the reason that thick soils react  
Higher for fine textures soils or water repellent soils 

 

be neglected. In addition, the spatial and temporal distribution of the meteorological input 
is more significant at larger scales. While model parameters can be measured and used at 
the microscale (e.g. saturated hydraulic conductivity), they may not be suitable or 
measurable for models at larger scales. It was agreed that at the larger basin scales 
effective parameters/values have to be used.  

How do we scale-up our process knowledge from point scale to headwater and then 
mesoscale catchments? 
The group discussed local scale runoff generation processes and that even at well-
monitored sites knowledge of dominant runoff generation processes is still incomplete. 
Any kind of upscaling presupposes a loss of information. The kind of information lost is 
dictated by the approach used for upscaling. The hydrotope approach (i.e. delineation of 
hydrological response units) was discussed as a useful approach for upscaling. 
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Nevertheless, this method suffers from a lack of appropriate global data sets (e.g. geology, 
soils etc.) and that these “coverages” are often not directly translatable in specific 
hydrological processes. Thus hydrotope delineation is data based but often not process 
based.  

3.3 Modelling 

How do we construct model reservoirs that capture dominant flow response with a 
minimal number of tuneable parameters? 
The group agreed that the first step in catchment modelling is to define the structure of the 
overall model, taking into account  

• the purpose and objective of the modelling 

• the general catchment conditions 

• the available data and information 

After this, sub-systems (sub-units) may be defined which can be modelled by a specific 
component model (sub-model). Distributed or semi-distributed models are usually applied 
for the vertical processes (evapotranspiration, infiltration, runoff generation etc.) because 
they vary significantly in space. Distributed models may be vector based, with hydrotopes 
or hydrological response units as modelling units, or grid based. It was stated that the 
model structure is particularly important in modelling the generation of overland flow in 
its two components: Hortonian infiltration excess and Dunne saturation excess overland 
flow. They are also applied for sub-areas with spatially distinct hydrological regimes such 
as near stream shallow groundwater areas, including riparian zones, flood plains etc., and 
areas with deep groundwater where plant roots cannot reach the groundwater table. Simple 
conceptual models, such as single reservoir models have one or a few parameters that need 
to be fitted (calibrated) but they often have limitations in describing the physical processes 
and in capturing spatial variability. In any case, interactions with other sub-systems 
(model units) and feedbacks need to be considered and assessed appropriately.  

How can we use further hydrometric measurements (snow cover, soil moisture, 
groundwater levels etc.) and tracers for model calibration / validation?  
The group produced a list of potentially useful hydrometric measures for model 
calibration. The most useful data noted was discharge data (at different locations and in a 
nested catchment approach), followed by groundwater levels (at different depths), 
groundwater spring measurements (a more integral measure), soil water measurements, 
land use data and snow data (snow water equivalent at different sites). Tracer 
measurements (i.e. runoff components, water age and origin) and geophysical 
measurements (e.g. spatial distributed soil cover and groundwater data) were also included 
in the list. While the benefits from using additional data to reduce model uncertainties 
were noted, the group discussed the problem that most measures are often only available 
as point data. Some also contain a relatively large amount of uncertainty (e.g. spatial soil 
water data) or are highly intercorrelated with runoff data, providing only limited new 
independent measures. Some of the additional data cannot be used directly within the 
current models (e.g. residence times obtained by tracer measurements). Thus new models 
or modules need to be introduced that include more – sometimes uncertain – parameters.  
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How can a better understanding of runoff generation mechanisms at smaller scales 
be transferred to an improved river basin management and policy? 
The group discussed how managers are faced with practical questions such as erosion, 
water quality of lakes, rivers and groundwater, flood protection and sustainable use of 
resources. In this context, process based field studies at the microscale might be looked 
upon as purely academic. Managers generally need information for basins of the upper 
mesoscale or the macroscale (e.g. in the European Water Framework Directive). Despite 
this general need, problems also occur on the smaller catchment or even hillslope scales: a 
flooded village, a leaking septic system or farm runoff . A practical use of knowledge of 
runoff generation mechanisms in small catchments might include the spatial delineation of 
hydrologically sensitive areas. This delineation could be in the context of flood generation, 
vulnerability to contamination, etc. Management steps could thereby be planned 
efficiently, concentrating on these sensitive areas (e.g. decentralised flood protection). 
Spatial delineation schemes, developed in specific catchments could be tested in others. 
The group recognised that further steps should include spatial delineation schemes for 
larger scales.  

An understanding of runoff generation mechanisms is also crucial for solute transport. 
Simple empirical relationships (e.g. multiple regression functions) might be practical tools 
for relating the hydrological environment to the biogeochemical environment using 
topographic indices and hydrological response units. Others questions like system changes 
(climate change impact on hydrology) may only be solved with process knowledge. 
Systems monitoring is obviously necessary: process understanding can assist with 
delineation of useful locations for system monitoring and early warning system 
implementation. In addition, understanding of runoff generation processes can assist with 
the selection of appropriate water balance models at the large scale. This understanding 
can also be used to assess the impact of urban development and expansion on flood timing 
and solute concentration for large river basins. Knowledge of streamwater residence time 
in small catchments can assist in calculations of pollution potential at larger basin scales. 

4 Concluding remarks 
The outcomes of process and modelling studies from the small plot to the catchment scale 
were discussed and evaluated during the workshop. The meeting yielded a comprehensive 
overview of today’s state of the art in runoff generation research and process oriented 
catchment modelling. A general consensus among participants was that it is not enough 
for today’s rainfall-runoff model to produce a close fit between measured and simulated 
runoff data, as this alone does not guarantee a correct reproduction of internal hydrological 
processes. Instead, different ways to improve hydrological models were introduced, e.g.: 

• using further hydrometric and tracer measurements to guide the structure of simple 
conceptual hydrologic model structures 

• using process knowledge to spatially delineate key zones for distributed catchment 
modelling 

• using additional data or multi-criteria process information to constrain model 
uncertainties 
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Hydrologists often have a detailed and qualitatively high understanding of dominant 
runoff processes- thus usually much more is known about a catchment than is used for 
model calibration. A possible way forward might be the use of this “soft data” (i.e., 
qualitative knowledge from experimentalists that cannot be used directly as exact 
numbers) through fuzzy measures of model simulation and parameter value acceptability 
(SEIBERT & MCDONNELL, this issue). This approach might be one type of dialogue that 
could occur between experimentalist and modeller to infuse models with better process 
insight and to use data and process knowledge to guide calibration. Ultimately, runoff 
generation modelling at scales of management interest might result in acceptance of lower 
model efficiencies for catchment runoff in light of simulations with better adherence to 
internal process knowledge ofcatchment behaviour.  
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Abstract 

High intensity artificial rainfall was applied to 60 m2 hill-slope plots to study the 
mechanisms of runoff formation during intense rainfall. Different flow processes e.g. 
infiltration excess or saturation overland flow and subsurface flow etc. could be observed. 
Based on experiments and simulations with a two-dimensional model QSOIL, the 
conditions and criteria for the occurrence of the different flow processes could be 
identified. These criteria and knowledge gained by other field studies were used to 
develop a decision scheme to evaluate the dominating flow process at the plot-scale as 
well as to estimate the hydrological behaviour of sub-catchments and catchments by 
delineating contributing areas. The scheme might be used for practical investigations or 
for instructional purposes. 

1 Introduction 
To improve the knowledge of runoff formation, numerous field investigations on different 
scales were initiated the last decade (e.g. TUTON et al. 1992, MIKOVARI et al. 1995, FEYEN 
et al. 1996, GUTKNECHT 1996, WOODS & ROW 1996, TANI 1997, ANDERSON et al. 1997, 
TANAKA & ONO 1998, TORRES et al. 1998, PESCHKE et al. 1998, BECKER & MCDONNELL 
1998). NAEF et al. (1998) studied the processes of flood formation with sprinkling 
experiments. High intensity rainfall (55-100 mm/h) was applied on 18 hill-slope sites of 
60 m2 (grassland and forest) and overland and subsurface flow rates and soil water 
changes were monitored. Thus, infiltration, wetting and draining mechanisms of the soils 
could be assessed. At several study sites these high rainfall intensities did not exceed the 
infiltration rates of the soils. Such soils were hardly saturated during hours of intense 
rainfall. On a steep site (slope 55 %) all the water infiltrated into the well-structured 
shallow soil and flowed rapidly along lateral macropores and highly permeable layers to 
the lower end of the plot. In other cases, however, an intense runoff response was 
observed (runoff coefficient 80 to 90 %). Infiltration barriers such as soil sealing, 
hydrophobic, weakly structured and compacted top-soils or reduced water exchange 
between macropores and the surrounding soil matrix of the subsoil produced infiltration 
excess overland flow (Hortonian Overland Flow). In total, 48 experiments were performed 
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that provided the information to run a two-dimensional model QSOIL (FAEH 1997). This 
approach (FAEH et al. 1997) enabled the identification of the dominant processes on the 18 
plots. The great variation of the observed runoff responses and the wetting and draining 
characteristics from site to site were explained by different flow processes. In most cases 
the antecedent soil moisture conditions played only a minor role. Flow process criteria 
could be formulated (Chap. 2) based on the crucial site and soil characteristics (SCHERRER 
1997). In this paper a decision scheme is presented to identify the dominant runoff 
processes on a plot (Chap. 3). The scheme can also be used to upscale plot evaluations to 
larger areas and to define contributing areas in a catchment.  

2 Runoff processes 
The above-mentioned studies revealed that some key-points govern runoff formation. One 
key-point is the surface topsoil interface where macropore flow is initiated. How and 
where rainfall water enters the macropores is crucial and controls the infiltration. The 
distribution and storage of the infiltrated water in the soil is influenced by the water 
exchange between macropores and the surrounding soil matrix (interaction). Another key-
point is the existence of effective lateral flow paths, which enable rapid draining, strong 
runoff responses and prevent complete soil saturation.  

The results of this research are summarised in Table 1, which gives an overview of the 
different runoff processes and when they occur. The different processes are further 
subdivided according to their intensity. e.g. on moist or wet soils, which can be saturated 
by a short rainfall burst, immediate saturation overland flow (SOF1) is expected. On the 
other hand, a strongly delayed saturation overland flow (SOF3) occurs on thick 
macroporous soils with a permeable matrix. Such soils contribute to runoff only after 
extensive rainfall. As another example, subsurface flow (SSF1-3) results if an 
impermeable layer (e.g. higher bulk density, impermeable bedrock) combines with steep 
slope, shallow soil and the occurrence of lateral flow paths.  

3 Decision scheme to evaluate the dominating runoff process on a 
site 

3.1 Preceding studies  
Flood peak estimations for more than 20 rivers in lowland, pre-alpine and alpine 
catchments of 2 to 250 km2 in Switzerland, Germany and Chile have been made since 
1993, based on assessed contributing areas and their specific runoff reaction. This 
approach allowed scientists to explain the widely differing runoff reactions of the analysed 
catchments (NAEF et al. 1999). The delineation of contributing areas was based on 
sprinkling experiments and the inspection of soil profiles, infiltrometer tests and 
sprinkling experiments with dye tracers to identify flow paths in the soil. This 
methodology requires personal experience. To make it generally usable, the evaluation 
procedure needs to be standardised. A first step towards achieving this goal is the process 
decision scheme presented in the next chapter. 
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Tab. 1  An overview of the different flow processes considered in the process 
decision schemes (urban areas are not included) 

Process Type Abbr. Intensity of runoff 
process 

Characteristics and conditions 

Overland 
flow 
processes 

Horto-
nian 
type 

HOF1 Immediate hortonian 
overland flow due to 
infiltration excess 
(infiltration excess 
overland flow) 

Soil or surfaces with serious infiltration hindrances: 
Soils with extremely high clay content, compacted 
soils by agricultural machines or cattle; bedrock 
surfaces with low permeability. 

  HOF2 Delayed hortonian 
overland flow due to 
infiltration excess 
(infiltration excess 
overland flow) 

Hydrophobic soils (e.g. soils with special vegetation 
cover, soils with extremely dense root network near 
surface), compacted soils with low macropore density, 
sealed and crusted soils, soils with poor macroporosity 
and macroporous soils with small water exchange 
(interaction) between macropores and soil matrix. 

 Satura-
tion 
type 

SOF1 Immediate saturation 
overland flow due to 
soil saturation 
(saturated overland 
flow) 

Soil water level near surface with good permeability 
(macroporous, permeable matrix), which enable 
infiltration and saturation after short rainfall, absence 
of lateral flow structures. 

  SOF2 Saturation overland 
flow due to delayed 
saturating soils 
(saturated overland 
flow) 

Permeable, shallow soils with a low permeable subsoil 
e.g. bedrock, soils with a water level in the subsoil, 
absence of lateral flow structures. 

  SOF3 Delayed overland 
flow due to slowly 
saturated soils 
(saturated overland 
flow) 

Thick macroporous soils with permeable soil matrix, 
which can only be saturated after extensive rainfall. 

Subsur-
face flow 
processes 

Lateral 
flow 
type 

SSF1 Subsurface flow  Lateral flow in steep and shallow hill-slope soils due 
to effective lateral flow paths (macropores, pipes, 
highly permeable layers) in combination with low 
permeable underground (bedrock, impermeable layer), 
thicker soils with small interaction between macropore 
flow and soil matrix.  

  SSF2 Delayed subsurface 
flow 

Lateral flow in the soil due to lateral flow paths 
(macropores, permeable layers) with medium water 
exchange to the surrounding soil matrix and low 
permeable underground (impervious bedrock, 
impermeable layer).  

  SSF3 Strongly delayed 
subsurface flow 

Delayed lateral flow controlled by lateral flow paths in 
thick soils (macropores, highly permeable layers).  

 Vertical 
flow 
type 

DP Deep percolation Permeable and thick soils or permeable soils with a 
permeable geological underground.  

3.2 Structure of the scheme 
Hill-slope sites show a large diversity of soils and site characteristics. To handle this large 
range of characteristics and their numerous possible combinations, the schemes must have 
an adequate structure. A process correlation system used for geo-ecological research, as 
proposed by MOSIMANN (1984), inspired the use of a decision tree similar to a soil column 
with a surface (vegetation cover), topsoil, subsoil and geology layer. Schemes for different 
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land use (arable land, forest and grassland) were developed. Figure 1 shows the scheme 
for grassland sites. 

3.3 Application of the decision scheme on a pasture hill-slope site  
The application of the scheme is demonstrated for a pasture site called Willerzell-Hang. 
The steep shallow, sandy loam cambisol (FOOD AND AGRICULTURAL ORGANISATION 1974) 
is situated on a hill with a 55 % slope in the Swiss pre-alpine region (Fig. 2). The 
geological substratum of the macroporous soil is sandstone of the upper freshwater 
molasse. The C-layer represents the weathered bedrock and contains sand, stones and 
boulders. The macropores were generated mostly by earthworms and reach down to the 
weathered zone. The soil matrix of the A- and B-layers has a bulk density of 1.2 g/cm3, 
that of the C-layer is 1.5 g/cm3. The runoff formation observed during a sprinkling 
experiment with an intensity of 55-65 mm/h is also displayed in Figure 2. Twenty minutes 
after the start of the experiment, subsurface flow reached the lower end of the plot, 
emanating from macropores and the highly permeable weathered bedrock. Subsurface 
flow rate increased rapidly, while overland flow played a minor role. Overland flow was 
mostly return flow from a mouse hole near the lower end of the plot. Obviously, 
subsurface flow can contribute significantly to runoff during intense rainfall events even 
from steep hill-slope soils. However, the rapid response was surprising because water had 
to bypass the sandy soil matrix. This result inspired a study on the interaction mechanism 
between flow in macropores and water exchange to the soil matrix (WEILER 2000).  

The evaluation path for the site Willerzell-Hang is indicated with a grey dashed line in the 
decision scheme (Fig. 1). It starts in the section normal soils, meaning soils without 
significant gleying characteristics. In the section surface, the dense grass vegetation cover 
found at the site guides to the section topsoil. Non-hydrophobic humus and the non-
compacted matrix lead to the criterion of sub-soil depth. As the depth of the subsoil does 
not exceed 1 m, the category shallow soils is reached. The sandy soil shows an intense 
macropore network and good matrix permeability, which enable good vertical flow of 
water. The impermeable geological substratum and significant lateral flow paths in the 
weathered bedrock, however, cause an intense lateral flow. Hence, a slightly delayed 
version of subsurface flow (SSF2) with a significant runoff response is expected.  

4 Discussion 
The data-set obtained through field experiments improved the understanding of runoff 
formation processes during intense precipitation. Plot by plot differences in soil moisture 
pattern had no decisive influence on runoff formation. In addition, general information, 
e.g. soil types could not adequately explain the large differences in the observed runoff 
formation. However, complex interactions between rainfall, soil and site characteristics at 
the hill-slope-scale could be identified and crucial key-points could be recognised. It was 
found that the structure of the soil including stratification of the soil, soil depth, 
macroporosity, matrix characteristics (texture, bulk density, porosity) and characteristics 
of geology is essential for runoff formation. The developed decision scheme, which 
considers important key-points and takes into account the structure of soil, represents the 
actual understanding of flood forming processes.  
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The decision scheme enables the identification of dominant runoff processes during 
intense rainfall on grassland sites. Earlier field experiments showed the important role of 
the interface surface/topsoil for infiltration and runoff formation. On arable land this 
interface is more vulnerable (top- and sub-soil compaction, plough pans, surface sealing 
effects etc.) than on grassland. Thus, special decision schemes have been developed to 
take such phenomena into account. Rains of low intensity (2 to 10 mm/h) infiltrate into a 
permeable soil predominantly by matrix flow only. The infiltration of high intensity 
rainfall can occur through an efficient matrix-macropore-system (FAEH 1997, WEILER 
2000). Depending on the rainfall intensity, different flow processes become relevant and 
must be considered in the schemes.  

With the decision schemes for different land-use patterns the dominant runoff process can 
be evaluated on the plot scale. The approach can also be used to define the active 
contributing areas for flood formation on the catchment-scale.  
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Abstract 

The spatial and temporal variability of input data has a major impact on the calculation of 
runoff generation. The information needed to apply sophisticated simulation models is 
provided by measurements (local scale) or by standard data sets (regional scale). At the 
regional scale knowledge about variability is limited by the availability of measurements. 
Therefore in this study the concept of effective parameter and methods for data 
disaggregation as well as the uncertainties implied by the different approaches are 
investigated. 

The application of the effective parameter concept seems to depend on the process. While 
the regional calculation of evapotranspiration and soil water flux leads to reasonable 
results, determination of surface runoff generation is strongly affected by the accuracy and 
resolution of the boundary conditions. If water flux simulations are based on a soil map, 
the parameter uncertainty from applying soil texture classes is considerably high. 
Disaggregating a texture class using different strategies may lead to a change in the 
predicted dominant runoff generation process. An analysis of the requirements and 
implications of methods for temporal rainfall disaggregation shows that the mean 
calculated long term runoff using disaggregated rainfall series is similar while single 
events cannot be predicted well. The coefficients of correlation between different runoff 
simulations for long term simulations are high but the results show a constant bias.  

Thus a method which combines the calculation of aggregated soil parameters with an 
estimation of the internal variability of the most important parameters for surface runoff 
generation needs to be applied.  

1 Introduction 
The increasing demand for adequate regional simulation of solute and sediment transport 
requires sophisticated simulation of runoff generation processes. Although the total runoff 
is important for water management purposes, the ratio between the single components of 
the hydrological cycle (surface runoff, baseflow, and interflow) must also be simulated 
correctly. Because infiltration and surface runoff is influenced considerably by small scale 
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variability of properties and boundary conditions, different approaches are required for 
different temporal and spatial scales.  

While at the local (point) scale the properties (e.g. saturated hydraulic conductivity) as 
well as the state variables (soil suction, water content) can be measured with high 
precision, this cannot be accomplished at the regional scale. Usually one must apply 
information derived from soil maps, satellite images and digital terrain models. Although 
the single processes may be well understood, their spatial and temporal variability is often 
unknown. In regional simulations the analysis is limited by the availability of 
measurements. Although tracers may help to differentiate individual runoff components it 
is impossible to validate the spatial distribution of all simulation results at the scale of 
interest. 

Different approaches are used to describe scale dependent runoff generation. From the 
local to the small catchment scale, physically based simulation models are applied such as 
ARC/EGMO (LAHMER et al. 1999), KINEROS (WOOLHISER et al. 1990), and SHE 
(ABBOTT et al. 1986). The discretization is based either on the determination of hydro-
pedotopes (ARC/EGMO), on slope segments (KINEROS), or on rectangular grids (SHE). 
Usually it is assumed for small catchments that spatial variability of the properties and 
boundary conditions within each discretization unit is negligible and that a deterministic 
approach is applicable. Therefore, at that scale a differentiation between the runoff 
generation mechanism (infiltration excess vs. saturation excess) is feasible. With 
increasing scale other concepts are required. Regional simulation requires the reduction of 
information and computer time needed. Usually, model concepts for the regional scale 
concentrate on one runoff generation mechanism: either infiltration excess or saturation 
excess. This means that one needs to search for the dominant runoff process within one 
discretization unit. Often the ratio between infiltration excess and saturation excess is not 
constant in time but changes with soil water status (PESCHKE et al. 1999). Therefore, the 
simulation of large discretization units requires that the size of the saturated area within 
the unit be considered. This can be accomplished with the TOPMODEL approach as it is 
applied in the TOPLATS model (FAMIGLIETTI & WOOD 1994).  

This paper discusses aspects of data availability, data quality and model structure 
concerning regional simulation of surface runoff, infiltration, evapotranspiration, baseflow 
and interflow. 

2 Methods 
Physically based models for simulating infiltration and infiltration excess at the local and 
the small catchment scale are applied in this study. The applicability of these concepts at 
the mesoscale (1000 km2, hydro-pedotope concept) is also tested. Simulations at local and 
regional scales are performed using a one-dimensional SVAT scheme (Soil-Vegetation-
Atmosphere-Transfer) called SIMULAT (DIEKKRÜGER & ARNING 1995). SIMULAT 
computes potential evapotranspiration according to Penman-Monteith, actual transpiration 
according to FEDDES (1978), and actual evaporation according to RITCHIE (1972). Soil 
water flux is calculated by a numerical solution of the Richards Equation while infiltration 
(infiltration excess) is computed using the semi-analytic infiltration Equation according to 
SMITH & PARLANGE (1978). Because SIMULAT is a point model, both interflow and 
baseflow are simulated using simplified approaches based on Darcy’s law. Application of 
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SIMULAT to the point (e.g. DIEKKRÜGER & ARNING 1995) and regional scales 
(BORMANN et al. 1999) shows that the concept is applicable to a wide range of scales 
under the assumption that the model description is scale invariant and that infiltration 
excess is the dominant runoff generation process at all scales considered. The application 
of such a concept requires either the determination of a scale dependent effective 
parameter or the consideration of sub-unit variability.  

An effective parameter is defined as a parameter which computes a mean behavior of a 
certain model result over a given area and time period. It should be noted that the 
derivation of an effective parameter requires the definition of an objective criterion. 
Different objective criteria may result in different effective parameters. The definition of 
objective criteria depends on the purpose of the study (e.g. runoff, water balance,…). It is 
obvious that one single criterion will never be sufficient for all purposes.  

Due to non-linearity of the model Equations or non-linear relationships concerning model 
parameters, a simple calculation of the mean response by computing the expectations of 
the model parameters is not feasible. The derivation of effective parameters requires the 
calculation of a mean behavior of the model. An intuitive approach is to generate a 
random sample of the parameter Φ and to derive estimators from the sampling statistics of 
the model output. This approach is referred to as the Monte Carlo method. In many 
practical situations the number of replications is limited by the running time of the 
numerical code. Therefore sampling techniques have been developed which are more 
efficient than simple random sampling, such as the Latin Hypercube method (MCKAY et 
al. 1979).  

Often only daily rainfall totals are available at the regional scale. Because infiltration 
models require a highly resolved rainfall pattern one may either disaggregate the daily 
rainfall or use other model concepts (e.g. SCS-curve number). In models considering only 
saturated runoff (e.g. VIC (= variable infiltration capacity), SIVAPALAN & WOOD 1995) 
the rainfall resolution does not cause significant problems. In this study stochastic 
disaggregation of rainfall is performed by the approaches of ARNOLD & WILLIAMS (1989) 
and of CONOLLY et al. (1998). The first approach requires a parameter α which is 
determined from highly resolved measurements of rainfall and describes the relation 
between total rainfall amount and peak intensity of a single rainstorm event. Assuming a 
triangle distribution of α, the daily rainfall can be disaggregated into 30 minute intervals 
by randomly choosing an α value. Because the distribution of α values varies within the 
year, monthly values must be derived from long term measurements. Since the second 
method is more advanced, it requires more information. While the first method 
disaggregates one event per day with unknown starting time, the second method produces 
information concerning the number of events per rainy day, starting time, rainfall duration, 
amount, time to peak intensity and peak intensity. In contrast to the first approach, 
seasonal variability is not considered, which may cause problems in applying the 
disaggregation technique for long term simulations in Germany.  
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3 Results 

3.1 Effective parameter 
The concept of effective parameter is applicable for calculating evapotranspiration and 
water flux in the soil although there are no simple rules for deriving them from the 
ensemble of parameters. Possible solutions for this problem are given by RICHTER et al. 
(1996). This study analyzes whether the concept is also applicable to the calculation of 
surface runoff due to infiltration excess. Assuming that the saturated hydraulic 
conductivity Ks is the dominant parameter for computing surface runoff (SMITH & 
DIEKKRÜGER 1996), the effective Ks value depends on the rainfall rate. The study was 
carried out under the assumption that Ks is lognormal distributed with a mean value µ = 
10 cm d-1, and standard deviation σ = 10 cm d-1. It was further assumed that lateral 
interaction at the small scale can be neglected which means that runoff produced at one 
place does not infiltrate at another place within the discretization units. It must to be noted 
that in all cases the effective Ks is smaller than the expected value and that it increases as 
rainfall intensities increase (Tab. 1). The methods discussed above compare to that of 
GOODRICH (1990) who simulated hillslope runoff by decomposing the hillslope into a 
number of non-interacting strips and computing runoff for each strip, so that the total 
runoff is the sum of the runoff of all strips. 

 

Tab. 1 Results of runoff production simulations using the Latin Hypercube 
methodology. Parameters of the probability function are µks=10 cm/d and σks = 
10 cm/d, the design storm had a uniform rainfall intensity and a duration of 2 
hours 

Rainfall 
intensity 
[cm/d] 

Runoff 
production – 

Latin Hypercube 
[cm/d] 

Runoff 
coefficient – 

Latin Hypercube 
[-] 

Runoff 
production – 

expected 
value of Ks 

[cm/d] 

Runoff 
coefficient – 

expected value 
of Ks 

[-] 

Effective 
Ks value 
[cm/d] 

12 
18 
24 
30 
36 
42 
48 
54 
60 
72 
84 
96 

108 
120 

0.24 
1.32 
3.84 
7.44 

11.88 
16.68 
21.72 
27.12 
32.76 
44.28 
55.92 
67.80 
79.68 
91.56 

0.0150 
0.0757 
0.1614 
0.2491 
0.3290 
0.3972 
0.4533 
0.5027 
0.5457 
0.6144 
0.6661 
0.7058 
0.7377 
0.7635 

0 
0 

0.36 
3.48 
8.04 

13.32 
18.84 
24.48 
30.24 
41.88 
53.52 
65.40 
77.40 
89.40 

0 
0 

0.0135 
0.1163 
0.2248 
0.3164 
0.3918 
0.4525 
0.5046 
0.5821 
0.6369 
0.6819 
0.7172 
0.7455 

2.80 
4.60 
5.90 
6.80 
7.30 
7.80 
8.10 
8.35 
8.50 
8.57 
8.63 
8.68 
8.73 
8.80 

 

The determination of effective parameter and the consideration of small scale variability 
of the dominant parameters is only feasible if the simulation grid is smaller than the 
pattern of soil types. KABAT et al. (1997) differentiate between effective and aggregated 
parameters. 
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Fig. 1 Effect of variability of the saturated hydraulic conductivity Ks on runoff 
generation and actual evapotranspiration 

 

Because plant-available water is more important than saturated conductivity (SMITH & 
DIEKKRÜGER 1996) for water flux in the soil and for evapotranspiration, the variability of 
Ks is only considered for simulating infiltration. This can be easily accomplished in 
SIMULAT because both Equations (infiltration, water flux in the soil) are only linked via 
the saturation deficit. The effect of the variability of Ks on evapotranspiration is shown in 
Figure 1. It is clear that for the simulated 3.5 year period (soil type silty clay) runoff 
production is strongly affected by small scale variability whereas the effect on 
evapotranspiration is small.  

This is comparable to KABAT et al. (1997) who pointed out that the averaging power of the 
vegetation is able to smooth out variability in soil properties. This is frequently observed 
in soils where the plant-available water is the limiting factor for evapotranspiration. 

Effective parameters are related to areas with a single soil texture class, and aggregated 
parameters refer to areas consisting of several soil texture classes. While in regional 
simulations effective parameters are required when simulation units are derived from the 
intersection of soil map, land use map, and relief information within a GIS, aggregated 
parameters are required for grid-based simulation in which grid size is larger than the 
mapping units. For deriving effective parameters KABAT et al. (1997) applied the inverse 
modeling technique; for deriving aggregated parameters they calculated an area weighted 
average soil texture. Their results suggest that this is only feasible if one is interested in 
evapotranspiration and not in surface runoff, which is confirmed by this study. A sand, a 
silt and a clay soil were used in the simulation of sugar beets for one vegetation period. 
The average soil texture is a loam (Tab. 2). The soil hydrological parameters were derived 
from the pedotransfer function of RAWLS & BRAKENSIEK (1985). The simulated water 
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fluxes (total evapotranspiration and total runoff) are given in Table 3. It is clear that mean 
texture values are only applicable by chance. Aggregated parameters are only appropriate 
if runoff is negligible or a fixed standard deviation can be assumed (only acceptable for 
total runoff). In all other cases (only one is shown here) the application of a mean texture 
class did not result in mean water fluxes. In contrast to the finding of KABAT et al. (1997) 
who analyzed a 15 day period, the application of aggregated parameters does not predict 
acceptable total evapotranspiration. 

 

Tab. 2 Soil physical properties derived for three different soil textures using the 
pedotransfer function of RAWLS & BRAKENSIEK (1985). No. 4 is the aggrega-
ted soil calculated by averaging the clay and the sand content as well as the 
porosity 

No. Sand 
content 
[% by 

weight] 

Clay 
content 
[% by 

weight] 

Porosity 
[cm3

 cm-3] 
θs 

[cm3
 cm-3] 

 

θr  
[cm3

 cm-3]  
Ks 

[cm d-1] 
ψb 

[hPa] 
λ 
[-] 

1 70 5 .39 .342   .048   85.4      13.5   0.466 
2 4 17 .49 .425   .063    4.3      55.2   0.324 
3 4 35 .44 .344   .095 0.39   102.5   0.213 
4 26 19 .44 .364   .076 5.4      41.3   0.325 

 
Tab. 3 Simulated total evapotranspiration (ETtot [mm]) and total runoff (Rtot [mm]) 

using the soil physical properties given in Table 2 
  a) σKs = 0 b) σKs = 20 cm d-1 c) σKs = Ks 
No. 1a 2 a 3 a 4 a 1 b 2 b 3 b 4 b 1 c 2 c 3 c 4 c 
ETtot 408 417 410 410 408 409 324 404 408 411 380 410 
Rtot 0 0 1.3 0 0 7 196 70 0.03 1.7 12 2.3 

3.2 Parameter uncertainty 
Often only the soil texture class is known for a given site. If one has to derive model 
parameters from the texture class one has to relate a distinct sand, silt, and clay content to 
the area of interest. The uncertainty inherent in this disaggregation may cause significant 
differences in the simulation results. As is shown in Figure 2a, the ratio of fast (runoff + 
interflow) to slow (groundwater) flow components is significantly influenced by the 
methods of soil texture class disaggregation. Within the clayey loam class the ratio of fast 
to slow runoff components is between 0.1 to 2.5. At the center of gravity a ratio of about 
0.3 is observed while the mean value of the whole texture class is about 0.6. This means 
that the single runoff components differ about 100 % where the total runoff within the 
texture class differs a maximum of 4 % (Fig. 2b). Therefore, the definition of effective 
parameter and the calculation of runoff need to consider uncertainties related to data 
availability. 

3.3 Disaggregation of rainfall 
The different disaggregation methods were tested for a winter wheat rotation on silt clay 
loam over a 6 year period. Because the methods are stochastic it was be expected that the 
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results would be more appropriate for long term behavior than for a single event. 
Therefore, the methods are of limited use if one is interested in simulating single events 
and flood forecasts. As seen in Table 4, evapotranspiration and total runoff are not 
significantly affected by the different disaggregation methods while the single runoff 
components (surface runoff, baseflow, interflow) are. Surface runoff is significantly in-
creased while interflow and baseflow are decreased after applying these disaggregation 
methods. The coefficients of correlation are in all cases high, therefore the results show a 
constant bias. Figure 3 shows the simulated surface runoff as well as total 
evapotranspiration with original and disaggregated precipitation data over 15 random 
realizations. 

Fig. 2 Ratio of fast (surface runoff and interflow) to slow (groundwater) flow 
components (a) and deviation from mean total runoff (b) of the texture class 
clayey loam. U = silt content, C = clay content 

4 Discussion and conclusion 
The spatial and temporal disaggregation methods do have an impact on the simulation of 
local water balances. However, none of the methods affected the simulated total 
evapotranspiration and total runoff although this may vary under different soil, land use 
and climate conditions. Further developments of those methods should consider multiple 
storms per day as well as seasonal variation of rainfall characteristics.  
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35 45 45
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In grid-based regional simulation models with grid sizes larger than the soil mapping units 
(e.g. 1 km2) this problem is further complicated by the spatial distribution of the 
vegetation. Because net rainfall is influenced by interception, the boundary condition of 
the infiltration model depends on the vegetation type. Furthermore, although often 
neglected, the soil structure related properties such as Ks are also significantly influenced 
by land cover.  

The application of pedotransfer functions (PTFs) for deriving soil properties from soil 
texture, bulk density, and organic matter content is appropriate for simulating long-term 
water balances (DIEKKRÜGER & ARNING 1995). 

 

Tab. 4 Average of annual and correlation of monthly rates of two disaggregation 
methods: A&W (ARNOLD & WILLIAMS 1989), and Con (CONOLLY et al. 
1998). 30 min, 60 min and 3 h describe the time span between two separate 
rainfall events 

Disaggregation 
method 

Evapo-
transpiration 

Groundwater 
recharge 

Surface 
runoff 

Inter- 
flow 

Total 
runoff 

Annual averages: mm yr-1 mm yr-1 mm yr-1 mm yr-1 mm yr-1 

Original data 426.7 93.9 25.0 19.1 138.0 

A&W 3h 426.6 78.7 48.1 11.3 138.1 

Con 60min 426.6 82.1 42.5 12.9 137.5 

Con 30min 426.7 82.1 43.2 12.4 137.7 

Monthly rates r² r² r² r² r² 

A&W 3h 0.998 0.992 0.904 0.968 0.947 

Con 60min 0.998 0.996 0.906 0.956 0.958 

Con 30min 1.000 0.998 0.931 0.958 0.962 

Note that averages are based on 15 random disaggregations of daily precipitation (annual average 
564.7 mm yr-1) for winter wheat on a silty clay soil at Göttingen station (1981-1986) 

 

Because PTFs do not usually consider soil structure and the saturated hydraulic 
conductivity shows high variability (TIETJE & HENNINGS 1996) these functions are not 
applicable for estimating parameters of infiltration models. 

Therefore, a method should be applied which combines the calculation of aggregated soil 
parameters with an estimation of the internal variability of the most important parameters 
for surface runoff.  

This concept will be further developed by considering the influence of topography (slope, 
aspect, altitude) on potential evapotranspiration. Only the combination of methods for 
calculating effective parameters with methods for calculating mean boundary conditions 
may effect appropriate simulation results on the upper scale. 
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Fig. 3 Comparison of calculated monthly total runoff and monthly total actual 
evapotranspiration (ETA) based on original and disaggregated (15 realiza-
tions) rainfall data for a clayey silt soil 
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Abstract 

The relationship between topsoil moisture patterns and storm runoff was investigated. 
Volumetric soil moisture was measured at 151 points on a ten by ten metre grid on 19 
occasions. Geostatistical analysis of the soil moisture grid data showed that in dry 
conditions the pattern is very heterogeneous, with patches of dry soil adjacent to wet areas. 
In wet conditions, the pattern is more uniform as the wet areas become interconnected. A 
soil moisture content of about 0.55 to 0.60 cm3/cm3 divided the heterogeneous and more 
uniform conditions. The relationship between volumetric soil moisture and runoff is 
exponential. In dry antecedent conditions small rainfall amounts yield little runoff. In wet 
conditions, rainfall greater than 20 mm is associated with large increases in runoff. A 
transition zone divides the two sections. A shift of this transition zone due to a subtle 
change in vegetation could alter the rainfall-runoff response within the catchment. 

1 Introduction 
Anecdotal evidence suggests that in moorland areas intense grazing pressure has modified 
the hydrological response of catchments (EVANS 1996, SANSOM 1996). In order to study 
the effects of management pressures on the hydrology of an area, the hillslope 
hydrological processes generating storm runoff need to be investigated. 

This paper reports the behaviour of soil moisture in a small catchment on Dartmoor, UK 
and relates soil moisture patterns of the topsoil to the dynamic contributing areas and their 
role in the generation of storm runoff. 

2 Site description 
The study site, 0.7 km2 in area, is situated in the southeast of Dartmoor (Fig. 1). The 
altitude ranges from 290 to 450 m a.m.s.l. The maritime climate of Dartmoor consists of 
mild winters and cool summers with high rainfall (FINDLAY et al. 1984), which ranges 
from 263 mm in December to 114 mm in April, with an average annual total of 2104 mm. 
Winter mean daily temperature averages around 4°C and the summer mean daily 
temperature is 15°C. 
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The Dartmoor granite is overlain by a five to six metre layer of sandy weathered material 
(FINDLAY et al. 1984). Soils in the study area are permeable gritty loams with black 
humose or peaty topsoils on the steeper slopes. On the less sloping areas, the topsoil has a 
thin ironpan at 30 cm depth in places (HOGAN 1988); valley bog is found in parts of the 
lower catchment. 

The vegetation in the study area is typical for grazed areas on Dartmoor and is dominated 
by grasses such as Molinia caerulea, Agrostis capillaris, Agrostis curtisii and Festuca 
ovina. In places, heather (Calluna vulgaris) and gorse (Ulex spp.) remain. 

3 Methodology 
The experiment measured hydrological response at three scales. At the watershed scale, 
discharge was logged automatically at 15 minute intervals using a Campbell 21x logger 
with a Lothian flume. Rainfall was recorded with a tipping bucket rain gauge. Peak 
volumes and times were calculated by separating the hydrograph with a straight line from 
the initial runoff to the inflection point of the recession limb (TANI 1997). The minimum 
contributing area was calculated by storm runoff (in mm equivalent) divided by the total 

 
Fig. 1 Map of the study area 
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rainfall (WEYMAN 1974). In order to make a comparison with the geographical distri-
bution of the minimum contributing area, the ln(a/tanß) topographic index (QUINN et al. 
1995), based on upslope contributing area of a point (a) and the local slope of that point 
(ß) was derived for the catchment from a digital elevation model (DEM) with a 7.5 metre 
grid size. 

For the hillslope scale, on the north-facing slope within the watershed a permanent 
rectangular grid was constructed for monitoring soil moisture using time domain 
reflectometry (TDR) with a Tektronix 1502c cable tester. Stainless steel rod pairs (151 
pairs in total, 20 cm long, 5 mm diameter, 5 cm spacing) were inserted vertically in the 
soil with a 10 by 10 metre spacing in a 400 by 30 m grid (Fig. 1). Measurements were 
made on 19 occasions over a one year period, each time within a two to four-hour period. 
Volumetric soil moisture values were derived using the Equation of TOPP et al. (1980) and 
an adaptation by PEPIN et al. (1992) for highly organic soils with moisture contents of 0.55 
to 0.90 cm3/cm3. The different spatial soil moisture patterns of the TDR grid and the 
hillslope experiment were analysed using geostatistics (WEBSTER & OLIVER 1990). 

Water release characteristics of the topsoil were determined at 23 TDR locations within 
the grid after TDR measurements were completed. Sites were selected to represent the 
different slopes, vegetation and soil moisture conditions. At each location, undisturbed 
samples (3 cm high, 5.4 cm diameter) were taken at four different depths (0-3, 4-7, 12-15, 
16-19 cm). The samples were saturated and water retention was determined using a sand 
table with pressure heads at 0, 30, 50 and 100 cm, which was assumed to reflect the 
naturally wet conditions in the study area. Average retention curves were constructed for 
each depth. 

For the plot scale, hydraulic head was measured on three locations at the top, middle and 
bottom of the slope (location A, B and C respectively, Figure 1) within the TDR grid. 
Tensiometers were installed at 10 cm intervals to depths of -80 cm at the top of the slope, -
100 cm in the middle, and -30 cm at the bottom. 

4 Results 
During the measuring period (December 1998 - June 2000), 91 single peaks were recorded 
with peak discharge ranging from 1.2 to 1387 l/s. Baseflow was about 30 l/s and peak 
discharge averaged 76 l/s. Maximum rainfall volumes were 45.6 mm and maximum 
intensity was 9 mm/hr. Rainfall-runoff curves showed that stream discharge rose very 
rapidly by an order of magnitude during large storms (Fig. 2). Catchment lag times (time 
from peak rainfall to peak discharge) were found to be four hours on average and 
recession times were in the order of seven hours. 

TDR grid measurements covered a wide range of different soil moisture conditions, with 
average values ranging from 0.36 to 0.66 cm3/cm3. In general, soil moisture values were 
highest in the flat areas adjacent to the stream and lowest in the area with the steepest 
slope. 

Geostatistical curve fitting of the different semivariograms demonstrated a distinct 
difference between wet and dry situations. In dry conditions, below a soil moisture content 
of about 0.60 cm3/cm3, semivariograms showed a short range (Tab. 1). In most cases, a 
spherical model best fitted the semivariograms. The range varied between 13.8 and 22.5 
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m. In the driest situation however, with an average soil moisture content of 0.37 cm3/cm3, 
the model fit was relatively poor, probably due to a spatial scale smaller than the 
separation distance between the different soil moisture points. The models were used to 
krig soil moisture of the area covered by the grid (Fig. 3). Due to the short range, the plots 
showed very heterogeneous soil moisture patterns with largely unconnected wet and dry 
areas. 

For moisture contents between 0.61 and 0.66 cm3/cm3, defined as the wet situation, 
spherical models fitted the semivariograms appropriately as well, but with a range of 105 
m and longer. Kriged plots of these wet conditions therefore showed a much more 
homogeneous pattern with large interconnected wet areas (Fig. 3). 

WESTERN et al. (1998) find similar behaviour in temperate Australia on catchment scale. 
They show that during wet periods, soil moisture patterns are more uniform, with spatially 
interconnected areas.  

Since the nugget is the non-spatial variation within a semivariogram, and the sill denotes 
the spatial variation, the ratio between sill and nugget is a measure of the amount of 
explained variation (WEBSTER & OLIVER 1990). Values for this ratio (C/(C0 + C)) were 
between 0.38 and 0.91 (Tab. 1), suggesting a good explanation at short distance in most 
cases. 

Total porosity of the topsoil was around 90 % near the soil surface to 70 % at 20 cm 
depth. The water release curve showed a distinct difference in slope between near-
saturation and lower pressures when plotted with hydraulic head on a linear scale in 
comparison to the lower suctions (Fig. 4), suggesting a relatively high incidence of larger 
pores. 

The tensiometers at B and C showed a rapid response similar to the stream rainfall 
response in terms of peak and recession time. At location A however, this response was 
less distinct. At B, the response was most distinct close to the soil surface. 

 
Fig. 2 Time series of rainfall and runoff for the study area, 7-14 February 1999 
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Fig. 3 Semivariograms and krigged plots of three different representative soil 

moisture conditions 
 

 

Fig. 4 Water release curves. Averages taken from each depth at 23 locations. The 
solid line indicates the average curve over the four depths together 
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Tab. 1 Results of geostatistical analysis 

Date Model Lag 
interval 

Active 
distance Nugget Sill Range Sill-nugget 

ratio R2 Soil moisture 
(vol. %) 

  (m) (m) (C0) (C0 + C) (A0) C/(C0 + C)  mean st.dev. 
28/07/99 Spherical 10 60 16.1 55.9 16.6 0.71 0.67 35.5 8.4 
22/06/99 Spherical 10 60 13.6 48.9 16.8 0.72 0.85 47.7 7.7 
18/03/99 Spherical 10 70 6.2 28.9 16.7 0.78 0.70 55.3 5.9 
12/10/98 Spherical 9 100 6.9 28.5 14.9 0.76 0.74 56.6 6.1 
17/02/99 Spherical 10 60 5.0 23.1 14.6 0.78 0.48 56.9 5.3 
04/02/99 Exponential 9 60 7.2 31.3 7.5 0.77 0.93 57.2 6.3 
30/11/98 Spherical 10 70 5.7 25.4 16.7 0.78 0.75 58.6 5.6 
17/12/98 Exponential 9 60 2.6 27.7 7.1 0.91 0.82 59.1 6.0 
23/11/98 Exponential 9 60 7.9 26.2 4.6 0.70 0.70 59.4 5.7 
19/10/98 Exponential 9 90 9.0 28.7 5.0 0.69 0.89 59.4 5.9 
12/04/99 Spherical 9 70 4.4 25.3 15.7 0.83 0.64 60.1 5.6 
14/10/98 Spherical 9 75 5.6 24.8 14.6 0.78 0.77 61.4 5.4 
21/01/99 Spherical 18 230 30.0 51.0 190.0 0.41 0.95 62.4 7.0 
26/10/98 Spherical 20 230 24.5 39.5 150.0 0.38 0.97 64.1 6.1 
05/01/99 Spherical 9 70 5.7 25.2 15.5 0.77 0.79 64.5 6.0 
02/11/98 Spherical 18 200 25.8 55.1 178.3 0.53 0.98 65.5 7.4 

 

 

 

 

 

 

 

 

 

 

 
 
 

Fig. 5    Rainfall vs. contributing area 
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Fig. 6 Locations of contributing areas derived from topographic index 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7 Average soil moisture vs. runoff with fitted curve 

5 Discussion 
Rainfall-runoff curves showed that peak and recession times were rapid. Water is 
transported to the stream very rapidly and the time between peak and back to baseflow is 
relatively short. Tensiometers also showed evidence of a quick response. Contributing 
area vs. total rainfall (Fig. 5) showed two types of response. Most rain events (less than 20 
mm total rainfall; 77 recorded events) generated stormflow with a maximum contributing 
area of around 10 %. Field observations have shown a variable source area of around 8 % 
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(mainly consisting of the flat areas adjacent to the stream, Figure 1 and Figure 6), 
suggesting that during smaller rain events, the variable source area is mainly contributing 
to the storm runoff. In this case, the difference between the field observations and 
contributing area calculations can be attributed to sheep tracks locally influencing runoff. 

In modest to larger storms (20 mm and above) the contributing area must have included a 
significant proportion of the slopes adjacent to the variable source areas since the 
contributing area may increase to 65 %. Field visits have confirmed that the saturated 
areas adjacent to the stream persist for long periods, and can expand slightly during 
storms. However, there is no evidence of Hortonian or saturation overland flow during 
rain events of more than 20 mm. This suggests that during more extreme events, 
contributing areas are becoming larger and that the water moving down the slope is 
transported through the topsoil. 

The grid soil moisture average compared with the stream runoff measured at the same 
time showed an exponential behaviour (Fig. 7). Although the relationship is continuous 
for simplicity, the graph has been divided into two sections by a soil moisture content of 
0.55 to 0.60 cm3/cm3. In the dry section, stream runoff is less than would be expected for 
the given storm; in the wet section, similar precipitation input produces a much more rapid 
increase in runoff. 

Results for the moisture conditions of the TDR grid support these two different rainfall 
responses. In conditions with low antecedent moisture, the mosaic of drier and wetter 
areas is localised and unconnected, but above a soil moisture threshold still well below 
saturation, the wet areas become hydraulically connected and storm flow is contributed 
from a large area of the watershed via the topsoil. GRAYSON et al. (1997) described these 
two conditions in terms of local and non-local controls and can also be applied to the 
study catchment. In situations with precipitation exceeding evaporation (a wet condition in 
this case), soil moisture is determined by lateral water movement and therefore is a non-
local control. In drier conditions (evaporation exceeding precipitation), soil moisture is 
controlled locally, reflecting local soil and vegetation variation (GRAYSON et al. 1997). 

6 Conclusions 
The two types of rainfall-runoff responses are revealed. During small and medium sized 
rain events the contributing area is restricted to the flat areas adjacent to the stream, and 
moisture patterns of the topsoil are heterogeneous. During more extreme rain events, soil 
moisture patterns become more uniform and the contributing area is extended onto the 
hillslopes. This effect is also found on point scale where the tension response is rapid for 
large storms. 

The change from variable source area dominated flow to hillslope dominated flow can 
have important implications for management. Radical changes in the properties of the 
topsoil (i.e. by trampling) or, on Dartmoor, the subtle change to different vegetation 
leading to different moisture patterns may alter the threshold value between the two 
different flow mechanisms. As a result this may shift the change from variable source area 
to hillslope dominated flow, consequently influencing the runoff response of the 
watershed. 
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Abstract 

An analysis of runoff observations in the highly instrumented 16 km2 alpine Löhnersbach 
catchment, Austria, indicates that a number of runoff event types exist. These types 
include a bimodal event hydrograph consisting of a flashy peak due to saturated overland 
flow and a delayed peak due to subsurface stormflow which occurs in response to long 
duration - low intensity storms, and a unimodal flashy event hydrograph which occurs in 
response to short duration - high intensity storms. One or two particular mechanisms 
dominate in each of these types while the contribution from other mechanisms is not 
significant. Runoff generation is found to be very different in the northwestern and 
southeastern parts of the Löhnersbach catchment. During low flow conditions, the former 
contributes below average to runoff and the latter contributes above average, but this trend 
is reversed for high flow conditions and large events. These differences can be interpreted 
very well in terms of the dominating runoff generation mechanisms and are fully 
consistent with the spatial patterns of dynamic indices such as stream network density and 
the presence of saturation zones. However, standard GIS catchment descriptors such as 
topographic attributes, landuse and geology do not suffice to explain these spatial patterns 
of runoff generation.  

1 Introduction 
Runoff generation is a result of the interplay of a range of processes the relative 
magnitudes of which vary, among other things, with climate, catchment properties, and 
catchment scale. The variability of runoff generation processes within a catchment and the 
variability from event to event is one particularly intriguing aspect. A better understanding 
of these spatio-temporal patterns of runoff generation is needed for obtaining realistic 
estimates of runoff for unobserved situations, such as extreme floods and runoff under 
changed environmental and land use conditions. Estimating runoff generation for such 
situations is very difficult as it involves a high degree of extrapolation. These difficulties 
have been highlighted by local scale field experiments (e.g. SCHERRER 1997), observations 
in experimental basins, (e.g. KIRNBAUER & HAAS 1998, MÜLLER & PESCHKE 2000) and 
modelling studies (e.g. MOORE & GRAYSON 1991). Also, different runoff processes may 
dominate at different spatial scales (see e.g., BLÖSCHL 1996, UHLENBROOK & 
LEIBUNDGUT 1997). Although it is possible to estimate runoff for unknown situations by 
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hydrological simulation models, the reliability of such estimates is notoriously poor, 
particularly when moving from the plot scale or small catchment scale to medium sized 
catchments (DFG 1995). 

One means of addressing the complexity and variety of processes is to isolate dominant 
processes (GUTKNECHT 1997). This idea is based on the hypothesis that, under certain 
conditions, one single mechanism (e.g. either infiltration excess overland flow, saturated 
overland flow, or subsurface stormflow) dominates the runoff behaviour and other 
mechanisms are less important. The task then is to identify the conditions under which a 
given area is dominated by a certain mechanism and to describe the interactions between 
dominating processes and their underlying controls. Several studies have contributed to 
the identification of dominating mechanisms and their interactions (e.g. DUNNE 1983, 
ANDERSON & BURT 1990, PESCHKE et al. 1999) but, so far, little work has been done in 
alpine terrain where the spatial heterogeneities can be much greater than in flatter terrain. 

The purpose of this paper is to present space-time patterns of runoff generation as inferred 
from runoff observations in the 16 km² alpine Löhnersbach catchment. While the 
resolution of these patterns is restricted to the observational network in space (i.e. gauged 
subcatchments) and to events in time (i.e. analysis of runoff events) further research into 
identifying higher resolution space-time patterns is underway.  

2 Field site and instrumentation 
The Löhnersbach research catchment is situated near the Saalbach skiing resort in the state 
of Salzburg, Austria (47°20´N, 12°40´E). The research basin is a 16 km2 alpine catchment 
with elevations ranging from 1100 to 2200 m a.s.l. The vegetation includes spruce, alpine 
pasture and alpine roses. The main stream (the Löhnersbach) divides the catchment into a 
northwestern part and a southeastern part which are hydrologically very dissimilar. The 
northwestern part exhibits numerous permanently saturated areas which are fed by 
permanent springs. Also, the stream network density (Fig. 1) in this part is very high. In 
contrast, the southeastern part of the catchment has significantly fewer saturated areas and 
a lower stream network density. These differences have very important ramifications for 
the spatial patterns of runoff generation in the catchment. It is interesting to note that these 
striking hydrological differences are in stark contrast to an apparently uniform geology 
and pedology. In other words, from the geologic and pedologic maps one would not 
consider these two parts to be different while from a hydrologic perspective they are very 
different.  

The field instrumentation includes four recording rain gauges and five recording stream 
gauges. During field campaigns in summer, runoff has been gauged daily at five additional 
sites within the catchment (Fig. 1). These measurements provide data from a total of 11 
gauged subcatchments which allow some inferences on the spatial patterns of runoff 
generation within the catchment. Additional field observations include a visual assessment 
of the activity of springs and the expansion of saturated areas during storms. Much of the 
information on the hydrology of the catchment is of a qualitative nature and stems from an 
intimate knowledge of the catchment which was acquired during numerous field 
campaigns in the past decade.  
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3 Event types at various scales 
Based on an understanding of what constitutes typical events and typical situations in the 
various subcatchments of the Löhnersbach, the following examples have been selected 
here to illustrate important differences from event to event as well as a function of 
catchment scale.  

Figures 2a and 2c show two example hydrographs from a 7.2 ha microcatchment 
(Limbergalm, see Fig. 1). The shape of these hydrographs is bimodal. The first peak is 
flashy with response times of less than an hour. The secondary peak is smooth indicating a 
delayed response with response time of about two to three days. These events were 
associated with wet antecedent conditions, relatively low rainfall intensities (< 4 and 1 
mm/15 min, respectively) and relatively large precipitation depths (77 and 49 mm, 
respectively).

rain gauge

air temperature

stream gauge

N

47°20' N12
°4

0'
 E

saturation area

discharge measurement
(once per day)

stream gauge with
discharge measurement

S

R

KM
N

L

Fig. 1 Drainage network, saturation areas (shaded areas) and observational 
network in the Löhnersbach catchment, Austria.  
The stream gauges used here are: R = Rammern (16 km2), K = Klammbach (2.5 
km2), M = Marxtengraben (1.5 km2), S = Schusterbauergraben (1.4 km2), N = 
Neuhausengraben/Mündung (1.3 km2) and L = Limbergalm (0.072 km2). The 
main drainage line is the Löhnersbach which flows from the south-west to the 
north-east 
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Fig. 2  Examples of runoff event types. (a-d) are long duration - low intensity 

storms producing a bimodal hydrograph at Limbergalm (a, c) and a 
hydrograph with a linear recession at Rammern (b, d). (e-h) are short 
duration - high intensity storms producing unimodal flashy hydrographs 
both at Limbergalm (e, g) and Rammern (f, h) 
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b) Rammern 1995
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c) Limbergalm 1997
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d) Rammern 1997
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e) Limbergalm 1995Σ = 35 mm
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f) Rammern 1995Σ = 35 mm
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g) Limbergalm 1995
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It should be noted that part of the microcatchment (0.12 ha) is a saturated area fed by 
permanent springs. The two peaks can be interpreted in terms of the runoff generation 
mechanisms in this microcatchment. The first peak clearly stems from direct surficial 
runoff from the saturated area. The second, smooth peak is due to subsurface stormflow 
where rainfall infiltrates in the upper portion of the microcatchment, moves along fast 
subsurface flow paths and discharges from the springs at the upper border of the saturated 
area. Apparently, long duration rainfall and wet antecedent conditions are conducive to 
subsurface flow paths to become active which then significantly contribute to stormflow. 
This interpretation is consistent with field experience in the microcatchment. It is 
interesting that this bimodal runoff response is quite typical of low intensity - long 
duration events in this and other microcatchments that are partly covered by saturated 
areas. The differences in response times for the two groups of flow paths are large enough 
to cause a bimodal event hydrograph.  

When one moves to larger catchment sizes such as the 16 km2 Löhnersbach catchment at 
Rammern (Fig. 1), the same events produce quite different hydrographs (Fig. 2b, d). There 
is a rapid response within a few hours or less as well as a delayed response. However, the 
delayed response is reflected in a nearly linear hydrograph recession (Fig. 2b, d) over two 
or three days rather than in a secondary peak. The interpretation of this is that runoff from 
the 16 km2 catchment is a combined result of runoff from microcatchments such as that in 
Figures 2a and 2c. These microcatchments are likely to have a spectrum of secondary 
(subsurface) response times ranging from a number of hours up to a few days. The 
combined secondary response then results in a flat recession rather than a secondary peak. 
Again, this hydrograph shape is quite typical of low intensity - long duration events in the 
Löhnersbach catchment.  

A different runoff event type is shown in Figures 2e to 2h. Figures 2e and 2g are two 
example hydrographs from the same microcatchment as Figures 2a and 2c (Limbergalm). 
However, the shape of these hydrographs is very different from those in Figs. 2a and 2c. 
The runoff response is flashy with a single peak. These events were associated with 
relatively high rainfall intensities (14 and 25 mm/15min, respectively) and smaller 
precipitation totals (35 and 44 mm, respectively). It is clear that this flashy response stems 
from direct surficial runoff from the saturated area; there is no second peak. Apparently, 
short duration rainfalls with relatively low precipitation totals are too small to activate 
subsurface flow paths although the surface response is quite substantial. Note that the 
baseflow prior to these events was very low which implies dry antecedent moisture 
conditions. Again, this type of single peaked flashy runoff response is quite typical of high 
intensity rain bursts in this and other microcatchments that are partly covered by saturated 
areas.  

When one moves to larger catchment sizes such as the 16 km2 Löhnersbach catchment at 
Rammern (Fig. 1), the same events produce similar hydrographs (Figs. 2f, 2h): There is 
one single quick response with response times of a few hours or less. The interpretation of 
this is that runoff from the 16 km2 catchment is, again, a combined result of runoff from 
microcatchments such as that in Figs. 2a and 2c. However, the timing of the responses is 
very similar with little variation in surface travel times. Also, it is likely that only a part of 
the Löhnersbach catchment is covered by this type of rainstorm, and because of this, there 
is one single sharp runoff peak in the hydrograph from the 16 km2 catchment. Again, this 
hydrograph shape is quite typical of high intensity - short duration events in the 
Löhnersbach catchment. 
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4 Spatial patterns of runoff generation 
As mentioned above, the Löhnersbach catchment is quite heterogeneous. The 
northwestern part of the catchment exhibits numerous permanently saturated areas while 
the southeastern part does not. Field experience in the Löhnersbach catchment indicates 
that these differences have very important implications for runoff generation. Some of 
these differences will be demonstrated quantitatively below.  

Figure 3 shows results from daily instantaneous runoff measurements at four gauges 
(Klammbach, Marxtengraben, Schusterbauergraben, and Neuhausengraben/Mündung, see 
Fig. 1). Specifically, the ratio of runoff at these four gauges and runoff from synchronous 
measurements at Rammern (i.e. the 16 km2 Löhnersbach catchment, see Figure 1) has 
been calculated and plotted against runoff at Rammern. Figure 3 thus represents the runoff 
contributions of the subcatchments as a function of the streamflow from the entire 
catchment. The four subcatchments fall into two groups. The first group is the 
Klammbach, which is located in the south-eastern part of the Löhnersbach catchment. The 
second group consists of the Marxtengraben, Schusterbauergraben and Neuhausengraben / 
Mündung which are all located in the north-western part of the Löhnersbach catchment. 
The catchment area of Klammbach is about 15 % of that of the Löhnersbach catchment, 
but during low flow conditions, the Klammbach contributes a large percentage (around 
20-25 %) to the Löhnersbach runoff. As runoff increases, the relative contribution of the 
Klammbach decreases to about 15 % or less.  

 

 

Fig. 3 Measured runoff from four subcatchments scaled by synchronous runoff 
measurements at Rammern and plotted against these synchronous runoff 
measurements at Rammern. This plot illustrates the drastic spatial differ-
ences in runoff generation in the Löhnersbach catchment 
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On the other hand, the catchment area of Neuhausengraben/Mündung is about 8 % of that 
of the Löhnersbach catchment, but during low flow conditions, the Neuhausengraben / 
Mündung contributes a much smaller percentage (less than 5 %) to the Löhnersbach 
runoff. As runoff increases, the relative contribution of the Neuhausengraben/Mündung 
increases to about 10 % and, occasionally, it is more than 13 %. Marxtengraben and 
Schusterbauergraben belonging to the same group of northwestern catchments as 
Neuhausengraben / Mündung exhibit a very similar behaviour although the increase is less 
pronounced. It is clear that the differences in runoff between these two groups of 
catchments are related to the importance of subsurface stormflow mechanisms and the 
presence of saturated areas in the northwestern part of the catchment. During dry 
conditions and during long interstorm periods the subsurface pathways in the north-
western part tend not to be active and water tends to penetrate deeper into the subsurface 
and/or is lost to evapotranspiration. During storms, both surface and subsurface flow paths 
become active (see Fig. 2 a, c) which increase the runoff contribution drastically. On the 
other hand, in the southeastern catchments such as the Klammbach the threshold 
mechanisms apparently are largely absent. It is likely that water from near surface - 
subsurface flow paths form the main contribution to runoff, and that runoff is more 
linearly related to rainfall. It is also likely that during low flow conditions, the Klammbach 
contributes above average to the Löhnersbach mainly because the contribution of the other 
subcatchments is significantly less than average.  

5 Discussion and conclusions 
An analysis of runoff observations in the highly instrumented Löhnersbach catchment has 
indicated that a number of runoff event types exist. The event types shown here include an 
event type with a bimodal event hydrograph consisting of a flashy peak due to saturation 
overland flow and a delayed peak due to subsurface stormflow. The former occurs on 
areas that are partly covered by permanently saturated zones, provided the storm is of a 
long duration - low intensity type because these are the conditions under which the 
subsurface flow paths are activated. The second event type is a unimodal flashy event 
which may occur on similar areas but is associated with short duration - high intensity 
storms. In each of these types, one or two particular mechanisms dominate while the 
contribution from other mechanisms is not significant. For some types, such as the 
bimodal type, the shape of the hydrograph changes with catchment scale while for other 
types, such as the flashy unimodal type, it does not. These findings support the existence 
of typical events and the notion that it is in fact possible to isolate dominating processes in 
the context of runoff generation (GUTKNECHT 1997).  

Runoff generation was found to be very different in the northwestern part and the 
southeastern part of the Löhnersbach catchment. During low flow conditions, the 
northwestern part contributes below average to runoff and the southeastern contributes 
above average. However, this trend is reversed for high flow conditions and large events. 
These differences can be interpreted in terms of the runoff generation mechanisms 
associated with subsurface stormflow and overland flow from saturated areas and are 
consistent with field experience in the Löhnersbach catchment.  

There are a number of important implications of the findings reported here for 
hydrological modelling. It is clear that runoff generation in small catchments is highly 
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non-linear as threshold effects can be important which may cause the hydrograph shape to 
change from event to event. However, typical events do exist. It is likely that these types 
identified in very small to small catchments can also be used when moving up to medium 
sized catchments. This is particularly appealing when one wishes to retain the process 
basis of hydrological models and at the same time find a strategy for coping with the 
complexity of runoff generation processes. 

While the spatial patterns of runoff generation in the Löhnersbach catchment can be 
interpreted very well in terms of dominating mechanisms it is clear that this is contingent 
on the existence of an abundance of field data and qualitative field experience. It is much 
more difficult to interpret the spatial patterns of runoff generation, if only catchment 
attributes from regional data bases are available. While mappable properties such as 
stream network density and the presence of saturated zones have been found to be 
valuable indicators of spatial differences in runoff generation, these are not the type of 
data usually found in regional databases. Rather, regional databases tend to include 
catchment descriptors such as topographic attributes, land use, geology and pedology, but 
these descriptors do not vary much between the two parts of the Löhnersbach catchment 
(MERZ et al. 2000). They hence can certainly not explain the striking differences in runoff 
generation of the two spatial units. This finding is very important for process based 
approaches to modelling runoff generation in medium sized catchments because it appears 
that a combination of standard GIS layers is unlikely to capture space-time differences in 
runoff generation such as those found in the Löhnersbach catchment. Rather, a more 
promising strategy may be to use indices that are better related to field observed runoff 
generation dynamics such as the saturation areas in this study but other possibilities 
include spring discharge and the FLAB indices suggested by PESCHKE et al. (1999). Of 
clear importance is expert knowledge about catchment behaviour, including qualitative 
observations which were used in this study and were found very useful. It is also likely 
that a combination of different data types (multi-response data) can contribute 
substantially to better identifying space-time patterns of runoff generation. Modelling 
approaches for medium sized catchments can then be based on the notions of typical 
events and dominant runoff mechanisms which may facilitate the simplification of process 
descriptions while retaining their most important dynamic properties.  
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Abstract 

Small catchment runoff often exhibits a clear response of discharge and solute 
concentration within a few minutes after the onset of rainstorms. These patterns are 
investigated in two forested catchments. In spite of very similar hydrographs the dynamics 
of nitrate, sulphate and silica concentration differ substantially between the two. A 
detailed study confirmed the variable saturated area concept. Preferential flow does not 
even play an important role at the site with most pronounced dynamics. The discrepancy 
between similar hydrometric and dissimilar hydrochemical hydrographs is ascribed to the 
discrepancy between pressure propagation and mass transport. During discharge peaks the 
shallow groundwater level increases and pre-event water is mobilised by piston-flow 
displacement. As surface runoff is reduced in the occasionally saturated area, more stream 
water is generated by discharging deeper groundwater, even during storm flow, and the 
correlation between discharge and solute concentration becomes less pronounced. 

1 Introduction 
Numerous studies have confirmed that the variable saturated area concept (DUNNE & 
BLACK 1970) is an appropriate means of describing the runoff generation process in 
pristine humid catchments. The concept is easily extended to the often-observed 
correlation between discharge and solute concentration: pre-event water stored in the 
riparian zone may be mobilised as the soil saturates during rainstorms. The response of the 
hydrograph thus depends on the interplay between topography and groundwater level. As 
a consequence, catchments with similar physical and geochemical properties and similar 
hydrographs should exhibit similar hydrochemical dynamics. If this is not the case, the 
observed discrepancies have either to be ascribed to preferential flow or the concept has to 
be extended. 

2 Sites 
Data from long-term monitoring programs of two forested catchments are used for this 
study (Tab. 1). Continuous hydrological and hydrochemical measurements in the 
Lehstenbach catchment are performed by different groups from the University of Bayreuth 
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and the Bavarian State Office for Water Management (MORITZ et al. 1994, LISCHEID et al. 
1998). The catchment is characterized by a dense network of natural streams and artificial 
channels. Mean groundwater level is less than 1 m below the surface in roughly one third 
of the catchment area, and deeper than 10 m in the upslope regions. 

Hydrological and hydrochemical data of the Lange Bramke headwater catchment were 
kindly provided by the Institute of Soil Science and Forest Nutrition at the University of 
Göttingen, the Lower Saxon Forest Research Institute, and the Department of Physical 
Geography and Hydrology of the University of Braunschweig (SCHMIDT 1997, 
SCHÖNIGER 1991, HERRMANN et al. 1989). There is only one spring in the catchment. The 
groundwater level is about 5-8 m below the surface in the mid-slope region, and more than 
20 m below the surface in the upslope parts. Groundwater turnover occurs primarily in 
bedrock fractures. Wetlands are confined to a narrow strip of a few metres width along the 
stream. 

 

Tab. 1 Characterisation of the investigation sites 
 Lehstenbach Lange Bramke 
Location 50°08' N, 11°52' E 51°52' N, 10°26' E 
Region Fichtelgebirge  

(Bavaria) 
Harz Mountains  
(Lower Saxony) 

Size 4.2 km2 0.76 km2 
Altitude 695 - 877 m a.s.l. 543 - 770 m a.s.l. 
Bedrock granite sandstone, shale, quartzite 
Annual precipitation sum 1000 mm  1230 mm 
Annual mean temperature 5 - 6.5°C  6° C 
Thickness of the regolith 30 - 40 m 2 - 5 m 
Soils dystric cambisols, podzols dystric cambisols, podzols 
Landuse forest (Norway spruce) forest (Norway spruce) 

3 Data 

3.1 Hydrochemical dynamics 
Two representative sites are selected from the many springs and streams in the 
Lehstenbach catchment. The Schlöppnerbrunnen spring is one of a series of springs in the 
upslope regions located above 780 m a.s.l. (Fig. 1). 

Despite different catchment size and being separated by a distance of 200 km, the 
hydrographs measured at the two catchment outlets do not differ much (Fig. 2). In both 
catchments, discharge usually peaks within a few hours of onset of heavy rainstorms, and 
decreases quickly thereafter. 

Seasonal fluctuations of nitrate concentration in stream water is attributed to plant nutrient 
uptake from the shallow groundwater, thus suggesting the extent of the occasionally 
saturated area. Of the study sites, only the Schlöppnerbrunnen spring does not exhibit any 
seasonality (Tab. 2). 
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Silica is used as a tracer for deeper groundwater with relatively long residence times. 
Sulphate, which is present due to long-lasting anthropogenic deposition and exhibits a 
clear decrease with depth, is used as a tracer for water from the upper soil layers. The 
correlation between discharge and SO4 or Si concentration is determined by the non-
parametric Spearman rank-correlation test. As discharge was not measured continuously at 
low order streams and springs, discharge data from the catchment runoff is used. The most 
clear correlation is found for SO4 in the Lehstenbach catchment runoff and the Lange 
Bramke spring while there is no correlation for the Schlöppnerbrunnen spring (Tab. 2). 
Very little Si data is available for the Lange Bramke catchment runoff; nevertheless, the 
corresponding discharge data cover a range between 0.4 and 7.7 mm day-1. 

 

Fig. 1 Map of the Lehstenbach catchment. The dotted area denotes wetland soils 
according to the forest soil map. Contour levels are given at 20 m intervals. 
Gauss-Krüger-coordinates are given in metres at the axes 
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Tab. 2 Hydrochemical dynamics at different sites in the Lehstenbach and the 
Lange Bramke catchment. N.d.: not determined; n.s.: not significant at the 0.01 
level of significance; the number of data pairs is given in brackets  

Site Lehstenbach 
Schlöppner-

brunnen 

Lange Bramke 
catchment runoff 

Lange Bramke 
spring 

Lehstenbach 
catchment runoff 

NO3 seasonality no yes yes yes 
SO4 vs. discharge 
[Spearman ρ] 

n.s.  (301) 0.35  (304) 0.72  (304) 0.79  (295) 

Si vs. discharge 
[Spearman ρ] 

n.s.  (284) n.s.  (9) n.d. -0.50  (304) 

3.2 Runoff generation observed with high temporal resolution 
In September 1998, a severe rainstorm occured in the Lehstenbach catchment (Fig. 3). 
From 1 - 22 September, open field precipitation runoff totaled 196 mm, and the catchment 
runoff 38 mm. 

Within the time resolution of the measurements (≤ 1 hour), steep increases of 
precipitation, discharge, soil matrix potential and soil water content occur simultaneously. 
In contrast, groundwater level begins to increase at GW12 eight hours after the onset of 
the storm. Groundwater level peaks substantially later than the discharge at GW03 and at 
GW12. In addition, during most of the preceding and subsequent minor discharge peak, no 
increase of the groundwater level could be observed. 
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During this period the groundwater level at GW06 remained more than 6 m below the 
surface. No surface runoff was observed, which is confirmed by soil matrix potential data 
at 35 cm (Fig. 3). Temporary saturation is observed at 90 cm where a layer of substantially 
reduced hydraulic conductivity was identified. The groundwater level rose by 0.7 m 
between 17 and 28 September and continued to increase for another 1.3 m until 14 
October. 

In contrast, site GW04 is located in a wetland area, close to a stream. The terrain is rather 
undulated, and a network of rills develops when groundwater level rises. This is illustrated 
by soil matrix potential and soil water content data from a depth of 90 cm which shows 
soil matrix potential increasing only a few hPa. In addition, no increase of soil water 
content can be observed, confirming full saturation and quick lateral flow at that site. 

During that period sulphate concentration in catchment runoff increases from 0.23 to 0.35 
mmolc l-1, which is approximately equal to mean sulphate concentration of the soil 
solution at 50 cm depth. Maximum sulphate concentration in throughfall is 0.05 mmolc l-1 

(ALEWELL, personal communication).  

4 Discussion 

4.1 Hydrochemical dynamics 
Discharge was not measured continuously at low order streams and springs in the 
catchments. Occasional measurements, however, confirm that the hydrographs at different 
sites do not differ substantially in the Lehstenbach catchment. During winter and spring 
99/00, discharge of the Schlöppnerbrunnen spring was slightly more responsive than low 
order streams in wetlands exhibiting the same hydrochemical dynamics as the catchment 
runoff. 

One extreme is represented by the Schlöppnerbrunnen spring in the Lehstenbach 
catchment. Wetlands comprise only a very small part of the catchment area. Seasonal 
signals caused by plant uptake are not evident due to extended travel time in the vadose 
zone. The same also holds for most of the groundwater wells in that catchment. In 
addition, there is no correlation between SO4 or Si concentration and discharge. As more 
wetlands are involved, the seasonal signal of plant uptake from the shallow groundwater 
becomes more pronounced. Discharge peaks are increasingly generated from soil water in 
the vadose zone that occasionally saturates to the surface. As the latter differs from deeper 
groundwater with respect to SO4 and Si concentration, a correlation between discharge 
depth and solute concentration is observed. 

4.2 Runoff generation observed with high temporal resolution 
Precipitation was measured as open field precipitation. This is a slight overestimation of 
the infiltrated rain water, as interception loss in the tree canopies is not accounted for. 
However, this amount is negligible especially during severe rainstorms. For 1 - 22 
September, the runoff coefficient (ratio of catchment runoff to precipitation) is 0.3. This 
ratio is less than the ratio of wetlands to catchment area (0.33). For 1 September to 9 
October, the runoff coefficient is 0.55. Thus in spite of the spectacular runoff peak, most 
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of the infiltrated water leaves the catchment with considerable delay via groundwater 
discharge. The time delay due to channel routing is much less than 1 hour under storm 
conditions and needs not be considered for this study. 

During the groundwater peak volumetric water content in the vadose zone at 90 cm is 
roughly the same as prior to the event (Fig. 3). Assuming that this is the case throughout 
the vadose zone down to the groundwater level, the observed magnitude of increase of the 
groundwater level of 1 to 1.5 m following 106 mm precipitation (14 - 17 September) is in 
the expected range based on a porosity of 7 – 10 %. It is clear that the infiltrated rain water 
at these sites does not contribute to the discharge peak generation. 

On 14 and 15 September the vertical propagation of the pressure signal and of soil water 
content occur simultaneously at many different sites in the Lehstenbach catchment. No 
time delay depending on distance from the stream is observed that would give evidence 
for rapid lateral transport. It is concluded that the contribution of macropore flow or 
interflow to runoff generation is negligible.  

Saturated area overland flow is the prevailing transport process for the last part of the way 
into the stream. However, the hydrochemical data clearly show that this does not imply 
that the soil matrix is by-passed. Instead, the data suggest piston-flow displacement of old 
water in this area. 

4.3 Linking hydrometric and hydrochemical observations 
Combining hydrometric and hydrochemical data helps to refine the variable saturated area 
concept for runoff generation in small catchments where preferential flow is not a 
dominant factor. Obviously, the shape of the hydrograph depends on the spatial extent of 
rapid groundwater level increase near streams, which in turn depends on the depth to 
groundwater and the degree of soil saturation prior to the event, and on the shape of the 
water retention curve. Runoff is then generated by piston flow displacement of soil water 
and groundwater near streams. In the case of extended areas that occasionally saturate to 
the surface, a network of rills develops. Soil water from the upper soil layers is mobilised 
and quickly transported to the streams. Thus streamwater quality in this instance is closely 
related to discharge depth. If surface runoff via small rills is not possible, displaced water 
must be completely derived from deeper groundwater layers. In that case streamwater 
solute concentration is not correlated with discharge depth. 
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Abstract 

Dry weather flow can only be understood if the entire drainage basin is considered. It is 
useful to divide the basin into subunits corresponding to the longitudinal profile of electric 
conductivity and major ions. By applying this method the spatial distribution of important 
flow components can be determined. Consideration of temporal behaviour of these sources 
begins in the next step. Temporally invariant end members could be used for a mixing 
approach. 

In a small drainage basin in the southern Eifel mountains, Germany, nine subunits were 
designated. Six have a major influence on runoff generation under dry weather conditions, 
but only two show the properties of characteristic end members. 

1 Introduction 
What is measured at a river gauging station is an integrated response consisting of 
overlaying individual processes. But, more importantly, different combinations of 
processes can lead to the same signal. This phenomenon is well known as an inverse 
problem. It can be addressed by two approaches: including as many aspects as possible in 
an investigation reduces the number of alternative hypotheses and determining the 
hydrologically active subunits within a basin reduces the number of potential controlling 
factors. In this study the importance of several areas contributing to dry weather flow and 
to the transport of major ions in a small mountain river is investigated. 

2 Materials and methods 
The 3 km² drainage basin of the Kartelbornsbach is situated about 10 km north of Trier, 
Germany. Its main characteristic is the heterogeneity of geology, soil types and land use. 
Small patches of woodland grow on the eastern hills, while in the western part agriculture 
is the dominant land use. The area near the river is predominantly pasture. The waste 
waters of the small village of Newel in the north and a cluster of houses called 
Kreuzerberg in the south have a strong impact on the river water quality . 

The bedrock consists of Triassic limestone, especially the Upper and Middle Muschelkalk. 
The Middle Muschelkalk contains gypsiferous pockets. Tile drains from this region are 
rich in CaSO4, especially tile drain 1 (Fig. 1). In the Upper Muschelkalk, the Kartelborn is 
a well with water rich in CaCO3. In the lower part of the drainage basin, another tile drain 
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(tile drain 2) that drains the southern hillslopes of the Eulenberg was sampled. It contains 
a mix of groundwater and soil water. The Mombriger Bach is a small tributary that is dry 
in the summer. 

In order to find the sources and tributaries and to estimate their influence on water quality 
of the Kartelbornsbach, longitudinal profiles were taken in the last years (LÜCKE 1993, 
KREIN 2000). Since summer 1999, electric conductivity has been measured weekly. 
Additional samples were taken during dry weather conditions and analyzed for major ions 
(Ca2+, Mg2+, Na2+, K+, Cl-, SO4

2-, NO3
-, PO4

3- and NH4
+). Heavy metals Zn, Fe, Mn and 

Cu were analyzed by AAS. The examples below show the longitudinal profile of electrical 
conductivity (Ksc), SO4

2- and NO3
- measured on 19 June 2000 and Fe measured on 13 

September 1999. 

3 Results 
Contribution to dry weather flow can be expected from nine sources (Fig. 1). The 
Kartelbornsbach begins as a ditch (1) that collects water from the soil surface and from the 
top layer of agricultural soils. In summer, it is often dry. Waste water from the village is a 
continuous source (2). Between the treatment plant and a well, soil water is assumed to 
enter the river over a distance of about 500 m (3). Another continuous source is the 
Kartelborn, a well that delivers groundwater into the river (4). The Mombriger Bach is a 
small tributary that is usually dry in summer (5). The area of the Middle Muschelkalk 
shows wet patches near the river (6). The gleyic soil of one of these patches is drained by 
a tile drain (7). Waste water from Kreuzerberg (8) and a second tile drain (9) have an 
additional impact. 

The longitudinal profile of Ksc (Fig. 2) measured in June 2000 is typical of a normal 
summer. The Ksc of the ditch water increases after mixing with the waste water from the 
treatment plant. Ksc decreases slightly along the next 600 m. Both the groundwater of the 
Kartelborn well and the water of the Mombriger Bach dilute the river water significantly. 
Entering the area of the Middle Muschelkalk, Ksc increases due to contribution of water 
from the gypsic pockets. A minor peak occurs after the first tile drain. This water shows a 
Ksc of more than 2000 µS cm-1 in summer. The second tile drain and the waste water from 
Kreuzerberg do not change the Ksc significantly. 

This first survey shows that six of nine potential sources are important and must be 
considered for the dry-flow runoff generation process. Ksc can only give general 
information, as it depends primarily on a few major ions. In the Kartelbornsbach the 
predominant ions are Ca2+, Mg2+, HCO3

- and SO4
2-. 

Spatial variations in the concentrations of specific chemical constituents reveal additional 
information about source contributions to streamflow and chemical transformations 
affecting some of the constituents. 

In Figure 3 the longitudinal profiles of SO4
2-, NO3

- and Fe are shown. The SO4
2- 

concentration is nearly constant during the first 600 m after the waste water effluents, 
whereas Fe increases and NO3

- decreases. Measurements of discharge show no differences 
between sampling points at 600 and 1200 m. Therefore, only small quantities of water 
enter the river over this reach. The increase of both Fe and Mn, which is not shown in this 
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figure, indicate contributions 
of deep soil water or remnants 
of perched groundwater. The 
decrease of NO3

- can be 
explained by biological activi-
ty. 

Water from the Kartelborn 
well dilutes mainly NO3

- and 
Fe. It is a carbonate water 
with medium Fe and NO3

- 
concentrations. The conti-
nuous increase of SO4

2- that 
correlates with Ksc is derived 
from contributions of soil 
water from the Middle Mu-
schelkalk area. The influence 
on the concentrations of river 
water is not high, although 
NO3

- (about 25 mg l-1) is only 
half that of soil water from 
cultivated soils. The discharge 
from the area of the Middle 

Muschelkalk is not very high (e.g. 0.1-0.2 l s-1 from tile drain 1), but the water has a clear 
chemical signal. Soil water from lower part of the basin (second tile drain), and waste 
water from Kreuzerberg dilute SO4

2-. In this area there are several tile drains at different 
depths. Tile drain 2 contains water from a hill slope. 

The concentrations of major ions remain more or less constant over the year, but high 
fluctuations of NO3

-, Zn, Fe and Mn can be observed. Again the discharge is not very 
high, but this water seems to be sensitive to changes in the groundwater level. 

 

Fig. 2 Longitudinal profile of electric conductivity, 19 June 2000 

 
Fig. 1 Subunits in the drainage basin of the 
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Tab. 1 Minimum and maximum ratios of dissolved matter in several samples 
(Reference: Kartelborn well = 1) 

 ditch treatment 
plant 

Mombriger 
Bach 

tile drain 1 tile drain 2 gauge 

conductivity 1.0 - 1.1   2.6 - 2.8 1.2 1.1 - 1.2 
PO4

3- 2.5 26 - 206 0.5 - 1.7 0  4.7 - 11.3 
Cl- 2.2 - 2.3 2.9 - 4.1 1.2 - 1.4 0.4 - 0.6 1.5 - 1.6 1.1 - 1.7 
NO3

- 0.7 - 0.8 1.7 - 5.4 0.8 - 1.3 0.4 - 0.6 1.4 - 1.9 1.0 - 1.2 
SO4

2- 1.0 1.8 - 2.5 0.6 - 0.8 40 - 45 1.8 - 2.7 3.2 - 6.0 
Na+ 3.0 5.2 - 17.6 0.7 - 1.0 0.6 0.5 - 0.7 1.6 - 2.3 
K+ 2.2 6.0 - 14.6 0.7 - 1.6 1.1 - 4.7 0.9 - 1.0 1.6 - 2.0 
Ca2+ 0.9 0.5 - 0.9 0.7 - 1.0 4.2 - 4.7 1.3 1.2 - 1.4 
Mg2+ 0.8 0.1 - 0.5 1.0 - 1.1 1.2 - 1.3 1.0 - 1.1 0.9 - 1.0 
 

 

 

 

As the dry weather flow of the Kartelbornsbach consists of several flow components there 
is a need for a model that explains both the variations of discharge and concentrations of 
dissolved ions. A mixing model could be a first approach. However, a mixing model is 
based on the assumption that the most important components are temporally invariant end 
members (CHRISTOPHERSEN et al. 1990, HOOPER et al. 1990). Other investigations 
consider end member composition as variable sources even though they are used for 
modelling the runoff of an event (DURAND & TORRES 1996). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3 Longitudinal profiles of major ions 
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Figures 4 and 5 show the temporal variability of three flow components. The electric 
conductivity of the Kartelborn well has a small seasonal variation with maximum values 
in late autumn. The second tile drain, which can be considered as representative for most 
of the hill slope water, shows a similar picture. The first tile drain indicates clearly that it 
cannot be considered as an end member. To obtain more detailed information about the 
composition of the different sources, the average concentrations of the Kartelborn well 
were taken as a reference to which all other data were related. For an ideal end member, 
the ratio of ions is assumed to be constant. Table 1 shows the results. 

 

Tile drain 2 confirms the result of electric conductivity. As expected, water from the 
treatment plant shows the highest variations with a minimum of Ca2+ and Mn. The 
Mombriger Bach has constant ratios for chloride and sulphate, and for the first tile drain 
coming from the Middle Muschelkalk, phosphate and sodium can be used for a mixing 
model. The ditch at the upper course of the river ran dry during the sampling period. 
Therefore, only a few measurements were available and it is not useful to list minimum 
and maximum values. However, there is no ion with overall constant ratios, which means 
modelling by a mixing approach is possible but must be done on a step by step basis. 

 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4 Conductivity of Kartelborn well and tile drain 2 in summer 1999 
 
 

 
Fig. 5 Conductivity of tile drain 1 in summer 1999 
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4 Conclusions 
The dry weather flow of the Kartelbornsbach consists of several flow components. Based 
on the characteristics of the basin, at least nine components could be expected. 
Longitudinal profiles of electric conductivity along the river showed six sources 
significant either to runoff generation or water quality. The chemical signals demonstrated 
that both geology and waste water have an important influence on water quality. 

An approach to understanding the dry weather flow using mixing models assumes that the 
components are temporally invariant end members. However, in this case only two can be 
considered as end members, whereas the others show a time-dependent variability even 
under dry weather conditions. The results lead to the conclusion that the modelling of dry 
weather flow needs to consider both spatial distribution and temporal behaviour of the 
important sources. A first approach is the subdivision of the basin. 
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Abstract 

The influence of infiltration conditions on storm runoff generation is investigated by 
means of two physically based modelling studies focusing on three important factors:  

(1) macropore flow, (2) soil siltation and (3) temporal variability of precipitation intensity 
during periods of heavy rainfall. The case studies investigate the implications of these 
three factors on hillslopes and in catchments covered by loess. The results show that soil 
surface conditions significantly influence the generation of infiltration-excess overland 
flow. In particular, a macroporous soil in most cases reduces direct runoff and increases 
water retention in the catchment area. However, this effect is only relevant for rainfall 
events with high precipitation intensities and low antecedent soil moisture. Siltation is 
modelled using a simple adoption of empirical findings on siltation obtained at the plot 
scale. Simulation results indicate that such a procedure leads to a drastic overestimation of 
quick hydrological response at the meso-scale scale when re-infiltration is not considered. 
Temporal variations of rainfall intensity can be significant to storm runoff generation at 
the hillslope and catchment scale, resulting in an increase of runoff production compared 
to averaged values. 

1 Introduction 
The infiltration process controls the quick hydrological response of hillslopes and small 
catchments. Particularly under extreme precipitation, the infiltration conditions control the 
portion of water that is transferred to the river system, either directly by generating 
infiltration-excess overland flow, or indirectly by influencing the development of 
subsurface stormflow as well as the extent of saturated surface areas, thus causing 
saturation-excess overland flow. 

This paper focuses on three important factors that influence the occurrence of infiltration-
excess overland flow: macropore flow, soil siltation and temporal variability of 
precipitation intensity during periods of heavy rainfall. Their influence is investigated by 
means of two physically based modelling studies at both the hillslope and small catchment 
scales. 
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2 Macropore effects 
Following the proposal of BEVEN & GERMANN (1982), it is possible to classify the 
porosity of natural soils into micropores and macropores. According to this approach, the 
effect of capillary potential within a macropore is negligible and gravity is the only driving 
force for water flow. Though the fraction of macropore volume is small compared to total 
pore volume, macropores are capable of conducting a significant water flux due to their 
high transport capacity. Within soils characterized by low matrix hydraulic conductivity, a 
large part of infiltration may occur through macropores, thus bypassing the matrix close to 
the soil surface and allowing fast percolation into deeper soil layers. Approximating the 
different infiltration processes observed under field conditions necessitates the assumption 
of two infiltration components. The total infiltration rate I is considered to be the sum of 
the actual rate into the micropore system (or soil matrix) Imic and the actual rate into the 
macropore system Imac:  

 I = Imic + Imac         (1) 

 

This procedure is based on the assumption of a double porous soil and includes the 
calculation of the infiltration rates for both macropore and matrix infiltration. The soil 
matrix will absorb the net precipitation rate INnet as long as the micropore-infiltration is not 
exceeded. This means that infiltration into the macropores is neglected as long as the 
matrix can absorb the total rainfall intensity. The infiltration component into the 
macropore system is switched on when the net precipitation exceeds the matrix infiltration 
rate (INnet > Imic). Infiltration-excess overland flow is generated if the precipitation intensity 
exceeds the sum of the two infiltration components. This approach (Fig. 1) for micro-
/macropore activity is explained more in detail by BRONSTERT (1999). In a study of runoff 
generation at the hillslope scale, BRONSTERT & PLATE (1997) show that it makes process 
sub-models for infiltration and soil water movement compatible. High infiltration rates 
often observed under natural conditions can be modelled by this procedure without 
prescribing unrealistically high values for the hydraulic conductivity of the soil matrix. 

 

 
 

 
Fig. 1 Scheme of micro-/macropore infiltration approach: (a) for low rainfall 

intensity and (b) for high rainfall intensity 
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The approach has also been adopted to describe the dynamics of macropore infiltration at 
the catchment scale. It has been incorporated in the hydrological model WaSiM-ETH 
(SCHULLA 1997) by KATZENMAIER as described in BRONSTERT et al. (2000). Within the 
extended WaSiM-ETH, macropores are treated as a single linear storage that interacts with 
the soil matrix. Infiltration into the macropores occurs as infiltration-excess or as 
saturation-excess of the soil matrix. Exfiltration from the macropores into the soil matrix 
is limited to unsaturated conditions and is controlled by the saturation deficit of the matrix 
and the storage coefficient of the single linear storage. Macropore storage capacity is 
given as the product of macroporosity and the average depth of the macropore layer. As 
information on the interaction between macropores and the soil matrix is sparse, the 
macropore storage coefficient is predestined to be subject to calibration. The other 
parameters that influence the infiltration process in the model (besides siltation effects) are 
physical soil properties obtained from digital maps. They are used without any 
modifications. 

The influence of macropores on storm runoff generation depends enormously on rainfall 
characteristics and antecedent soil moisture conditions. This is illustrated by Figure 2, 
which compares a flood resulting from a convective storm event (with 65 mm of rainfall) 
to one induced by an advective storm event (with 58 mm of rainfall). The convective event 
is characterized by high rainfall intensities (up to 25 mm/h) and low antecedent soil 
moisture, whereas the advective event with much lower intensities is accompanied by high 
antecedent soil moisture. The two flood events are in the same order of magnitude, both 
having a return period of about three years. The study area is the mainly loess-covered 115 
km² Lein catchment in southwest Germany. As Figure 2 a demonstrates, generation of 
infiltration-excess overland flow and resultant direct runoff due to intensive precipitation 
is by far overestimated when infiltration is calculated solely as micropore infiltration 
controlled by soil hydraulic conductivity.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2 Exemplary simulation of two flood events in the Lein catchment (115 km²) 

with a return period of approximately three years as response to (a) a 
convective and (b) an advective storm event, showing the impact of 
macropores on runoff generation 
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This is also true for the advective event (Fig. 2 b), but because of lower precipitation 
intensities and higher soil moisture the consequences are less obvious. In this context it is 
important to notice that for advective events such as the one in February 1990, which also 
contributed to a flood in the entire Rhine basin, infiltration-excess overland flow is of very 
minor importance anyway. 

3 Siltation effects 
Due to their characteristic particle size distribution, loess soils are generally susceptible to 
aggregate breakdown and siltation during high intensity rainfall, resulting in surface 
sealing and a drastic decrease in hydraulic conductivity at the soil surface as well as a 
decline in macropore connectivity (e.g. RÖMKENS et al. 1995). In the past, the impact of 
siltation on infiltration and the production of infiltration-excess overland flow has been 
studied extensively with the help of plot scale sprinkler experiments . The reduction of 
hydraulic conductivity obtained from such experiments is in the range of one order of 
magnitude (e.g. ROTH et al. 1995). Much less is known about the magnitude of macropore 
disconnection due to siltation and the impact of siltation on runoff generation at the 
catchment scale. 

The siltation module, which was developed by KATZENMAIER (BRONSTERT et al. 2000) as 
an extension for WaSiM-ETH, takes into account the decrease in hydraulic conductivity at 
the soil surface as well as the reduced inflow of infiltration-excess into the macropores. 
Hydraulic conductivity of the soil surface is reduced by simply multiplying it by a factor 
Csilt that takes values between zero (impermeable soil surface) and one (no siltation). Csilt 
depends on the precipitation intensity, the actual canopy cover and a given maximum 
reduction factor Cmax derivable from experimental studies. Once a low-permeable layer 
has developed at the soil surface, regeneration from the aggregate breakdown takes place 
over a longer period of time (up to several months), or abruptly when sowing or 
harvesting is done. 

When applying the siltation module to the Lein catchment (see section above) with 
parameter values as they are measured at the plot scale, an unrealistically high amount of 
infiltration-excess is simulated and catchment runoff is drastically overrated. Figure 3 
shows the results of a sensitivity analysis conducted with data from the Lein catchment for 
the factor Cmax. The sensitivity analysis was done separately for five convective and six 
advective storm events which induced floods with return periods between two and eight 
years. The right hand side of Figure 3 shows mean values for the impact of Cmax on runoff 
volume and runoff maximum and suggests a moderate increase of catchment runoff for 
convective storm events with high precipitation intensities and no significant impact for 
advective storms. The diagram on the left, on the other hand, demonstrates that only one 
convective event met the siltation criteria of high precipitation intensities associated with a 
low canopy that occurred because cereals had been harvested shortly before. For this 
event, sensitivity of Cmax is so extraordinary high that even for a moderate 2-fold maximal 
reduction of hydraulic conductivity (Cmax = 0.5), peak runoff is nearly doubled. In contrast 
to the exaggerated simulations, the runoff coefficient of the flood event as it was recorded 
in September 1987 amounted to only 6 % of the rainfall volume.  
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This value is just as low as for the other convective events. These findings support the 
observation of ROTH et al. (1995) that a large percentage of the infiltration-excess 
generated locally re-infiltrates in areas that are not affected by siltation. Consequently the 
empirical evidence obtained for siltation at the plot scale cannot simply be adopted in 
order to describe runoff generation at the meso-scale. 

4 Role of spatial and temporal variability 
The spatial heterogeneity of geophysical catchment properties (e.g. land use, topography, 
soil characteristics, surface roughness etc.), and the space-time variability of event-related 
parameters and state variables (e.g. initial soil water content, rainfall duration and 
intensity) influence runoff generation, in particular under heavy rainfall conditions. The 
effects of spatial variability of soil moisture on runoff generation at the hillslope scale 
have been studied by BRONSTERT & BÁRDOSSY (1999), simulating storm rainfall response 
with different distribution patterns of the initial soil moisture content. The initial soil 
moisture fields were generated using both interpolation methods and stochastic simulation 
methods. Accounting for spatial variability resulted in a clear increase of runoff 
production compared to averaged values. Surface runoff was very sensitive to changes of 
the specific stochastic realisation of soil moisture distribution. The effects are particularly 
important for events with high but not extreme rainfall. 

Complementing this work, here we present an investigation on the importance of temporal 
variations of rainfall intensity for runoff generation. This case study is based on a 
comprehensive set of measurements in the experimental Weiherbach hydrological 
catchment in southwest Germany, and on the corresponding physically based modelling at 
the hillslope scale. The main points of the study are the relevance of the variability in 
rainfall intensity, and – regarding hydrological modelling of storm runoff generation – the 
temporal resolution of the precipitation data used for simulation.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3 Sensitivity analysis for the hydraulic conductivity reduction factor Cmax 

used by the siltation module within the extended WaSiM-ETH 
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The study is done by a modelling analysis that considers different variabilities of rainfall 
intensity by using different time discretization units. 

The investigation was carried out by first generating multiple realizations of rainfall time 
series. The time structure of the rainfall series was reproduced using a Neymann-Scott 
process model, where the parameters were estimated using an observed summer rainfall 
series. A long series of about 100 years precipitation values with a temporal resolution of 
one minute was generated. From this time series 100 hours were selected according to the 
following criteria: the precipitation amount corresponding to the selected hour should not 
differ more than 10 % from the prescribed value, and the precipitation event should not be 
substantially longer than one hour. The precipitation amounts were multiplied by a 
correction factor leading to equal hourly values. Thus we obtained 100 series of one hour 
duration and one minute time steps, all with the same statistical features. 

In a second step, the influence of precipitation intensity variations on surface runoff 
generation was investigated based on simulations with the two-dimensional distributed 
model HILLFLOW-2D (BRONSTERT & PLATE 1997). The 180 m experimental hillslope 
within the Weiherbach was used as application example. This hillslope is well 
instrumented with soil moisture measuring devices: neutron probes at seven points for soil 
depths down to 5 m below the surface and TDR probes at four locations for four depths of 
the top soil. We used soil parameters that have been observed in the field and are 
consistent with typical values for loessy soils. The total duration of the rainfall event was 
assumed to be one hour; the total simulation time is three hours. Two different rainfall 
depths were chosen, representing extreme precipitation values from a nearby climate 
station: 18.9 mm of rainfall for a return period of one year, and 35.4 mm of rainfall for a 
return period of ten years. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4 Average hydrograph and standard deviation obtained by 100 precipi-

tation realizations. Return period one year, duration one hour, rainfall depth 
18.9 mm 
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The results show the importance of time variations of rainfall intensity for surface runoff 
generation. A one hour resolution resulted in a clear underestimation of runoff peak and 
volume. We compared the results based on a variable precipitation time series with the 
results based on an averaged (one hour) intensity. The difference is of particular 
significance if the precipitation depth is about in the order of the actual soil infiltration 
capacity. In the presented example, this situation becomes true for the one-year event. In 
the case of the one-in-ten-years event the runoff obtained from averaged and temporally 
varying rainfall input differed much less, because in almost all intervals (even the ones 
with a relatively low intensity) the infiltration capacity is exceeded. Figure 4 shows the 
results of the surface runoff hydrographs simulated for the once a year event. Besides the 
results of the average (constant) intensity (dashed line), Figure 4 includes the hydrograph 
yielded by averaging the 100 runoff series due to the 100 precipitation series, and the 
envelope of the standard deviation of all realizations. It is obvious that the different 
precipitation series result in very different runoff hydrographs. Figure 5 shows the results 
of the calculated surface runoff hydrographs for the one-in-ten-years event. The relative 
difference between the upper and lower envelope of the standard deviation is smaller than 
that of the once a year rainfall. In addition, the hydrographs for constant intensity and the 
average of all realizations differ much less. 

5 Conclusions 
Soil surface conditions are of particular importance for the infiltration process and for the 
generation of infiltration-excess overland flow. Therefore, given high precipitation 
intensities associated with a low infiltration capacity, any changes of the surface 
infiltration characteristics will yield a significant change of quick hydrological catchment 
response. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5 Average hydrograph and standard deviation obtained by 100 precipitation 

realizations. Return period ten years, duration one hour, rainfall depth 35.4 mm 
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In central Europe, infiltration-excess overland flow is normally restricted to bare soil, 
compacted soil and paved or sealed surfaces. Hydrological models that neglect the 
influence of macropores on the infiltration process by relying solely on soil matrix 
hydraulic conductivities usually overestimate the relevance of infiltration-excess overland 
flow for flood runoff generation. The same might be true for models that simply adopt 
findings on siltation obtained at the plot scale to simulate storm runoff at the meso-scale. 

Temporal variations of the climatic forcing, such as precipitation, play an essential role for 
the hydrological behaviour at the hillslope and small catchment scale, in particular if 
infiltration-excess induced surface runoff is of high relevance for catchment runoff. 
Variability of rainfall intensity results in an increase of runoff production compared to 
averaged values. 

However, the mentioned effects are of minor importance at larger scales, because rainfall 
induced floods at larger scales are mainly evoked by advective precipitation events that 
occur over large parts of the catchment and are usually characterized by rather low 
precipitation intensities. 
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Abstract 

Nitrogen dynamics, especially the temporal and spatial changes in NO3
- concentration of 

soil and ground waters, was investigated in a forest catchment to determine the influence 
of partial dieback of dominant tree stands on nutrient cycling and streamwater chemistry. 
Decreased N uptake by roots and increased N supply from litter fall caused by the 1992-
1994 pine dieback caused a threefold increase in nitrate concentration of streamwater and 
subsurface groundwater. It was found that seasonal peaks in stream NO3

- concentration 
during the rainy season (July to August) occurred during 1992-1996. This seasonal 
variation corresponded directly to that of the groundwater level at the riparian zone near 
the catchment outlet. This suggested that seasonality in groundwater level is the dominant 
factor controlling temporal changes in stream NO3

- concentration. 

1 Introduction 
Forest decline is a major concern not only of the forestry community, but also of Japanese 
citizens who utilize water resources from forested catchments. The decline of the pine 
forest due to pine-wilt disease (PWD) has spread extensively in the western part of Japan 
during the past thirty years (KISHI 1995). Disturbance to the nutrient cycle caused by 
dieback of pine stands has been observed since 1990 in a headwater catchment located in 
the temperate region of central Japan. Unusual elevation in the NO3

- concentration of 
streamwater indicated severe disturbance of the N dynamics of this catchment, which has 
exhibited symptoms of episodic nitrogen saturation. The purpose of this study is to 
describe the influences of the partial pine dieback on the nutrient cycle at the catchment 
scale, and to clarify how this disturbance affects groundwater and streamwater chemistry. 

STODDARD (1994) summarized the changes in seasonal patterns of stream NO3
- 

concentration associated with different stages of N saturation. We focused on seasonal 
patterns of NO3

- concentration not only for streamwater but also for soil solution and 
groundwater in order to understand the controlling mechanisms of temporal variations of 
stream NO3

- concentration as an indicator of N saturation. 
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2 Method 

2.1 Study site 
The study site is a forested headwater catchment (0.68 ha, Matsuzawa catchment) in the 
Kiryu Experimental Basin, south of Lake Biwa in central Japan (35°N, 136°E). The 
average temperature of the Kiryu Experimental Basin is 12.6°C and the average 
precipitation, evapotranspiration and runoff from 1972 to 1981 were 1671.8 mm, 740.2 
mm and 936.0 mm, respectively (FUKUSHIMA 1988). The ctachment is underlain by 
weathered granitic rocks. Soils are predominantly cambisol. The terrain consists of gently 
sloping hillsides with deep soil development adjacent to steep slopes with only shallow 
soil cover. Figure1a shows the surface topography and instrumentation of the catchment. 
The average depth to bedrock is 103 cm with 24 % of the catchment area covered by a soil 
layer over 2 m thick (Fig. 1b). 

Trees have been planted in the surrounding area during the last 150 years to prevent soil 
erosion, and as a result, the basin had attained a cover of semi-mature vegetation (a mixed 
stand of Pinus densiflora and Chamaecyparis obtusa) before the PWD diebacks of the 
early 1990s. The PWD in Matsuzawa caused a disturbance over approximately 25 % of 
the catchment (Fig. 1a). The total basal area of Pinus in the PWD portion of the basin 
decreased from 18.6 m2 ha-1 to 1.9 m2 ha-1 from 1989 to 1998, while the Chamaecyparis 
and deciduous trees increased from 10.4 m2 ha-1 to 14.1 m2 ha-1 (TOKUCHI & HOBARA, 
unpublished data). 

2.2 Sampling and analysis 
As shown in Figure 1b, the Matsuzawa stream begins at the lowest part of the basin. That 
is, no surface stream exists for most part of the catchment except during heavy storm 
events. Stream water was sampled 15m downstream from the gushing point of the spring. 
Groundwater was sampled directly from cups attached to the groundwater level gauge at 
each observation well. Two observational wells with strainers were installed near the 
spring point and at the center of the catchment. The first one was located at the furthest 
downstream reach of the groundwater body (DGW), and the second at the most upstream 
reach of the groundwater body (UGW, Figure 1b). Neither well reached to bedrock. The 
depth of the well bottom and the bedrock was 75 and 445 cm for DGW and 512 and more 
than 800 cm for UGW, respectively (OHTE et al. 1995). These suggest that water samples 
from these wells could be taken from the relatively shallower portion of the groundwater 
body, even though the groundwater level was not deeper than the well bottom at both 
points. Seasonal patterns and short term changes of groundwater level have been described 
in previous papers (SHIMADA et al. 1993). Soil water samplings was conducted at the 
PWD and Chamaecyparis sites from September 1997 to September 1998 using tension 
lysimeters connected with pressure gauge sustaining the tension at –13.3 kPa. All samples 
were taken at 2-3 week intervals. 

NO3
- concentration of collected samples was measured using ion chromatography 

(SHIMADZU LC6A) in the Kyoto University laboratory. 
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3 Results 
The nine years of data of NO3

- concentrations in streamwater and groundwater, (UGW and 
DGW) are shown in Figure 2. Before 1992, the NO3

- concentrations in groundwater and 
streamwater were generally very low (0-0.05 mmolc L-1), although several instances of 
high concentration occurred. Elevation of stream NO3

- concentration began in 1993 and 
peaked in 1996-1997. The average concentration in 1997 was 0.087 mmolc L-1, which was 
10 times higher than that pre-summer 1992 concentrations. NO3

- concentrations of UGW 
and DGW also became elevated after 1992. From the second half of 1992 to the end of 
1996, NO3

- concentrations in the UGW, which was located near the PWD area, were 
consistently higher than DGW, and DGW concentrations were higher than streamwater. 

Remarkable seasonality was found in streamwater NO3
- concentration from 1992-1996 

with a sharp peak in the summer, although the seasonal variation in DGW was unclear. 
Stream NO3

- concentration during winter is much lower than that of DGW, although the 
DGW point was located within the nearest source area of the streamwater. 

Seasonal fluctuation also occurred in the NO3
- concentration of UGW; however, the 

highest concentrations were not in summer, but during fall to winter. This was somewhat 
later than peak in streamwater NO3

- concentration. 

4 Discussion 

4.1 Effect of biological seasonality 
Figure 3 represents the seasonal variation of the vertical profile of the NO3

- concentration 
in soil solution at the PWD point and the average profile at the Chamaecyparis point in 
1997-1998. According to previous studies of soil solution chemistry in this catchment 
(TOKUCHI 1993), NO3

- concentration in the soil profile was usually less than 0.03 mmolc 
L-1 during the year preceding the PWD period. The NO3

- concentration profile at the 
Chamaecyparis point exhibits a lower concentration at every horizon than those at the 
PWD point. The concentration profiles of the PWD point indicate that the rapid decrease 
in N uptake by pine roots and N supply from organic N pools such as litter and dead trees 
caused several tenfold increase in NO3

- concentration of near surface soil solution (10 cm 
in depth). NO3

- leaching from the near surface horizon was prominent from the second 
half of October to mid- November. Associating with vertical infiltration of soil water, 
NO3

- was transported diffusively to the lower layers. 

The range of seasonal variation at 100 cm depth was from 0.05 to 0.70 mmolc L-1 (1997-
1998), and the highest concentration occurred in winter (December), suggesting that this 
seasonal signal could be reflected on the seasonality of the shallow groundwater moving 
from the hillslope to the main groundwater body. 

4.2 Influences of groundwater seasonality 

Figure 4 shows the changes in groundwater levels at UGW and DGW and the stream NO3
- 

concentration during 1995-1998. The groundwater level peaks in the summer with high 
precipitation and decreases in winter. 
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Fig. 2 Changes of the NO3

- concentrations in the stream and the shallow 
groundwaters at the UGW and DGW (see Fig. 1b) 

 
 
 
 
 
 
 
 
 
 
 
Fig. 3  Seasonal variation of vertical profile in the NO3

- concentration of soil 
solution at the PWD point and the average profile at the Chamaecyparis 
point in 1997-1998 

a)      b) 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1 (a) Surface topography and observation apparatus. UGW and DGW 

indicate the observation wells at the upstream and downstream reaches of 
groundwater body, respectively. Two solid squires indicate sampling points of 
soil solutions. W: gauging weir. Open circles indicate other wells 
(b) Longitudinal section and groundwater condition 
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No marked time lag was found in seasonal variations between UGW and DGW, even 
though the range of fluctuation was much smaller in DGW. 

The fluctuation of streamwater NO3
- concentration corresponded strongly to that of DGW 

groundwater levels, suggesting that volumetric changes in the contribution of shallow 
groundwater from the DGW zone affected seasonality in the stream NO3

- concentration. 

In 1997-1998 the NO3
- concentration of UGW changed within 0.11-0.30 mmolc L-1 (Fig. 

2). As we mentioned above, the groundwater supplied from the PWD hillslopes to the 
UGW could have biological seasonality generated in surface soil processes. However, 
according to the groundwater level in the winter when NO3

- concentration was high in the 
soil solution, the mass contribution of groundwater from the PWD hillslopes to the main 
groundwater body was relatively small compared to that in summer. In addition to this 
factor, at the DGW area, the shallow groundwater could be diluted by soil water and 
groundwater supplied from the non-PWD area, resulting a lack of seasonality of NO3

- 
concentrations. 

The groundwater body was the main source of streamwater during base flow conditions. 
Considering that the stream NO3

- concentration was always lower than that of DGW, and 
decreased markedly in the winters of 1994-1995 and 1995-1996 corresponding to decrease 
of the groundwater level, the hypothetical model for the determination of the seasonality 
can be proposed (Fig. 5):  

1) The streamwater was generated by mixing of shallow groundwater (DGW) and 
deeper groundwater which was not sampled by the DGW well.  

2) The deeper groundwater had lower concentrations of NO3
- than DGW. 

3) The DGW water was formed by mixing of the UGW water with high NO3
- 

concentration and soil water and groundwater from the non-PWD area including 
the Chamaecyparis portion.  

4) The shallow groundwater did not mix well with the deeper groundwater within 
such a short time period as several months or a year.  

Namely, increases in groundwater level caused by contribution of NO3
- rich groundwater 

from the PWD hillslopes, elevated the streamwater NO3
- concentration. In winter the NO3

- 
concentration decreased corresponding to the decrease of the groundwater contribution 
from the PWD hillslopes. 

During the winters of 1996-1997 and 1997-1998, the depression in stream NO3
- 

concentration was not clear compared to that in the previous two years. This could be 
because the decreases in the groundwater level were not remarkable and that the NO3

- 
concentration of UGW was higher in the winter. This suggests that groundwater having a 
high NO3

- concentration was supplied from the PWD hillslopes to the groundwater body 
even during the winter in both 1996-1997 and 1997-1998. 
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Fig. 4 Changes of groundwater levels at UGW and DGW and stream NO3
- 

concentration during the elevation period (1995-1998) 
 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
Fig. 5 Conceptual model for the determination of the stream-water NO3

- 
seasonality 
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5 Conclusions 
Nutrient cycle disturbance by the Pinus dieback brought about episodic elevation in the 
NO3

- concentration of streamwater and groundwater at the forested Matsuzawa basin in 
central Japan. Stream NO3

- concentration exhibited seasonal variations during the 
elevating period. These seasonal variations can be explained by the mixing of shallower 
and deeper groundwaters.  

For precise understanding of the mechanism behind the biogeochemical responses to 
forest disturbances, certain hydrological data is necessary, esp., the end members 
contributing to streamwater generation. 

References 
Fukushima, Y. (1988): A model of river flow forecasting for a small forested mountain 

catchment. Hydrol. Processes, 2, 167-185. 

Kishi, Y. (1995): The pine wood nematode and the Japanese pine sawyer. Thomas 
Company Limited, Tokyo, Japan. 

Ohte, N., Tokuchi, N. & Suzuki, M. (1995): Biogeochemical influences on the 
determination of water chemistry in a temperate forest basin: Factors determining 
the pH value. Wat. Resour. Res., 31, 2823-2834. 

Shimada, Y., Ohte, N., Tokuchi, N. & Suzuki, M. (1993): A dissolved silica budget for a 
temperate forested basin. IAHS Publ. No. 215, 79-88. 

Stoddard, J. L. (1994): Long-term changes in watershed retention of nitrogen, its causes 
and aquatic consequences. In: Baker, L. A. (Ed.): Environmental chemistry of lakes 
and reservoirs. Am. Chem. Soc., 223-284. 

Tokuchi, N. (1993): The study on the vertical and horizontal distribution of solute 
concentrations and amounts in a forest ecosystem. Ph.D thesis, Kyoto University (in 
Japanese). 



 75 

Evaluation of water residence times in small headwater 
catchments 

Yuko Asano, Taro Uchida, Nobuhito Ohte  
Laboratory of Forest Hydrology, Graduate School of Agriculture, Kyoto University, 
Kitashirakawa-Oiwakecho Kyoto 6068502, Japan, e-mail yasano@kais.kyoto-u.ac.jp 

Abstract 

Using nearly sinusoidal input and output δD values in variations in rainfall, throughfall, 
soil water, groundwater and stream water of both the Fudoji forested and Rachidani 
devastated catchments the evaluate residence times of water and its spatial distributions 
are evaluated. As a result, the following observations were noted:  

(1) The spatial distributions of water residence times (water age) along the hollows 
were more dependent on the water sampling depth than the upslope length.  

(2) In a small area near the channel head, the residence times of the water increased 
remarkably, reflecting the oldest bedrock groundwater contribution.  

1 Introduction 
Environmental isotopes provide a direct means for determining the water residence times 
of a catchment. Although the residence times of soil water and groundwater in catchments 
have already been estimated by some studies (e.g., DEWALLE et al. 1997; STEWART & 
MCDONNELL 1991), information on the water residence times within the hydrological 
stores in the catchment is still insufficient. 

The purpose of this study is to estimate the mean residence times (MRTs) of soil water, 
groundwater, stream water and bedrock spring in two small headwater catchments. The 
spatial distributions of the water residence times were evaluated with respect to the 
hydrological pathways. The effects of vegetation on the MRTs were also discussed by 
comparing the differences between forested and devastated catchments. 

2 Study sites 
The two catchments (Fudoji and Rachidani) are 1.75 km from each other; thus the climatic 
conditions and bedrock geology (granite) are the same. The mean annual atmospheric 
temperature is 10.9oC (1995-1998), with the highest monthly average temperature of 
24.2oC in August, and a lowest average of -0.99 oC in February. The mean annual 
precipitation is 1712 mm (1981-1998), 69 % of which is concentrated in the period from 
April to September.  
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The Fudoji catchment area is 0.10 ha. Fudoji is covered with mature forest and its soil is 
deeper than that of Rachidani. Stream water is delivered by two perennial springs, one 
from the soil matrix and the other from a crack in the bedrock. UCHIDA et al. (2001, this 
volume) describe the Fudoji catchment in detail. 
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Fig. 1 Longitudinal section of the Rachidani catchment with the location of the 
observation wells 

 

The Rachidani catchment area is 0.18 ha, and the mean slope inclination along the 
longitudinal axis of the hollow is 34o (Fig. 1). Catchment elevation ranges from 385 to 420 
m a.s.l. The Rachidani catchment is a devastated small area at the bottom of the hollow 
with about 10 % of the catchment area covered with Chamaecyparis obtusa and Pinus 
thunbergii. The soil layer consists of decomposed granite throughout the soil profile with 
the absence of an organic layer. The soil depth was measured using a cone penetrometer 
with a cone diameter of 9.5 mm, a weight of 1.17 kg and fall distance of 20 cm. Value N4 
is the number of blows required for a 4 cm penetration, and a value N4 exceeding 100 was 
considered as the bedrock in this study (Fig. 1). Streamflow emits from the perennial 
spring points at the check dam, and water seepage from the exposed bedrock was also 
observed between the check dam and weir. 
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3 Methods 

3.1 Observation facilities and laboratory analysis 
Precipitation was monitored using a tipping bucket rain gauge. A rainfall collector (a 
bottle fitted with 21 cm diameter funnel) was installed in Rachidani for the open rainfall 
collection, and three collectors were installed in Fudoji for the throughfall collection. 
Locations and methods for sampling soil water and groundwater are shown in Table 1. 
Stream samples were taken at each weir. Regular sampling was carried out at two to three 
week intervals in 1999.  

 

Tab. 1 Mean and standard deviation of δD, fitted amplitude, phase lag and 
estimated mean residence time for throughfall, rainfall, soil water, stream 
water and bedrock springs for Fudoji and Rachidani catchments 

 Sample Name*1 n Mean Standard deviation Amplitude Phase Lag MRT 
Fudoji Throughfall 18 -55.4 19.73 21.92 - - 
Soil water F1L10A 12 -56.2 20.40 21.16 5 5 
(10 cm) F1L10B 11 -48.9 21.98 18.79 10 11 
 F2L10A 12 -53.4 19.88 19.22 9 10 
 F2L10B 10 -49.4 21.99 21.47 4 4 
 F3L10A 12 -53.7 23.05 20.97 6 6 
 F3L10B 9 -53.2 17.88 20.33 7 8 
(40 cm) F1L40A 12 -56.0 12.69 13.32 17 24 
 F1L40B 10 -55.6 13.30 15.54 15 19 
 F2L40A 11 -59.5 14.91 20.05 8 8 
 F3L40A 10 -51.7 15.93 18.83 10 11 
 F3L40B 10 -53.8 18.31 20.06 8 8 
Groundwater F3W59 7 -65.4 9.14 9.15 21 41 
 F2W94 10 -61.4 10.09 9.47 21 39 
 F1W84 17 -57.4 5.33 2.42 27 169 
Runoff  Stream 17 -56.1 2.14 1.09 28 375 
 Bedrock Sp. 17 -56.5 0.59 0.02 ns*2 >455 
        
Rachidani Rainfall 18 -58.9 20.60 21.42 - - 
Soil Water R5L10 7 -53.1 22.34 21.42 0 0 
 R1L10 9 -50.1 20.90 18.69 10 11 
Groundwater R6W25 13 -56.3 9.69 13.67 17 23 
 R5W50 15 -57.2 6.36 5.80 25 67 
 R1W77 15 -58.0 4.21 4.27 26 93 
Runoff Stream 18 -58.7 2.42 1.78 28 228 

*1 Sample Name denotes the water sampling points shown in Figure 1 (for Rachidani) and Figure 1 in 
UCHIDA et al. (2000) (for Fudoji) with the subscript representing the method and the depth (cm) of sampling. 
L: PVC pan zero-tension lysimeter (15 cm×20 cm), W: Observation well installed into the soil-bedrock 
interface. Duplicated samples (10 cm depth at F1, F2 and F3 and 40 cm depth at F1 and F3) were marked 
with A and B at the end of subscript, respectively. The structure of the well was described in OHTE et al. 
(1995). *2 Regression non-significant. 
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Water samples were reduced with Cr metal at 750 oC, and analysed with Finnigan’s 
H/Device attached to the Finnigan MAT Delta-S mass spectrometer at the Laboratory of 
Isotope Geochemistry, University of Arizona. Results were calibrated using V-SMOW 
and SLAP. The standard deviation of δD measurement was ±0.9 ‰. 

3.2 Model 
Mean residence times for water were estimated using a model based upon sine-wave 
analysis of seasonal isotope variations in precipitation and subsurface sources as used by 
MALOSZEWSKI et al. (1983) and STEWART & MCDONNELL (1991). The uniform damping 
of the δD signals is associated with the mixing of various aged waters with an appropriate 
phase shift. The following Equations relate to the decrease in the amplitude of variation of 
δD to the phase lag assuming the simple steady state, well-mixed model:  

 

din t( ) = Xin + Ain sinωt         (1) 

dout t( )= Xout + Aout sin ωt − arccos
Aout

Ain

 

 
  

 
      (2) 

where d(t) is the predicted δD level; X the mean value of δD; A the amplitudes of δD; and 
ω the angular frequency of variation. The subscripts in and out represent the input (rainfall 
and throughfall) and output (soil water, groundwater, bedrock spring and stream), 
respectively. As the first step, the values of Ain and ω were optimised for the temporal 
variation in the input δD, applying Equation (1). Next, the value of Aout was fitted for the 
output δD variation with Equation (2). Using the values of Ain, Aout and ω, the MRT (T) in 
days is computed as: 
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The minimum detectable δD amplitude of about 0.9 ‰ (the analytical reproducibility 
of δD) is roughly equivalent to an MRT of 445 days. 

4 Results 

There were considerable variations in rainfall and throughfall δD during the 12 month 
sampling period, with the δD values showing three approximately sinusoidal cycles of 
about 60 ‰ peak-to peak variation (Figs. 2g, 2h, Tab. 1). In both catchments, the soil 
water and groundwater followed the rainfall δD pattern closely, but amplitudes and phases 
were generally damped and delayed respectively with increasing sampling depth (Figs. 2a 
through 2f). The stream waters showed very little δD variation for both catchments (Figs. 
2g and 2h). The bedrock spring δD at Fudoji showed no significant temporal variation and 
remained essentially constant during the entire observation period. The delta diagram (δD 
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plotted against δ18O) illustrates the positions of soil water, groundwater, stream water and 
bedrock spring samples on or between summer and winter input water. This is good 
evidence that δD enrichment mechanisms (kinetic isotope fractionation) have had 
negligible effects on the present samples. 

The values of MRTs are given in Table 1. The estimated mean soil and groundwater 
residence times ranged from 0 to 169 days for the soil depths of 10 to 94 cm; this range 
was similar to the results of a previous study by STEWART & MCDONNELL (1991). Using a 
well-mixed model, they calculated the mean water residence times of 12 to more than 100 
days for soil depths of 20 to 80 cm. 

Fig. 2 Temporal δD variations in throughfall, precipitation, soil water, 
groundwater, stream water and bedrock springs for Fudoji and 
Rachidani. Data are shown for each observation point, (a) F3, (b) F2, (c) F1 
in Fudoji and (d) R6, (e) R5, (f) R1 in Rachidani. Sine waves that fitted to 
each data are shown for reference 
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5 Discussion 

5.1 Evaluation of the spatial patterns in the ages of water in the catchments 
Figure 3 shows that the MRTs of soil water and groundwater excluding F1W84 increased 
with sampling depth in Fudoji (n = 13, r = 0.83, p < 0.001). There was almost no 
correlation between the upslope length and the MRTs of these waters (n = 13, r = 0.0017). 
The MRTs of soil water and groundwater increased with the sampling depth in Rachidani 
(n = 5, r = 0.99, p < 0.01). In Rachidani, the MRTs of these waters also increased with the 
upslope length. The correlation was weak, however (n = 5, r = 0.32). These results 
indicate that the ages of water at these sampling points were mostly determined by the 
sampling depth, and the effects of upstream length were minimal for both catchments. 

The MRT of groundwater F1W84 (169 days), which was sampled at an area near the spring 
in Fudoji, was more than 4 times that of F2W94 (39 days), although F1W84 was shallower in 
sampling depth than F2W94 and F1W84 was sampled a mere 4 m downstream of F2W94 (Fig. 
3b). The MRT of the stream (375 days) was also 2 times that of F1W84 although the stream 
sampling point was only 5 m down slope of the F1W84 sampling point. Moreover, the 
perennial bedrock spring in Fudoji has the longest MRTs (> 455 days) (Figs. 3a and 3b). 
UCHIDA et al. (2000) indicated that two flow paths (the water movement through the soil 
layer and the water emerging from the bedrock) meet in a small area near the channel head 
and form the perennial saturated zone (F1W84). They also reported that the contribution of 
bedrock groundwater increased as the sampling points moved downstream of F1W84. From 
these indications, it can be concluded that a dramatic increase of MRTs at the area near the 
spring in Fudoji was caused by an increase in the oldest bedrock groundwater. As is 
similar to Fudoji, the MRTs of stream water (228 days) was 2 times that of R1W77 (93 
days), although the stream sampling point was only 5 m downstream of R1W77 in 
Rachidani. These results suggest that a portion of the stream water originated from the 
bedrock in Rachidani. The results of this study generally concur with the previous study 
by STEWART & MCDONNELL (1991), who found that mean transit times increase from 
ridge tops to valley bottoms, reflecting mixing with progressively greater amounts of older 
stored water.This study also showed that the MRTs of groundwater could increase 
markedly in the small area near the spring, due to the contribution of the oldest 
groundwater that emerged from the bedrock zone. 

6 Summary and conclusions 

The δD contents of output water were compared with the δD concentrations in throughfall 
and rainfall to evaluate the MRTs of soil water, groundwater, bedrock springs and streams 
and to clarify the spatial patterns in the ages of water in two small headwater catchments. 
The MRTs of soil water and groundwater along the hillslope hollows were determined 
mostly by the sampling depth. In contrast, the MRTs of groundwater and stream water at 
the area near the springs did not correlate with the sampling depth and changed 
dramatically within a short distance, reflecting contribution by the oldest bedrock 
groundwater. 
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Fig. 3 Relationships between (a) sampling depth, (b) upstream length (horizontal 

distance from the ridge along the hollow), and the MRTs of soil water, 
groundwater and stream, respectively 
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Abstract 

Analysis of long-term daily rainfall-runoff records from a wide range of catchments 
indicates that cumulative data may be used to distinguish between poorly representative 
rainfall data and inadequate routing models. Cumulative models are particularly suited to 
demonstrating quantitative differences due to changing management strategies affecting 
yields of water, solutes or particulates at the catchment scale. 

1 Introduction 
In order to be able to draw any firm conclusions about the effectiveness of changed 
management practice, it is necessary to be able to distinguish consequent differences in 
catchment behaviour from differences due to climatic or other ephemeral differences. 
Similarly, it is often desirable to be able to sort out differences due to certain effects of 
interest (e.g. climate change or topography) from all other influences, and to quantify the 
magnitude and nature of the effect. In particular, although it may be possible to 
characterise the influence of management practice or other effects on runoff generation 
mechanisms at the plot or hillslope scale, at the scale of river basins the effects of these 
mechanisms is masked by the inevitable averaging which occurs. 

Two types of difficulties can be consequently identified. On the one hand, averaging leads 
to loss of information, due to the phenomenon that locally significant mechanisms may be 
insignificant at the larger scale (the variations may effectively cancel, or flux contributions 
may be small compared to the whole). Consequently, the apparent complexity of the 
runoff generation mechanism reduces at larger scales. This means that identification of the 
small-scale model parameters from observations at the river basin scale is an ill-posed 
problem. Secondly, the averaging is essentially non-linear and difficult to characterise, so 
that it is extremely difficult to simply identify parameters of a basin-scale representation 
of runoff generation in terms of those identified at smaller scales. Ignoring these problems 
leads to runoff generation models at basin or catchment scales which are merely plausible, 
but which have virtually no power to differentiate between a large range of possible 
combinations of small-scale mechanisms in terms of their overall significance. In other 
words, attempts at both up- and down-scaling present significant challenges for the 
representation of runoff generation mechanisms.  

Temporally, similar considerations also apply. Spatial and temporal scales are somewhat 
linked due to the limited variation of the distribution of catchment water velocities with 
spatial scale, so that characteristic time-scales increase with spatial scale. By initially 
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focusing on the large temporal and spatial scale (system) behaviour, it is possible to 
reduce the complexity of the catchment response that must be explained, and to provide a 
robust context to constrain the development of more detailed explanations in terms of 
significant small-scale mechanisms. In many cases, the broader context of this approach 
corresponds closely with management scales of interest, both temporal and spatial. 

2 Cumulative models 
For any parametric hydrograph model, it is possible to estimate parameters from an 
objective function based on the cumulative hydrograph (which is the time integral of the 
instantaneous hydrograph) rather than the instantaneous hydrograph. Although in principle 
both the hydrograph and the cumulative hydrograph contain exactly the same information 
(and can be simply derived from each other), in practice the cumulative hydrograph is a 
much smoother function of time. In fact, whereas the detailed structure of the hydrograph 
depends critically on the routing of rapidly varying precipitation through the catchment, 
the cumulative hydrograph is much less sensitive to these high frequency variations. 
Conversely, the relationship between cumulative discharge and rainfall is principally 
determined by the long-term evapotranspiration losses, with routing playing a relatively 
minor role. 

In principle, it may be possible to obtain good initial estimates of some model parameters 
in a reduced parameter space, obtained by omitting those parameters to which the 
cumulative model is insensitive. This reduced dimensionality often greatly reduces the 
complexity of the objective function surface, leading to much more efficient searching of 
the restricted parameter space and more definitive estimates (see also the discussion by 
JAKEMAN & HORNBERGER 1993). This effect can be further enhanced by a suitable choice 
of parameters, which minimises the correlation between estimates, and ensures that 
parameter values estimated from the reduced model are closely related to those estimated 
from the full model. By utilising both objective functions, it should be possible to obtain a 
consistent set of parameter estimates that minimise the associated parameter uncertainties.  

In the next section a methodology is developed using the above ideas, applied to some 
simple (unit hydrograph) models1. The results of applying this analysis to a series of 
twenty selected Australian catchments, representing a wide range of catchment areas and 
climates, are presented. Finally conclusions are drawn about the strengths and weaknesses 
of parameter estimation techniques based on the cumulative hydrograph. 

                                                 
1 This class of models is chosen for illustrative purposes only, and not because of some implied merit.  In 
fact, part of the utility of this choice is in illustrating the distinction between poor data and poor model 
choice. 
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Fig. 1 Daily rainfall and runoff data for catchment 120204. The data is for the 

period 1/1/65-31/12/79 

3 Analysis 

3.1 Methodology 
The model development methodology we follow is one of exploratory data analysis, 
followed by hierarchical model development. By initially characterising the long-time 
behaviour of the runoff process, an appropriate context is created for the detailed analysis 
of the event hydrograph. At each stage we seek to extend our existing model by 
introducing one or two new parameters, chosen so as to maximise the amount of residual 
variance which can be explained, whilst attempting to relate the additional features of the 
new model to observable features of the residual signal. In this way we introduce a 
hierarchy of related models giving progressively more detailed explanations of the 
variance, with lower order parameter estimates almost independent of higher order 
estimates. This process may be truncated at any stage to give a characterisation of 
catchment response at the appropriate level of detail for the purpose of the model. 

3.2 Exploratory data analysis 
To illustrate the methodology, daily data from catchment no. 120204 (Broken River at 
Crediton), an Australian Benchmark Catchment (CHIEW et al. 1993) was chosen. The 
catchment is subtropical, with outlet at lat. 21° 10’, long. 148° 31’, in the Burdekin Basin, 
with catchment area 41 km2, and relief from 760 m to 1000 m. Daily rainfall and 
discharge records are available from 1955 to present, with average daily rainfall of 5.96 
mm, and average daily discharge of 2.95 mm. Both rainfall and discharge are extremely 
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variable, with maximum recorded daily values during this period of 475 mm and 370 mm, 
respectively (see Fig. 1). 

Regressing cumulative discharge against cumulative rainfall provides an estimate of 0.499 
for the runoff coefficient (cf. the ratio of mean discharge to mean rainfall). Figure 2 shows 
a plot of the residuals of this regression against time, together with the residuals of a 
similar regression of cumulative rainfall against time. The obvious correlation of the two 
plots suggests a linear relationship between the residuals, which in turn leads to a linear 
model of cumulative discharge, in terms of cumulative rainfall and cumulative deviations 
from mean rainfall. This analysis suggests that in periods of below average rainfall, 
discharge is reduced below a simple proportion of rainfall, and conversely. 
Mathematically, the relationship between discharge qi and the rainfall ri, at time i, can be 
expressed as  
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where r is the mean rainfall, RO is the runoff coefficient, and S accounts for the variation 
in response during historically wet or dry periods. The intercept A allows for the fact that 
time zero (1/1/65) is not a preferred time. Least squares regression estimates for R and S 
are 0.495 and 0.329 respectively. Whereas the original fit (S=0) accounts for 82 % of the 
variance2, the new fit accounts for 96.9 % of the variance, and the S parameter is highly 
significant. It is difficult to give reliable standard errors on the estimated parameters, even 
for this linear regression, because the residuals are correlated and standard errors 
estimated using the usual techniques are gross underestimates3 Examination of Equation 1 
indicates that the model derived from exploratory data analysis is equivalent to a loss 
model, where the “effective daily loss” li is given by  

ii rRETl )1( −+= ,                  (2) 

SRORandrSET +== ,             (3, 4) 

 
This is a constant loss/proportional loss model, where the ET term accounts for a constant 
daily loss even in periods of no rainfall, and (1-R) is the proportion of daily rainfall which 
is lost (possibly representing interception loss).  
 
 

                                                 
2 It is necessary to calculate the variance for cumulative fits relative to a linear fit with respect to time, rather 
than the mean; otherwise values of R2 are artificially inflated. 
3 Estimating the uncertainties in parameter estimates is crucial for detecting differences due to changes in 
management or other conditions, but is beyond the scope of this paper.  The interested reader is referred to 
an excellent introduction to the origins of uncertainty in Melching et al. 1990. 
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Fig. 2 Residuals of a linear fit of cumulative rainfall against time, and residuals of 

the linear fit of cumulative discharge against cumulative rainfall. Note the 
similarities between the two plots 

 

Since negative discharges are physically unrealistic, we assume that there is a surficial 
reservoir of sufficient capacity, which is depleted during periods of low rainfall, but which 
must be filled before any runoff can occur. Rainfall in excess of these demands is termed 
the effective daily rainfall, ri’, and is routed immediately to streamflow. 

When the resulting cumulative model is compared with the measured cumulative 
discharge, it is found that the latter is somewhat smoother than the modelled discharge. It 
seems reasonable to hypothesise that this smoothing is due to significant time delays in 
some of the water leaving the catchment. In order to simply represent this routing we 
suppose that a proportion β of the effective rainfall is routed through a linear (unit 
hydrograph) reservoir, with time constant 1/α. The remainder of the rainfall is assumed to 
be instantaneously transformed into discharge. The resulting model now accounts for 99.4 
% of the variance of the cumulative hydrograph. The same model accounts simultaneously 
for 54.6 % of the variance for the instantaneous hydrograph.  

This process can be continued, adding further reservoirs to better represent catchment 
response, but this does not significantly improve the explanatory power of the cumulative 
model. However, using the objective function based on the instantaneous hydrograph, 
model fit is significantly improved by introducing up to three linear reservoirs. For two 
reservoirs, minimising the instantaneous hydrograph RSS gives a model which explains 
64 % of the hydrograph variance, but only 37 % of the cumulative variance, with 
parameter estimates which vary by up to an order of magnitude from previously 
determined values. In order to fit an appropriate model to both the instantaneous 
hydrograph and cumulative hydrograph simultaneously, an objective function obtained as 
the product of the RSS for both the hydrograph and cumulative hydrograph was utilised. 
This logarithmically additive objective function ensures that both RSS (hydrograph and 
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cumulative) contribute appropriately to the total fit. The resulting 2-reservoir model still 
explains 99.4 % of the cumulative variance, and accounts for 56.5 % of the instantaneous 
variance, increasing to 60.5 % for the 3-reservoir model. Examination of the residuals of 
the most complex model shows little effect of seasonality, suggesting that effects other 
than the seasonal variation in evapotranspiration need to be accounted for first in an 
enhanced model. 

4 Discussion and results 

4.1 Broken River case study 
A comparison of the 3-reservoir hydrograph model against data exhibits the expected 
features of a unit hydrograph model, underfitting major peaks and overfitting the minor 
ones. In addition, it is not possible to properly resolve the fast recession time constant, 
which is of the same order or less than the sampling frequency. However, these 
shortcomings evidently do not prevent accurate evaluation of the major loss parameters, or 
the slow recession time constant from the cumulative data, as the resulting cumulative 
model is insensitive to this random, high frequency “noise”.  

Table 1 gives values of parameters at each stage of the model development, indicating the 
stability of parameters as model development progresses. The degree of stability of these 
estimates is itself a good indication of the precision to which the parameters are 
determined by the available data. Given the very good fit to the cumulative hydrograph, it 
is apparent that the relatively poor fit to the instantaneous hydrograph is primarily due to 
inadequacies in the routing sub-model, rather than in the rainfall data itself.  

 

Tab. 1 Parameter estimates from progressively more complex models. Note the 
convergence of parameter values for successive models 

Model / 
Parameter 

Regression 
model (1) 

Regression 
model (2) 

Cum. eff. 
rainfall 

2-reservoir 
model 

3-reservoir 
model 

Cum. R2 .819 .969 .9832 .9937 .9938 
Inst. R2   .259 .5650 .6049 
RO .499 .4952 .4955 .4993 .4994 
S  .3294 .3653 .3772 .3753 
Intercept   -296.4 -236.7 -243.5 
α    .00964 .00746 
β  (1) 1 .6826 .5058 
 

In fact, it is likely that the excellence of the rainfall data is more apparent than real, 
resulting from a relatively uniform direction of rain-bearing winds, which in turn results in 
a fairly predictable (not to say uniform) distribution of rain across the catchment (P.M. 
Fleming, pers. Com.). The precision with which the long-term catchment losses are 
determined using this method, independent of all but the most robust routing assumptions, 
suggests that it is an ideal technique for determining the magnitude of land use or climate 
change modifications to catchment loss behaviour.  
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For instance, the results suggest that vegetation changes which result in modifications to 
evapo-transpiration of as little as 5 % may be detected over a period of only a few years 
from the hydrograph record, and that it is similarly possible to distinguish changes from 
deep- to shallow-rooted vegetation. 

4.2 Benchmark catchment comparisons 
Table 2 shows results for twenty Australian catchments, analysed using the 3-reservoir 
model described above (where possible). In every case, the fitted S parameter 
(corresponding to a constant ET term) appeared significant. R2 coefficients for the 
cumulative objective function range from 0.387 to 0.994. The instantaneous hydrograph 
R2 values are always less than those obtained for the cumulative data, which could be 
anticipated since the addition of a routing model cannot compensate for poor rainfall data. 
Apart from this upper bound on the instantaneous R2, there seems to be little effect of the 
quality of the rainfall data on the instantaneous fit. The low (negative) value of R2 for 
catchment 412093 (Suggan Buggan) probably arises due to snowmelt effects which 
perturb the relationship between precipitation and runoff, and reinforces the hypothesis 
that high values of the cumulative R2 coupled with low instantaneous R2 values is 
indicative of an inappropriate model. In general, for these catchments with daily data, a 
unit hydrograph model is incapable of explaining more than about 80 % of the variance 
(principally because of the lack of ability to fit the hydrograph peaks, as discussed earlier, 
and the implicit assumption of constant contributing areas). It is also interesting to note 
that lack of correlation of goodness of fit with catchment size. Extremely good fits to 
cumulative data were obtained for catchments covering a range of nearly three orders of 
magnitude in area using a single rain gauge, and fits to instantaneous data also do not 
appear to correlate with catchment size. This result appears to offend against common 
experience, and requires some explanation. 

Firstly, the Australian catchments to which this analysis was applied have relatively minor 
relief, so that orographic effects are minimised, and major rainfall events tend to have very 
wide distributions. Provided the single rain gauge is proportionately representative of total 
precipitation for an event, exact timing of precipitation is unimportant for the cumulative 
model. Finally, R2 values for the instantaneous hydrograph model are relatively low- 
attempts at developing an improved routing model are likely to indicate inadequacies in 
the rainfall data. This result does suggest that under some circumstances, even an 
extremely sparse rain gauge network may be capable of yielding significant information 
on catchment hydrological response via these methods. 

5 Conclusions 
Analysis of long term records of daily rainfall and runoff data for a wide range of 
catchments indicates that the quality of the rainfall data can be assessed from simple 
models relating cumulative rainfall to cumulative discharge. By largely avoiding routing 
effects, this analytical technique is able to significantly reduce the dimensionality of the 
parameter estimation problem, allowing more precise estimates of loss model parameters, 
and also the longest time-constants of the routing process.  
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Tab. 2 Fitting statistics for the 3-reservoir model applied to a range of Australian 
catchments. Note the wide range of catchment areas and runoff coefficients 
(representing climate) 

Catchment Cumulative 
R2 

Instantaneous 
R2 

Area 
(km2) 

RO 
coefficient 

120204 .994 .605 41 .499 
307001 .990 .689 1590 .412 
503502 .982 .694 20 .194 
412093 .982 -.050 5 .061 
210022 .960 .704 205 .274 
222213 .950 .193 300 .232 
215004 .949 .412 130 .500 
118106 .916 .485 69 .398 
927001 .906 .784 2150 .603 
145103 .899 .531 41 .115 
420003 .886 .491 133 .069 
227219 .858 .535 52 .294 
206001 .854 .578 163 .342 
401554 .842 .543 150 .632 
403218 .772 .670 182 .265 
111105 .737 .621 39 .857 
708009 .721 .471 200 .045 
113004 .692 .537 93 .880 
238208 .387 .388 23 .243 

 

Although the technique was demonstrated only for unit hydrograph models, similar 
analysis applied to any catchment rainfall-runoff model will serve to constrain the long-
time behaviour of the model, which gives a context for the estimation of remaining model 
parameters. More generally, the method can also be applied to characterise long-term 
solute or particulate generation at the catchment scale. 

The method of analysis also introduced an iterative technique for developing a series of 
hierarchical models, based on exploratory data analysis. At each iteration, extension of the 
existing model was accomplished by the introduction of a small number of parameters, 
chosen to efficiently represent observable structure of the data, and hence to explain as 
much as possible of the remaining variance. As a result values of parameters estimated 
from different models of the hierarchy are stable, and correlations between parameter 
estimates are minimised. 

References 
Jakeman, A. & Hornberger, G. M. (1993): How much complexity is warranted in a 

rainfall-runoff model. Water Resources Research, 29, 2637-2649. 

Melching, C. S., Yen, B. C. & Wenzel Jr., H. G. (1990): A reliability estimation in 
modelling watershed runoff with uncertainties. Wat. Resour. Res., 26, 2275-2286. 

Chiew, F. H. S., Stewardson, M. J. & McMahon, T. A. (1993): Comparison of six rainfall-
runoff modelling approaches. J. Hydrol. 147, 1-36. 



 90 

Integrated approach of investigating and modelling 
runoff formation considering information from 
environmental and artificial tracer experiments 

Andreas Herrmann, Matthias Schöniger, Sybille Schumann 
Institute of Geography and Geoecology, Technical University of Braunschweig, Langer 
Kamp 19c, D-38106 Braunschweig, Germany, e-mail: a.herrmann@tu-bs.de 

Abstract 

Results of an integrated hydrological catchment system approach in the Lange Bramke 
catchment in the Harz Mountains, Germany are demonstrated. After the introduction of 
experimental tools, methods and monitoring systems (catchment water balance, 
environmental isotope and artificial tracer techniques, hydrologeological survey, 
geophysical prospecting), findings will be summarised and evaluated. Next, the GIS and 
mathematical modelling techniques used to make experimental findings suitable for 
process identification and parameterisation will be discussed. Finally, it is shown how 
tracer and related spatial data may be used to calibrate hydrological catchment models. 

1 Introduction 
Runoff formation is a key process in catchment hydrology, which according to the study 
of HERRMANN (1994), is by far less understood than is required for better understanding of 
the functioning of complex environmental systems. Accordingly, discussion of common 
runoff concepts such as those compiled by BUTTLE (1994) or UHLENBROOK & 
LEIBUNDGUT (1997) is presently undergoing a considerable rebirth. This is due to the 
evaluations of impacts of land use changes and related hydrologic processes set off by 
climatic change. Thus, new and integrated runoff formation concepts such as those 
discussed by MOLDAN & CERNY (1994) are needed to satisfy the requirements of complex 
hydro-bio-geochemical catchment system approaches.  

This paper summarises an integrated hydrological catchment approach (ICA), and 
highlights some major working steps and benefits such as the groundbreaking proof of 
groundwater’s dominant role in flood hydrograph generation. The ICA was developed 
within the last 20 years as monitoring of basic climatic and hydrologic elements and 
components took place. The research site is the 0.76 km² Lange Bramke catchment located 
at an altitude between 537-700 m a.s.l. in the Harz Mountains, Germany. Forest cover is 
90 % Norway spruce, and bedrock is composed of heavily faulted and fractured Paleozoic 
sandstones, quartzites and slates. The first hydrological and climatological data for this 
site originate from 1948. Detailed information on environmental issues can be found in 
HERRMANN et al. (1989). 
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2 Concept of an Integrated Catchment Approach (ICA) 
The study concept for Lange Bramke (Fig. 1), was not established at the initiation of the 
study, but has grown and developed according to scientific needs and technical and 
economic possibilities. As a matter of fact, it reflects the aims of an integrative and 
multilateral, i.e. non-sectoral and even international collaboration. It seems that the ICA 
matches today’s requirements of modern and efficient scientific research and it is, 
therefore, discussed here in more detail. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1 The ICA concept as pursued in the Lange Bramke catchment system 

2.1 Experimental design 
There are four Upper Harz Mountains research catchments (Lange, Steile and Dicke 
Bramke, Wintertal) where traditional water balance studies are performed since the late 
1940’s (IHP/OHP 1983). In the early 1980’s, additional pedological, hydrogeological and 
geophysical investigations led to new findings concerning the runoff formation process 
(HERRMANN et al. 1989). This was possible due to several fully equipped research 
boreholes of up to 55 m in depth. A considerable step forward was achieved by the 
application of the environmental isotope tracer technique to the Bramke catchment. In 
addition, artificial substances were used to trace infiltration, seepage and groundwater 

Tracer analysis
(environmental, artificial)

Analytical and numerical modelling
(breakthrough curves)

Hydrograph analysis            

Tools
Geostatistitics package
GIS tools
Database system

Hydraulic tests and
field mapping

- stratigraphic-lithological formations
- hydraulic conductivity

- effective porosity
- storage coefficient

Hydrological
Climatological
Pedological
Morphometric
Land use

Assessing
catchment
parameters

Water balance studies

Time series analysis
Hydological catchment modelling

Facies concept
Geological, lithological
and tectonical data and
information

Plot and
catchment scale

Regionalisation on
catchment scale

Model  calibration



 92 

passage through a major cross-fault (MALOSZEWSKI et al. 1999). Hydrologic and hydraulic 
findings from isotope studies such as direct runoff (event water) proportions and mean 
transit times have recently been evaluated by HERRMANN (1997) in a global review of 
similar investigations. Climatologic, hydrologic and groundwater monitoring is still 
ongoing in all of these catchments. 

2.2 Mathematical models and other tools 
Relevant spatial physical features of Lange Bramke catchment are available in GIS data 
formats.  

Application of the SAC(RAMENTO)-SMA Soil Moisture Accounting model (BUCHTELE 
et al. 1996) and the quasi-physically based one-dimensional forest hydrologic BROOK 
conceptual catchment model (HERRMANN et al. 1989, BUCHTELE et al. 1996) led to 
promising insight into contributing runoff components and subsurface storage behaviour. 
However, the adaptation and calibration of the detailed MIKE SHE model was not very 
successful, primarily due to the basin’s hydrogeological complexity. The DIFGA linear 
storage approach, on the other hand, principally confirmed and refined isotope 
hydrological findings as far as the turnover times of specific runoff components are 
concerned (SCHWARZE et al. 1991). One should also note that TOPMODEL was not found 
to apply satisfactorily in this case, which means that such difficult hydraulic conditions as 
found at Lange Bramke catchment cannot be approached simply with terrain parameters 
such as slope. One should notice, however, that those hydraulic parameters are not unique. 

Common analytical solutions for tracer breakthrough curves have become routine 
(HERRMANN et al. 1989, MALOSZEWSKI et al. 1999). Additional numerical solutions for the 
underground passage of artificial tracers are of high scientific and practical value, but they 
are much more time and data consuming than the analytical solutions. This is shown for 
applications of ROCKFLOW and FEFLOW FE programme systems in SCHÖNIGER (1999) 
(see Fig. 2).  

3 Selected results 
The following results do not include a discussion on the contributing role of tracer 
hydrological findings for catchment model calibration and validation due to space 
restrictions. One should refer to the references mentioned for this purpose. However, the 
specific problems with MIKE SHE will be elaborated here. The main focus will be on the 
progress in hydrologic system knowledge due to the integrated methods and combined 
tools of ICA. 

Isotope hydrological findings supplement those scattered over several chapters of 
KENDALL & MCDONNELL’s recent handbook (1998). According to the findings of LEPISTÖ 
et al. (1997) and HERRMANN et al. (1997), minor event-water or direct flow contribution to 
flood hydrograph separation is not only a frequent phenomenon in Lange Bramke but also 
on a central European and global scale as well. A related hydrologic effect is the 
considerably higher groundwater recharge rate than the conventionally established one. 
Therefore, older runoff formation concepts need to be revisited. In addition, analysis of 
the non-linear, hysteretic groundwater-discharge relationships allows us to distinguish 
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between drainage of micro-pores (matrix and fissures) and macro-pores (fractures and 
faults) of the system, and river-near and far-distant drainage systems, respectively 
(SCHÖNIGER & HERRMANN 1990).  

Another progress in process-oriented catchment hydrology that is obtained from ICA 
relates to the combined use of artificial tracers such as heavy water, dyes or bromide in 
sprinkling experiments. Those experiments reveal that the Lange Bramke forest soils do 
not sustain lateral flow in the unsaturated zone (= interflow) (HERRMANN et al. 1989). 
Another experiment concerns groundwater tracing following a major cross-fault over a 
distance of 225 m. As a result, the latter represents dominant natural subsurface drain 
pipes in which groundwater flow is turbulent with velocities up to 10 m/h (MALOSZEWSKI 
et al. 1999). 
 

Fig. 2 Normalised eosine breakthrough curves as fitted with three-parameter 
Single Fissure Dispersion Model (SFDM; MALOSZEWSKI et al. 1999) and as 
numerical solution with FEFLOW using experimental data from a major 
cross-fault in Lange Bramke catchment 

 
Solution of the inverse problem that is represented by experimental and fitted 
breakthrough curves in Figure 2 leads to new hydraulic parameters for the fault section of 
the fractured rock aquifer (see also Tab. 1). The direct numerical solution in Figure 2 
shows inter-sectoral migration of the tracer substance. The FEFLOW programme system 
reproduces quite well the rising limb of the curve, but the tailing is not approximated 
correctly. The reason is that diffusion and re-diffusion between the fracture system and the 
porous matrix of the bedrock is not sufficiently considered in FEFLOW. 
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Tab. 1 Water fluxes, subsurface storage features and hydraulic parameters for 
Lange Bramke catchment as derived from ICA realisation (after HERRMANN 
et al. 1989, 1997; SCHÖNIGER 1990; MALOSZEWSKI et al. 1999) 

I Catchment scale 
Water fluxes (in mm WC/year)  

Flux Traditional 
methods 

Isotope 
technique 

Brook 
 model 

Precipitation                                                            
Input to flow system 
Runoff 
Groundwater outflow 
From KS (net loss) 
Direct runoff 
Soil water flux BS3)-PS3) 
(Interflow) 
Indirect runoff 
Infiltration flux  
(without) 
Infiltration flux BS 
Infiltration flux PS 
Seepage flux BS – PS 
Groundwater flux KS – PS 
Soilwater and groundwater 
Flux to PS 
Evapotranspiration 
Evaporation 
Transpiration 
Groundwater recharge 

1310 
 

670 
301) 

 
440 

 
 

230 
 
 
 
 
 
 
 
 

610 
3501) 
2601) 
260 

1310 
700 
670 
301)  

 
80 
≈ 0 

 
590 
620 

 
575 
45 

575 
545 
545 

 
610 

3501) 
2601) 
620 

1310 
 

670 
201) 

 
702) 
400 

 
2102) 

 
 
 
 
 
 
 
 

600 
2702) 
3302) 
230 

Storage parameters 
 Storage3) 

 Parameter (unit) BS PS KS 
 Extensions 

Surface area (106 m3) 
Dimension (106 m3) 
Mean aquifer thickness (m) 
Volume of water (106 m3) 
Vol. of mobile water Vm (106 m3) 
Vol. of immobile water (106 m3) 

0.71 
2.5 

(3.5) 
0.5 
? 
? 

0.05 
0.5 
10 

0.16 
0.16 

0 

0.76 
50 

65.5 
0.8 
0.6 
0.2 

 Hydraulic features 
Mean transit time of tracer tt (yrs.) 
Mean transit time of water to (yrs.) 
Total porosity n (%) 
Matrix porosity np (%) 
Fissure porosity nf  (%) 
Effective porosity neff (%) 

1.1 
? 

20 
? 
? 
? 

0.33 
0.333) 

32 
- 
- 

32 

1.7 
1.24) 
1.6 
0.5 
1.1 
1.1 

II Single fault scale 
 Rock features 

Parameter (unit)  
Fissure aperture (µm) 250 
Matrix porosity (%) 2.1 
Hydraulic features 
Mean transit time of water (d) 
From eosine/uranine 

0.8 / 0.8 

Peclet number (-) 67 / 67 
a5)   (s-0.5) 5.44⋅10-3 / 6.12⋅10-3  
Water velocity (m/d) 281 
Dispersivity (m) 2.3 
Hydraulic conductivity (m/s) 1.8⋅10-2  
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1) estimated   
2) simulated 
3) BS: unsaturated soil zone (residual weathering, allochthonic pleistocene solifluidal materials on fissured and faulted  
           rock) 
   PS: porous aquifer (valley filling) 
   KS: fissured rock aquifer [folded and fractured lower devonian sandstones, quartzites, slates (partially unsaturated on     
          top)] 
4) from to = tt/Rop; with Rop=1.45 [retardation factor as determined from weighted mean areal porosities (np; nf)] 
5) a=np(Dp⋅Rop)0.5/(2b); where Dp is diffusion coefficient 

 

 
On the catchment scale, floods are closely linked to hydraulically conducting linear main 
structures that provide extended groundwater exfiltration surfaces, thus explaining flood 
hydrograph generation primarily through groundwater contribution. It should also be 
mentioned that agricultural catchments with networks of artificial subdrains show 
comparable hydraulic behaviour (HERRMANN et al. 1997). 

Finally, very recent methodical developments concerns use of tracer and related spatial 
data for the calibration of hydrological catchment models (e.g. LEIBUNDGUT et al. 1999). 
To extend and refine such applications the combined use of numerical MIKE SHE and 
FEFLOW was planned. However, the main problem during the application of MIKE SHE 
to a catchment built of a confined fractured rock aquifer system is the definition of 
geological conditions by the model itself. It is nearly impossible to describe sufficiently a 
saturated fractured rock through vertical and horizontal saturated conductivity and the 
storage coefficient (e.g. specific yield) as predefined by MIKE SHE. In the model, only a 
mean value can be defined for each grid cell which does not represent realistic conditions. 
Another problem is the realisation of fault zones in the model that are of high importance 
for the system’s responses. 

4 Conclusions 
It is concluded with general considerations for the ICA approach propagated here. The 
following items are remarkable: 

• Multilateral ICA concepts are not a recent invention. However, they seem to be 
indispensible where complex hydrologic systems are constituents of even more 
complex environmental systems for which hydrologic island solutions are 
irrelevant.  

• ICA should not remain just a slogan, but be realised in any case, even on low level, 
by considering specific available environmental, instrumental and methodological 
conditions and facilities. 

• A central objective of ICA is the ecohydrological runoff formation key process. 
Since this process is not a simple function, i.e. of the terrain slope, new 
hydraulically-sound catchment models need to consider this fact by introducing 
specific non-linear hydraulic transfer functions at least for groundwater flux. 

• Environmental and artificial tracers are found to best support calibration and 
validation of catchment models and of relevant hydraulic model constituents 
within a comprehensive ICA realisation. 
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A primary motivation for realising ICA in environmental sciences comes from the urgent 
need to concentrate on relevant systems processes with respect to systems behaviour in a 
changing environment, and to potential system/environment vulnerability. 
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Abstract 

This paper reports an investigation into the soil hydrology of areas dominated by Rhôs 
pasture, a species-rich wetland community, formerly occupying much of North Devon and 
Cornwall, UK. At a small scale (3500 km2) the major landscape features that influence the 
position of Rhôs pasture are identified. At the medium-sized catchment scale (< 60 km2) 
rainfall-runoff modelling is used to quantify soil saturation periods and relate this to Rhôs 
pasture. The majority of the wet grassland sites were found on gentle, concave slopes 
situated at sites with medium to high upslope contributing areas. The catchment study 
indicated a preference of medium to high topographic and soil saturation index values. 
The study concluded that a strong relationship exists between Rhôs pasture location and 
topographic features. 

1 Introduction 
This study focuses on the relationships between catchment hydrology and the position of 
Rhôs pasture, a rare species-rich wet grassland community threatened by agricultural 
improvement and neglect, leading to a management tool to propose potential restoration 
locations. The wetlands were originally found across much of mid-Devon, covering about 
29500 ha in 1900 (HUGHES & TONKIN 1997). Today only about 5 % remains mainly due 
to agricultural drainage and pasture improvement throughout the area. To restore and 
recreate these wetland communities a thorough understanding of the hydrological system 
is required. Research at plot level on the relationships between hydrology and individual 
species or vegetation communities has been done by various researchers (e.g. GOWING et 
al. 1998), but few studies have been conducted at catchment scale or larger. The 
investigation hypothesised that these wet grasslands are found at sites with high soil water 
contents for large periods of the year and that this could be related to landscape 
topography and surface water hydrology. This paper aims to determine the major 
topographic features that influence the position of Rhôs pasture at the small scale and to 
study at the medium-sized catchment scale the spatial variability of soil saturation 
duration in relation to this vegetation type. 
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2 Study area 
The study was conducted in the Culm Natural Area (approx. 3500 km2) in North Devon 
(50°40’N, 4°45’W to 51°01’N, 3°31’W), UK. Average rainfall in the area ranges from 
1000 mm at the coast to 1400 mm inland and average daily temperature varies between 8 
°C and 11°C (METEOROLOGICAL OFFICE 1983). Bedrock consists of shales and sandstones, 
with soils varying from permeable sandy loams to poorly draining clay loams (FINDLAY et 
al. 1984). Rhôs pasture is a species-rich, wet grassland community found at over 700 sites 
in a fragmented pattern in the area. The vegetation consists of a mosaic of wet heaths, soft 
rush meadows and acid purple-moor grassland (TALLOWIN & SMITH 1996). The Wolf and 
Thrushel catchment (11 and 57.6 km2 respectively) were selected for a detailed 
hydrological study, based on the availability of discharge and rainfall data and the 
presence of Rhôs pasture sites in area. 

3 Method 

3.1 Relationship between Rhôs pasture and topographic characteristics 
A GIS approach was adopted to find the relationship between landscape features and the 
position of Rhôs pasture in the landscape, based on total Culm Natural Area. A Digital 
Elevation Model (DEM) was derived from a 1:50.000 ten metre interval contour map, of 
which slope, curvature and upstream contributing area were calculated. For the Wolf and 
Thrushel catchment the ln(a/tanβ) topographic index was derived, in which a is the 
upslope contributing area for a particular grid cell and β is the local slope angle (QUINN et 
al. 1995). Distributions of the parameters under Rhôs pasture sites were compared to the 
distributions in the total area, using Chi-squared tests. 

 

3.2 Modelling soil saturation 
Simulation of river discharge and period of soil saturation was conducted for the Wolf and 
Thrushel catchment, using TOPMODEL (BEVEN et al. 1995), a semi-distributed rainfall-
runoff model based on the ln(a/tanβ) topographic index. TOPMODEL was selected for the 
following reasons: firstly, earlier research indicated that surface water was a major 
component of the water balance of Rhôs pasture (PAPATOLIOS 1994), and secondly, 
because earlier in this study strong topography-vegetation relationships were found, 
indicating a potential for surface water modelling based on landscape topography. Inputs 
to the model were rainfall, potential evapo-transpiration and discharge data. For both 
catchments two periods were modelled: a wetter winter period (Thrushel: 5/10/95 to 
29/6/96; Wolf: 12/10/95 to 25/06/96) and a drier summer period (Thrushel: 1/7/96 to 
13/10/96; Wolf: 26/06/96 to 22/10/96). A soil saturation index was calculated by the total 
number of days of saturation divided by the total number of simulation days. Results of 
the study were related in a GIS to the wet grassland locations and distributions of the 
saturated zones under the wetlands are compared to the total distribution in the catchment. 
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4 Results 

4.1 Relationship between Rhôs pasture and topographic characteristics 
Results of the study to find relationships between Rhôs pasture sites and topographic 
features are presented in Table 1. Chi-squared tests all indicated a significant difference 
between the distribution of elevation, slope angle, upstream contributing area and 
curvature under the wetland sites compared to the total area (p = 0.000 for all factors). 
Most wetlands sites are found between 100 and 300 m altitude (94 %), at slopes less than 
4° (76 %), at concave or flat locations (69 %) and 43 % of the sites are found at locations 
with an upslope contributing area larger than 2000 m2 compared to 24 % in the total area. 
Of the Rhôs pasture sites 69 % was found at sites with an intermediate topographic index 
of 8 to 16 compared to 36 % in the total Wolf and Thrushel catchment. This indicated a 
strong relationship between wetland location and topography. 
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Fig. 1 a) Simulated discharge for the Thrushel catchment (October 1995 - June 1996)  

b) Simulated discharge for the Wolf catchment (October 1995 - June 1996) 
c) Simulated discharge for the Thrushel catchment (July - October 1996) 
d) Simulated discharge for the Wolf catchment (June - October 1996) 
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4.2 Soil saturation modelling results 
Results of the discharge modelling of both the Wolf and Thrushel catchment showed a 
close match with the observed discharge in the wet period. From the beginning of October 
to mid February, discharge peaks were of the appropriate height the timing was accurate. 
Baseflow corresponded generally to the observed level. During the second half of the 
modelling period, however, some of the peaks in both catchments were not simulated or 
were only about a third of the actual height (Fig. 1a and b). Simulation of the peaks of the 
Wolf catchment in May were two to three times the actual height. Modelling results of 
discharge peaks for both catchments during the drier period were found to be accurate, but 
baseflow was about twice the observed level (Fig. 1c and d). In the Wolf catchment some 
of the discharge peaks were not simulated. From the maps with the saturated zones for 
both the Wolf and the Thrushel catchment during the wet season (Fig. 2 and 3) was clear 
that Rhôs pasture sites were generally not found on locations with the lowest saturation 
indices. During the summer months soil saturation was found less frequent and Rhôs 
pasture was found on the total range of soil saturation indices. 

5 Discussion and conclusions 
A strong relationship between Rhôs pasture location and topographic features, indicating 
wetter areas in the landscape, was found. These features were derived from readily 
available GIS data and this approach therefore gives the possibility to investigate a very 
large area. The use of GIS data also makes it possible to adopt a model based approach to 
indicate favourable sites for wet grassland development. Soil saturation index patterns 
explain Rhôs pasture patterns partially, but simulated saturation periods are relatively 
short in comparison to the actual saturation duration. From field experience is clear that 
many wetland sites are saturated or close to saturation for large periods of the year. Soil 
saturation indices should thus be seen as a relative indication of wetness instead of 
absolute values. Since soil saturation is directly related to the topographic index, there is 
no need for the rainfall-runoff modelling and the topographic index map can be used as 
relative wetness indication. In this study soils have been assumed to be homogeneous, 
though from soil maps of the area it is clear that there is a large variation in soils. In future 
research relationships between Rhôs pasture and catchment hydrology these soil factors 
will be taken into account. 

 
 
Tab. 1 Percentages of landscape features found under Rhôs pasture sites compared 

to the expected values based on the overall distribution in the area 
 Actual percentage (%) Expected percentage (%) 
Altitude:                   100 – 300 m 94 79 

Slope:                       0 – 4° 76 52 

Upstream area:        > 2000m2 43 24 

Curvature:                concave and flat 69 47 

Topographic index:  8 - 16 69 36 
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Fig. 2 Duration of soil saturation in the Thrushel catchment (5/10/95 to 29/6/96) 
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Fig. 3 Duration of soil saturation in the Wolf catchment (12/10/95 to 25/06/96) 
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Abstract 

This paper discusses the spatial distribution of areas with similar runoff generation 
(hydrotopes) in the small forested Dürreych catchment area in the northern Black Forest 
region of Germany. The hydrograph is determined by rapid runoff from wet areas of the 
flat headwater and interflow from steep slopes. Derivations from the digital elevation 
model and the forestry site map are combined to identify the hydrotopes. The forestry site 
map is more suitable for identifying wet areas than the common topographical index. A 
satisfactory correspondence between the proportions of wet areas and coefficients of 
discharge underscores the applicability of this approach. The forestry site map, however, 
does not adequately indicate interflow. Therefore an interflow index combining slope and 
soil stratification based on the digital elevation model and hydraulic conductivity is 
developed. The first efforts are based on a simplified classification and do not as yet 
correspond sufficiently with interflow observations made in the field. 

1 Introduction 
Identification of areas with similar runoff generation (hydrotopes) is required as 
preprocessing for distributed rainfall-runoff models and thus is an important task in 
modern hydrology. An established method is the creation of hydrological elementary units 
by intersecting topography, land use and soils and other covers using a GIS (KLEEBERG et 
al. 1999). The classification of the numerous elementary units will always be a sensitive 
step of this method. Topographical wetness models which derive the probability of 
saturation excess flow from digital elevation models (DEM) originate from the 
topographical index (BEVEN & KIRKBY 1979) and have been subsequently widely 
accepted for use. Promising as they are, there remains a lack of validation for this 
approach (BONELL 1998). 

This paper reports on the dominant processes of runoff generation in the Dürreych 
catchment and introduces an alternative method to identify hydrotopes using derivations 
from a digital elevation model and the forestry site map (FSM). These results are 
compared with field observations and previous research. 
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2 Catchment characteristics 
The Dürreych catchment is a 7 km² forested mountainous v-shaped valley. Due to the 
geological structure of the Triassic sandstone, a fairly flat headwater exists as well as 
characteristic plateaux along the watershed. Thick blocky periglacial drifts cover the 
bedrock. The soils are mostly podzols and podzolic cambisols, stagnic gleysols and 
degraded peats. 

Based on three years of interdisciplinary research of the dominant runoff processes, the 
following conclusions are made:   

(1) Infiltration excess flow is supposed to be impossible under the given conditions 
with the exception of forest tracks. 

(2) The stagnic but well drained plateaux of the headwater show a rapid response to 
rainfall, as they generate saturation excess flow mixing with shallow interflow 
when presaturated; cirques, source areas and even small concave slope sections 
reveal a similar behaviour. 

(3) The contribution of near stream areas is comparatively small. 

(4) Less permeable podzolic layers can produce a slower lateral flow component 
along the steeper slopes. 

(5) A very shallow lateral component with high flow velocities is observed in the 
organic horizons after heavy rainfall (CASPER et al., this volume; 
WALDENMEYER 1999). 

3 Methods 

3.1 Field observations 
Forty soil profiles representing the FSM units are examined in accordance with AG 
BODEN (1994). For typical horizons the saturated hydraulic conductivity is derived from 
particle size, soil skeleton, bulk density and humus content. Forest tracks, when carved 
into the hillslopes, can cut short interflow pathways. Therefore erosion from outflows 
along 80 km of forest tracks is mapped as an indicator for the spatial distribution of 
interflow. Wet areas near streams which are thought to rapidly contribute to discharge are 
identified by mapping indicator vegetation. 

3.2 Identifying hydrotopes 
The FSM provides highly integrative information about the water regime depending on 
relief and soil substrate. Following PESCHKE et al. (1999) a simple knowledge based 
system is developed for the Dürreych catchment.  

The extended legend of the FSM is transformed into an ACCESS data table and is queried 
hierarchically by a set of four main criteria:   
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(1) Nearness to stream 

(2) Ecological wetness class and or water table 

(3) Soil stratification (poorly permeable layers)  

(4) Direct information about lateral flow and or relief features (convex/concave, up-
/downslope).  

To verify the classification of wet areas which may generate rapid saturation excess flow, 
their area in the entire catchment A and in the headwater Ahead is computed. The ratio 
Ahead/A is compared with the ratio of their percentage runoff αhea/α for several events. 
Computing ratios is based on the idea that wet areas will probably not contribute 100 % to 
runoff but will show a similar percentage of runoff throughout the catchment during a 
particular event.  

Furthermore the distribution of wet areas derived from the FSM is also compared to a map 
of the common topographical index TI = ln(α tanβ) which is computed from a 30 m grid 
DEM following BEVEN & KIRKBY (1979). 

Since the forestry site map provides only general information about relief, hydrotopes with 
interflow cannot be sufficiently specified. Thus an index for potential interflow intensity 
Ipot is developed combining the two parameters decisive for interflow generation: 
inclination β and degree of stratification which is indicated by the ratio of the saturated 
hydraulic conductivity of the upper soil horizon ksup and the horizon below kslow: 

low

up
pot

ks
ks

ß = I logtan ⋅          (1) 

Ipot will be 0 for an inclination of β = 0° as well as for ksup = kslow which is synonymous 
with a non-stratified profile. High inclinations as well as ksup >> kslow will produce high 
values and thus indicate high potential interflow intensities. To take into account that the 
actual interflow also depends on the hydraulic conductivity of the upper horizon, Ipot can 
be multiplied by ksup. Although the resulting unit is [m/s] the values cannot be interpreted 
as physical velocities. 

Ipot is calculated for each cell of a 30 m grid DEM. Since a complete database of hydraulic 
conductivity is not yet available, ksup and kslow are initially based on generalised data for 
the four main hydrotope classes. Using a GIS overlay function the results are compared to 
field observations of erosion intensities and the density of outflows along forest tracks.  

4 Results and discussion 

4.1 Wet areas 
Table 1 illustrates the four hydrotope classes and eight types derived from the FSM and 
summarises their main characteristics. Figure 1 displays the spatial distribution of the four 
main hydrotope classes. The headwater shows roughly two times more wet areas per km² 
(including alluvial plains) than the entire catchment: Ahead / A = 2.2. This indicates the 
importance of the headwater for the hydrological characteristics of the whole catchment. 
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Tab. 1 Hydrotope classes and hydrotope types derived from the forestry site map 

Hydrotope class Hydrotope type Main features log(ksup/kslow)* 

1. Alluvial areas - Alluvial areas Alluvial plains with close 
contact to stream, 
permeable soils  

≅ 0.2 

- very wet areas Source areas, plateaux with 
high stagnic water level, 
often drained  

2. Wet areas off 
stream 

- moderately wet areas Plateaux with deeper 
stagnic water level 

≅ 2 

- effluent interflow 
- affluent interflow 

3. Interflow 
areas 

- unspecified interflow 

Slopes with stratified soils 
(podzols), usually without 
hydromorphic properties; 
lateral inflow or outflow 
due to relief  

≅ 1 

- percolation with 
interflow  

4. Percolation 
areas 

- dominating percolation 

Slopes with more or less 
poorly stratified soils 
(cambisols)  

≅ 0.5 

* values based on generalised data 
 

 

Table 2 shows the percentage runoff of the headwater and the entire catchment for several 
events: 

• The percentage runoff of αhead and α do not correspond to the current percentage 
of wet areas Ahead and A. However, there is good correlation of the ratios for events 
with regular precipitation and percentage runoff (15.10.98, 13.05.99, 14.07.99): 
Ahead / A ≅ αhead / α ≅ 2.2. 

• This indicates that wet areas dominate the hydrograph. For large amounts of 
precipitation the ratio αhead / α is closer to 1 because additional areas which are not 
usually wet contribute to discharge. Low precipitation under dry preconditions will 
cause low discharges, or even no discharge whatsoever, of the headwater. Wet 
areas behave mainly as reservoirs. 

• Comparing the distribution of wet areas with the topographical index indicates an 
expected correspondence with alluvial sites and concave landforms like cirques. 
The characteristic wet rims of the Dürreych catchment, however, are not 
recognised by the TI (WALDENMEYER 1999) because the cumulative area A is 
rather small. Earlier studies which followed this approach (FARRENKOPF-
HILDEBRANDT 1996) underestimated the value of possible contributions from the 
plateau area.  
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Tab. 2 Precipitation and percentage runoff of headwater and entire catchment for 
several events (Precipitation [mm], α percentage runoff ) 

  Headwater Entire catchment  
Beginning of event Duration P αhead P α αhead  / α 

28.10.1998 48 hours 168,1 0,460 162,1 0,340 1,3 
15.09.1998 63 hours 46,2 0,126 43,4 0,073 1,7 
13.05.1999 56 hours 41,6 0,144 40,0 0,074 2,0 
15.10.1998 48 hours 16,7 0,173 13,4 0,078 2,2 
14.07.1999 40 hours 22,9 0,174 22,8 0,076 2,3 
17.10.1998 40 hours 14,8 0,045 12,3 0,018 2,5 

 

 
 
 
Fig. 1 Map of hydrotope classes derived from the forestry site map 
 
 
A survey of the vegetation along streams and side valleys confirms that due to the narrow 
valley bottoms only small areas can be considered wet or temporarily wet. The following 
species serve as primary indicator plants: Impatiens noli-tangere and Myosoton aquaticum 
for inundation areas, Sphagnum spp. combined with other species for source areas, 
Molinia coerulea for wet or temporarily wet areas, especially on flat plateaux and Luzula 
sylvatica as a local indicator for temporary flow paths and areas with shallow interflow. 
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4.2 Interflow areas 
Figure 2 is an overlay plot of areas with high potential interflow generation and linear 
erosion from outflows along forest tracks. Areas with high Ipot values occur predominantly 
on the northern slopes and only partly correspond with mapped outflows and erosion. 

A more detailed calculation of the stratification factor ksup / kslow might improve this result. 
In further work inclination and surface attributes of the forest tracks have to be more 
closely considered since they interfere with the utility of erosion as an indicator for 
interflow. Furthermore, interflow will contribute to storm flow merely within a certain 
distance to the stream. Therefore average flow velocities have to be calculated to establish 
a contributing buffer area. 

 
Fig. 2 Overlay of potential interflow intensity Ipot with erosion and outflows along 

forest tracks 
 

5 Conclusions 
This paper introduces the forestry site map as a source of hydrological information which 
is hardly noticed. Due to its holistic properties hydrotopes can be derived from a single 
map. The classification of wet areas has brought about useful results. Unspecified 
interflow areas can be more adequately distinguished by the concept of potential interflow 
intensity. In future work both concepts will be combined using a GIS overlay function. 
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Abstract 

Soil moisture patterns were recorded for three different land uses, oak forest, matorral and 
a cultivated field in Central Spain during 1998-99. Volumetric water content was 
determined using time domain reflectometry at more than 140 sites in each, extending 
across a range of topographic units. Soil moisture content was a function of land use with 
the oak forest being wetter than either the matorral or cultivated site. The spatial patterns 
for a wet and dry period were kriged and presented as interpolated contour plots. Geo-
statistical analysis confirmed that the patterns were highly heterogeneous as the variogram 
showed a pure nugget for each land use. It was concluded that when trying to predict areas 
most likely to produce runoff, both soil moisture variability and the runoff generating 
threshold are important factors to identify. 

1 Background 
The experiment described below is part of a wider programme funded by the EU to 
develop, apply and test a methodology for investigating the environmental impact of land 
use change arising from changes in agriculture policies, subsidies and environmental 
payments. Such changes in farm income may considerably affect future sustainability in 
areas sensitive to land degradation. One of the objectives of the research is to test the 
hypothesis that spatially heterogeneous patterns of soil water content can be beneficial in 
limiting surface runoff and will therefore reduce erosion risk. The research is being 
conducted at 20 sites which represent a wide range of physical conditions, socio-economic 
settings and land use types across the Mediterranean in Spain, Portugal and Italy. Central 
to the methodology is the use of a geographic information system and the assumption that 
results measured within a grid can be upscaled and be applied to larger areas. 
Susceptibility will be greatest where, during rainfall, surface runoff is generated because 
either infiltration capacity is exceeded or the soil saturated, and these areas of overland 
flow connect with each other and possibly the channel. The results discussed below relate 
to three of the six experimental areas in Central Spain.  



 112 

2 Aims 
1. To monitor and map the soil moisture patterns during a range of weather 

conditions in a seasonally arid area. 

2. To investigate the influence of land use, soil characteristics and slope on soil 
moisture patterns. 

3. To assess the implications of the observed spatial patterns for environmental 
management. 

3 Site descriptions 
The research is being conducted in the Alcarria de Guadalajara Comarca, in the 
municipalities of Horche and Romanes (Fig. 1). The predominant climate is semi-arid 
continental-Mediterranean: mean annual temperature is 13.6 C. Mean annual rainfall was 
349.9 mm for 47 years up to 1970. There are two maxima in spring (May) and early 
winter (Dec.). Geomorphologically the landscape has high plateaux dissected by rivers 
giving rise to deep valleys with slopes cut by terraces. Active erosion processes ensure 
that gullies and rills are common over wide areas of the valley slopes and form ‘badlands’ 
in some areas. The major geological, pedological and land use characteristics are 
summarised in Table 1. Depending on their location, soils may be Luvisols or Cambisols. 
The Luvisols, also known as Terra rossa, are characterised as fine textured, relatively 
deep with moderate drainage. The Cambisols are highly weathered, shallow, stony and 
very calcareous. Human activities on the slopes have been diverse and include livestock 
rearing, grazing, cultivation of olives, cereal cultivation and more recently re-forestation.  

 
Tab. 1 The major geological, pedological and landuse characteristics of the three 

selected study sites 

Land use/ 
Management 

Mean 
slope 

Geology Soils Grid size Number of 
sampling points 

Matorral scrub 40 % Gravels, sands Luvisol 85m x 35m 143 
Semi-natural mix of 
evergreen and 
deciduous oak  

38 % Limestone 
marls, 
sandstone 

Cambisol 110m x 35m 184 

Recently cultivated 
cereals 

12 % Limestone 
marls, 
sandstone 

Cambisol 170m x 45m 350 

4 Method 
Surface soil water content was monitored at three contrasting sites (Tab. 1) on four 
occasions in 1998. A grid sampling network was constructed at 5 m intervals - the number 
of sampling points was large enough to ensure that the data are sufficient for geo-
statistical analyses. Volumetric soil moisture was monitored using a Time Domain 
Reflectometer (Tektronix 1502c).  
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The stainless steel wave guides were 15 cm long and 5 cm apart. Twenty five soil samples 
were collected within each grid using a stratified soil sampling strategy, based on the soil 
moisture patterns. The texture, organic carbon, soil moisture release characteristics and 
aggregate stability were determined for each sample. A geographical information system 
has been set up in Spain using Idrisi and in the UK based on ArcInfo: the database consists 
of a digital elevation model, soil moisture contents, ground cover and soil textural 
information. 

5 Results 
Land use exercises a major influence on mean soil moisture content. Results going from 
wettest to driest were in the order oak > matorral > cultivated sites (see Fig. 2). 

At the individual plot scale there was no significant relationship between soil moisture 
content and slope, topographic index, texture or carbon content (Tab. 2). 

When results for the three sites were aggregated, the direct and indirect influence of land 
use on soil moisture content can be seen (Tab. 3). A number of environmental controls 
which influence water retention and movement are highly related to one another e.g. 
elevation, % slope, % ground cover and % total organic carbon.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1 Site location 
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Tab. 2 Correlations between soil moisture and environmental factors for individual 
grids (minimum number of samples = 25) 

Grid/Land-
use 

Soil 
Moisture 

Status 

Topo-
graphic 
Index 

Altitude Slope Gravel Sand Silt Clay Car-
bon 

Ground 
Cover 

Oak Grid ‘Wet’ -0.11 -0.20 0.12 -0.33 0.23 0.22 0.33 -0.22 0.18 
Matorral 
Grid  

‘Wet’ -0.38 0.04 0.12 -0.30 -0.33 0.35 0.42 0.02 -0.13 

Cultivated 
Grid 

‘Wet’ 0.14 -0.11 0.11 0.04 0.03 -0.06 0.02 0.36 0.26 

Oak Grid ‘Dry’ 0.14 0.24 -0.22 -0.31 0.00 0.33 0.36 -0.03 0.29 
Matorral 
Grid 

‘Dry’ -0.13 0.20 0.29 -0.09 -0.01 0.06 0.19 0.15 -0.17 

Cultivated 
Grid 

‘Dry’ 0.21 -0.18 0.09 -0.06 0.06 -0.13 0.08 0.29 0.16 

 

 
 
 
Fig. 2 Soil moisture patterns for the three sites 
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Tab. 3 Correlation matrix between soil moisture and environmental factors 
    (number of samples = 76) 

 Wet Dry Altitude Slope Gravel Sand Silt Clay Carbon 
Altitude 0.41 0.27 ---- ---- ---- ---- ---- ---- ---- 
Slope 0.44 0.41 0.54 ---- ---- ---- ---- ---- ---- 
Gravel 0.12 0.17 0.44 0.67 ---- ---- ---- ---- ---- 
Sand 0.12 0.07 0.31 0.15 -0.01 ---- ---- ---- ---- 
Silt -0.21 -0.24 -0.53 -0.77 -0.91 -0.35 ---- ---- ---- 
Clay 0.14 0.14 -0.20 0.07 -0.43 -0.33 0.35 ---- ---- 
Organic Carbon 0.41 0.26 0.82 0.58 0.48 0.25 -0.56 -0.13 ---- 
Ground Cover 0.43 0.31 0.66 0.58 0.41 0.26 -0.53 -0.04 0.73 

 
 

For the wet period, soil water content was significantly positively (99.9 % level) correlated 
to organic carbon and slope. During the dry period the relationships were significant at the 
95 % level. 

Soil moisture contents were highly variable within a distance of 5 m e.g. oak ranged from 
0.06 - 0.28 cm3 cm-3, matorral from 0.06 - 0.26 cm3 cm-3 and cultivated field from 0.10 - 
0.28 cm3 cm-3 during the wet period.  

Soil moisture patterns recorded for the wettest and driest occasions are shown as kriged 
interpolated contour plots in Figure 2. Examination of the spatial distribution in Figure 2 
suggests that the patterns were heterogeneous – a result confirmed by geostatistical 
analysis – the variogram showed a pure nugget for each land use. The coefficient of 
variation in the cultivated field was higher (double) than that of the oak site (see Fig. 2). 

6 Discussion 
Spatial heterogeneity in those properties that determine runoff generation may be 
beneficial in areas likely to suffer from degradation as they promote hydrological 
discontinuities (BERGKAMP et al. 1996, FITZJOHN et al. 1998). 

Steeper slopes were wetter than shallower ones suggesting that land use was an important 
control on soil water content. The steepest slopes were under forest and abandoned pasture 
now covered in matorral while the shallowest slopes were cultivated and had a cereal crop. 
The slope under oak forest had the highest organic carbon levels, which lead to a better 
aggregated soil structure, decreased bulk density and therefore encouraged moisture 
retention.  

Lack of a good relationship between soil moisture content and the topographic index may 
be because we only considered the topsoil. (The programme is focused on surface runoff 
as explained above and hence the water content was only measured in the top 15 cm.) The 
topographic index may be less successful in predicting water movement in semi-arid 
environments.  

The next step is to create a runoff vulnerability index based firstly on the soil moisture 
patterns (PHILLIPS 1992) and secondly on the possible production of overland flow due to 
the inherent soil properties. Overland flow is generated where infiltration is limited either 
because the rainfall intensity exceeds the infiltration capacity or where the soil is 
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saturated. A straightforward index will be developed to take into account those areas 
which are characterised by high soil moisture contents and which have either low 
infiltration capacities or low storage capacities. 

The final step will be to upscale the runoff vulnerability index from the small grids where 
the hydrological and pedological properties are known up to the scale of the administrative 
area.  

7 Conclusions 
Steeper slopes support more vegetation and retain more soil moisture than shallower ones. 
Runoff generation processes are linked to land use and slope: field evidence has shown 
that cultivated fields on shallow slopes generate more runoff and erosion than on steeper 
slopes under more natural vegetation. Although these areas are drier they are approaching 
the soil moisture threshold necessary for runoff generation. 

The theoretical basis for arguing that high spatial variability leads to discontinuous 
overland pathways, and therefore reduces erosion risk, is sound. Data on soil moisture 
content alone or indeed information on soil moisture patterns are insufficient in predicting 
runoff risk as details on threshold runoff values are also required. It should be emphasised 
that management practices which increase variation and thus the spatial isolation of runoff 
producing areas are of little value in preventing runoff if the threshold value is very low 
and hence exceeded very frequently. 

The inductive methodology applied at the grid scale worked well but it is still being 
discussed: it will require considerable development to apply it at the scale of the 
administrative area. In this experiment soil moisture variability was determined on a grid 
of 5 m x 5 m but this detailed scale might not be appropriate for other studies. 
Furthermore, the analysis of soil factors which determine how a soil behaves during a rain 
storm require considerable effort. Production of an erosion vulnerability index to aid 
policy makers analysing the impact of changing land use must take into account the 
problems of scale. 
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Abstract 

A geostatistical analysis of groundwater level data from a Swedish till hillslope 
demonstrated that groundwater levels in an area close to the stream followed the dynamics 
of the runoff, while this correlation dropped off markedly at distances more than ca. 60 
meter from the stream. A new model concept was proposed in which the hillslope was 
subdivided into a riparian and an upslope reservoir. Due to very shallow groundwater in 
the hillslope, special emphasis had to be put on the interaction between saturated and 
unsaturated storage. This model approach improved the simulations of both runoff and 
groundwater dynamics. To test the model structure and investigate whether calibration 
against a conservative tracer could reduce parameter uncertainty, 18O-concentrations in the 
stream were simulated and compared to measured values. 18O-concentrations in the runoff 
were reproduced acceptably, but the simulation of 18O-flux required too many new 
parameters to reduce parameter uncertainty. 

1 Introduction 
Traditionally, conceptual runoff modelling has focused on the quantification of water flux 
at the catchment scale. In recent years, however, environmental problems have provided 
additional impetus for hydrological models to serve as the foundation of biogeochemical 
models. Runoff models must meet new requirements and be formulated in such a way as 
to address the larger demands made upon the model structure for modelling transport of 
chemical constituents. Correct simulations of internal variables such as groundwater levels 
and a realistic simulation of the interactions between saturated and unsaturated zone 
become essential.  

Conceptual runoff models typically depict a catchment using a number of storages. One 
(or more) of them usually represents groundwater storage and thus can be related to 
groundwater levels. In most conceptual runoff models an unambiguous, monotonic 
function between the groundwater storage and runoff is implemented. Consequently, the 
dynamics of the simulated runoff from the groundwater zone always follows the simulated 
rise and fall in groundwater levels.  
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TOPMODEL (BEVEN et al. 1995) is one example of such a model. TOPMODEL allows 
simulation of spatially distributed groundwater levels using a topographic index. These 
groundwater levels, however, always go up and down in parallel, and, thus, the mean 
groundwater level determines the simulated runoff from the groundwater zone. In other 
words, it is assumed that the spatially distributed groundwater levels and runoff can be 
described as a succession of steady state conditions. 

Obviously, allowing for a transient groundwater storage would be more realistic. SLOAN 
(2000) demonstrated that a single-valued storage-runoff relation might not be appropriate 
at the catchment scale. He derived an alternative expression based on a solution to the 
one-dimensional saturated flow equation.  

There are several reasons to expect the groundwater level at the lower part of a hillslope to 
respond more rapidly to rainfall than the groundwater level in areas further upslope: 
because of a deeper groundwater table, there is a comparatively long distance for the flow 
impulse to propagate from the ground surface to the groundwater. In the lower part of the 
hillslope the distance is shorter and, more importantly, the unsaturated zone is often 
comparatively wet and close to saturation due to the shallow groundwater table caused by 
lateral flow inputs from upslope. This results in little possibility for water storage in the 
unsaturated zone as well as a rapid rise of the groundwater table in response to rainfall. 

Comparing the simulations of a conceptual model with observed data for more variables 
than just runoff is crucial to ensure internal consistency and is also valuable for model 
development (SEIBERT 1999). The additional information from using groundwater-level 
data in different hillslope positions depends on the correlation between these levels and 
runoff. Groundwater levels from wells with a response different from that of runoff 
provide more new information than levels with dynamics similar to runoff. However, to 
make most use out the additional information, a model must allow for these different 
dynamics. 

In this study, we used detailed groundwater level data from a hillslope to investigate the 
validity of the steady state assumption with the aim of improving conceptual runoff 
modelling of the hillslope. Based on the observed differences in the groundwater 
dynamics of the lower and upper parts of the hillslope, a coupled two-box runoff model 
(hillslope and riparian soil water and groundwater zones) was formulated. The runoff 
model was extended to simulate the flow of 18O in order to test the model structure and to 
see whether calibration against 18O could reduce the parameter uncertainty.  

2 Study site 
The Svartberget catchment is located in Northern Sweden 60 km northwest of Umeå. The 
50 ha-catchment is covered by mature Norway spruce and Scots pine. The groundwater 
data used in this study were collected along a 120 m long hillslope with a maximum 
height difference of 8 meters (BISHOP 1991). Runoff from the hillslope was computed as 
the difference in discharge between the weirs above and below the hillslope (~200 meters 
of stream reach). Groundwater and streamwater levels were measured manually 1-7 times 
a day, with the more intense measurements during runoff events. Rainfall was measured 
and sampled for 18O in a clearing one km from the hillslope, with the same frequency as 
the other observations. Streamwater was sampled for 18O at several weirs along the 
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stream, and the δ18O of the hillslope runoff was calculated from the δ18O-values and 
stream discharge of weirs upstream and downstream from the hillslope. In order to reduce 
the error in the calculated δ18O-values, the two most distant weirs were used in these 
calculations. The δ18O of hillslope runoff was thus assumed constant along the stream 
reach delimited by these sampling points. 

3 Groundwater and runoff dynamics 
Plotting runoff against groundwater levels sometimes reveals a strong correlation, but 
usually the relation is far from linear (Fig. 1). Furthermore, the functional expression, 
which describes the relationship best, may vary for different locations making 
comparisons difficult. In this study, the correlation between the dynamics of runoff and 
the groundwater levels was quantified by the Spearman rank correlation coefficients, rs. 
By using the non-parametric rank correlation, no specific function had to be assumed for 
the relationship between groundwater levels and runoff.  

Groundwater levels in an area close to the stream had dynamics similar to runoff and were 
strongly correlated with runoff. This correlation dropped off markedly at a distance of 
about 40-60 m from the stream (Fig. 2). 

Two subsets of groundwater wells were defined based on these results: the first including 
wells close to the stream (< 35 m) and the second consisting of the more distant upslope 
wells (> 60 m). These subsets were examined in two ways: 

(1) The rank correlation coefficient for pairs of groundwater wells was computed both 
for each subset and for all wells. 

(2) Mean groundwater levels were computed for both subsets and the rank correlation 
between this mean and the individual wells were also quantified.  

The correlations within each subset were much larger than the average correlation between 
all wells (rs on average 0.87 and 0.91 compared to 0.68 for all wells). Furthermore, the 
individual levels were highly correlated to the respective mean level series (rs on average 
0.91 and 0.95). Thus division of the catchment’s groundwater dynamics into two systems 
appeared to be an appropriate starting point for modeling the hydrology of the catchment. 

4 Modelling 

4.1 Model description 
A conceptual model for hillslope runoff was developed based on the process observation 
that two reservoirs accounted for the different dynamics of the riparian and upslope 
groundwater (Fig. 3). Modelled runoff is determined by the groundwater storage in the 
riparian reservoir, which is fed by local percolation and lateral flow from the upslope 
reservoir. No lateral flow is assumed to take place from the unsaturated reservoirs. 
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Fig. 1 Relation between runoff and depth to groundwater for two different 
locations 
(a) tube J3G1, 14 m from stream 
(b) tube J6G1, 103 m from stream 

 
 

 
 
Fig. 2 Rank correlation coefficients between groundwater levels and runoff versus 

distance from the stream 
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With the shallow groundwater in the hillslope under study (groundwater levels 0 - 1.5 m 
below the ground surface) the interaction between saturated and unsaturated storage is 
important. The soil layer can be conceptualised as a column with two compartments, 
unsaturated and saturated, separated by a fully permeable boundary, the groundwater 
table. The boundary moves up and down in response to the water budget of the 
compartments. When the groundwater table rises, the space available for unsaturated 
storage decreases and vice versa. Furthermore, a rise of the groundwater levels causes a 
portion of the water stored in the unsaturated zone to become part of the saturated storage. 
When the groundwater levels fall, a portion of the water that was stored in the saturated 
zone will become part of the unsaturated zone. In order to account for this effect of the 
groundwater level on the unsaturated water storage and to keep the mass balance for 
water, the total groundwater reservoir (above a certain reference level in the ground) has 
to be considered rather than the dynamic storage normally used in flow modelling. The 
dynamic storage represents the drainable water amount and this is only a portion of the 
total water amount in the saturated zone. The total groundwater storage also has to be used 
as mixing reservoir when isotope flow and storage are modelled. In a similar way the 
unsaturated reservoir should contain all water in the unsaturated zone, not just water above 
the wilting point. In the following discussion the term storage refer always to total storage. 

The maximum amount of saturated storage, Smax, (with the groundwater table reaching the 
ground surface) is used as model parameter. Based on the calculated actual value of the 
saturated storage, S, the maximum unsaturated storage, Umax, is computed (Eq. 1). 
Similarly the amount of water stored in the unsaturated zone below wilting point, Umin, is 
computed (Eq. 2). 

 

 
 
 
Fig. 3 Schematic structure of the two-box model with a coupled formulation for 

saturated and unsaturated storage. Smax and S are maximum and actual 
amount of saturated storage. Umax is the maximum unsaturated storage based 
on S. U and Umin are actual unsaturated storage and storage below wilting 
point respectively 
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( )SScU −= maxmax          (1) 

( )SSdU −= maxmin          (2) 

S, U and Umin represent volumes of water per unit ground area, whereas the model 
parameters c and d are dimensionless. From Equations 1 and 2 it follows that c 
corresponds to field capacity divided by porosity and d corresponds to wilting point 
divided by porosity. 

For the unsaturated zone an approach similar to that used in the HBV model (BERGSTRÖM 
1995) was chosen. The amount of rainfall, P, is divided into recharge to groundwater, R, 
and addition to the storage in the unsaturated zone using a non-linear function (Eq. 3, β [-] 
is a shape factor). Evaporation from the soil, Eact, is estimated based on the actual storage 
in the unsaturated zone, U, and the potential evaporation, Epot (Eq. 4). 
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Runoff is computed from the saturated storage in the riparian box by two linear Equations 
with one only active when the storage is above a certain threshold value, Sthreshold (Eq. 5). 
The use of this Equation is motivated by the observed increase of hydraulic conductivity 
towards the ground surface (BISHOP 1991). 

( )( )thresholdriparian SSkSkQ −+= 01 ,0max       (5) 

The flow from the upslope box to the riparian box is computed by a linear Equation  

SkQupslope 2=           (6) 

Based on the Equations above, the amount of unsaturated and saturated storage in each 
box is updated for each time step. 

In the case of falling groundwater levels a certain amount of saturated storage changes its 
status to unsaturated. The change of storage in the saturated zone (∆S) equals the 
difference between recharge (for the riparian box including lateral inflow from the upslope 
box ) and runoff plus a portion of the change, which is the amount of water changing its 
status from saturated to unsaturated (Eq. 7). Equation 7 can be rearranged to allow direct 
calculation of ∆S (Eq. 8) and computation of the corresponding change in unsaturated 
storage due to groundwater level change, ∆Ugc (Eq. 9). 

ScQRS ∆+−=∆          (7) 
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ScU gc ∆−=∆           (9) 

Similarly, an amount of unsaturated storage alters its status to saturated when the 
groundwater level rises (Eqs. 10-12).  
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The fraction U / Umax appears in these Equations since drainage equilibrium (U = Umax) 
cannot be postulated when the water table rises. When the water table falls, on the other 
hand, drainage equilibrium can be expected in the drained soil layer and U / Umax = 1 (Eqs. 
7-9). The δ18O of hillslope runoff is simulated based on the 18O-fluxes between the 
different saturated and unsaturated storages. All rainfall is assumed to mix completely 
with the unsaturated storage and the δ18O of the recharge thus equals that of the 
unsaturated storage, following the logic of HARRIS et al. (1995). The concentration of the 
outflow from the upslope box equals the concentration of the saturated storage. In the 
riparian box different δ18O-values were computed for the storage above and under the 
threshold level, Sthreshold, with only limited mixing between the two parts. The δ18O of the 
runoff equals the runoff-weighted mean of these two parts of the riparian groundwater 
storage. 

The model was calibrated simultaneously against observed runoff, groundwater levels and 
streamwater δ18O using a genetic algorithm (SEIBERT 2000). The model was run for two 
summer periods (1986 and 1987). More 18O data were available for the first period 
whereas more groundwater level data were collected during the second period. 

4.2 Model results 
The model could be successfully calibrated to simulate runoff and groundwater levels 
(Fig. 4). The model efficiency was 0.92, and the mean rank correlation between simulated 
groundwater storage and observed groundwater levels (not shown in the figure) was 0.90. 
The decrease of unsaturated storage during events (Fig. 4) is a result of the coupled 
formulation of saturated and unsaturated storage. The simulations of streamwater δ18O 
were less satisfactory. The model was able to reproduce the general trends but missed 
some short-term variations (Fig. 5). 
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Fig. 4 Simulation results of the two-box model (unsaturated and saturated 

storage) in the riparian (solid line) as well as the upslope (dashed line) zone 
and simulated (line) and observed (circles) runoff 
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Fig. 5 Simulations (line) and observations (circles) of stream δ18O for 1986 
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5  Discussion and concluding remarks 
The geostatistical analysis of the groundwater dynamics using Spearman rank correlation 
coefficients distinguished different zones of the hillslope. Groundwater dynamics and 
runoff dynamics were similar for groundwater levels in an area close to the stream (< 35 
m). In areas further from the stream (> 60 m) groundwater dynamics differed from runoff 
dynamics, but still agreed between the different tubes. 

A model with a single-valued storage-runoff relation cannot reproduce this behaviour. 
Modelling approaches such as TOPMODEL do not represent the hydrological processes in 
this hillslope appropriately. Our two-box model approach captures the differences between 
the riparian and the upslope zone and lays the foundation for a more realistic process 
representation. 

To date, unsaturated and saturated storage have usually been represented separately in 
conceptual runoff models, i.e., the amount of water in the saturated box does not affect the 
amount of space in the unsaturated box. In this paper a coupled formulation for saturated 
and unsaturated storage was developed, which is physically more reasonable. 

Subdividing the hillslope into two zones facilitated good fits between simulations and 
observations for both groundwater levels and runoff. The different responses to rainfall in 
riparian and upslope areas is assumed to be an important aspect to include in hydrological 
models that are to support geochemical models. The proposed two-box model almost 
requires groundwater levels to be calibrated because of the increased number of 
parameters. At the same time this model allows one to make more use of the groundwater-
level data than would be possible for a model with a single-valued storage-runoff 
relationship. 

The simulation of stream δ18O was fair to acceptable. Environmental tracers such as 18O 
are often mentioned as possible tools to reduce parameter uncertainty. This study indicated 
that this might be too optimistic. A number of new parameters had to be added. Thus, 
parameter values can hardly be expected to be more constrained by the δ18O data series. 
However, δ18O data series are useful on the way towards conceptual runoff models that 
are supposed to underpin hydrochemical models, because the explicit consideration of the 
coupling and mixing between the saturated and unsaturated reservoirs is a prerequisite for 
future hydrochemical applications of the model. 
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Abstract 

Hydrologists often have a detailed yet highly qualitative understanding of dominant runoff 
processes – thus we usually know much more about a catchment than we use for 
calibration of a model. We present a new method where soft data (i.e. qualitative 
knowledge from the experimentalist that cannot be used directly as exact numbers) is 
made useful through fuzzy measures of model-simulation and parameter-value 
acceptability. A three-box lumped conceptual model was developed for the Maimai 
catchment in New Zealand, a particularly well-studied process-hydrological research 
catchment. The boxes represent the key hydrological reservoirs that are known to have 
distinct groundwater dynamics, isotopic composition and solute chemistry. The model was 
calibrated against hard data (runoff and groundwater-levels) as well as a number of criteria 
derived from the soft data (e.g. percent new water, reservoir volume etc). We achieved 
very good fits for the three-box model when optimizing the parameter values with only 
runoff (Reff = 0.92). However, parameter sets obtained in this way, showed in general a 
poor goodness-of-fit for other criteria such as the simulated new-water contributions to 
peak runoff. Including soft-data criteria lead to lower Reff - values (around 0.86 when 
including all criteria) but led to better overall performance. We argue that accepting lower 
model efficiencies for runoff is worth it if one can develop a more “real” model of 
catchment behavior.  

1 Introduction 
Catchment hydrology is at a cross-roads. While complex descriptions of the age, origin 
and pathway of subsurface stormflow abound in the literature (reviewed recently by 
BONELL 1998), most catchment modeling studies do not fully use this information for 
model development, calibration and testing. As a result, process hydrological studies of 
dominant runoff producing processes and model studies of runoff generation are often 
poorly linked. Recently there has been a tendency away from fully-distributed, physically-
based models back to conceptual models due to concerns overparameterisation, parameter 
uncertainty and model output uncertainty. While conceptual models may be much more 
simplified and lumped they offer the potential for development based on process 
understanding of key zones or reservoirs of catchment response. As interest in the 
geochemical dimensions of streamflow modeling increases, reservoir (or box model) 
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conceptual approaches that explicitly treat volume-based mixing and water (and ultimately 
tracer) mass balance become increasing useful (HARRIS et al. 1995, HOOPER et al. 1998, 
SEIBERT 1999).  

A major obstacle in moving forward with conceptual modeling approaches is how to fully 
utilize experimental data for internal calibration and validation. Currently, the use of this 
field data for model calibration is often limited beyond simple streamflow information 
despite the general acceptance that internal state information is necessary for ensuring 
model consistency. The usefulness of having various criteria for assessment of model 
performance is widely accepted (FREER et al. 1998). When multi-criteria are used for 
calibration or validation, this has often meant only the use of two or three criteria (e.g. 
runoff and groundwater levels) as compared to only one criterion (i.e. runoff). Clearly, 
more criteria are desirable but in most cases there is no suitable data available. The 
dilemma in conceptual modeling of catchment hydrology is that parsimonious models, 
which may allow identification of parameter values through calibration against runoff, in 
general are too simple to allow a realistic representation of the main hydrological 
processes and, thus, provide only limited possibilities for internal model testing. This 
paper explores a new philosophy and approach for development of more realistic models 
of catchment behavior using “soft data” where multiple criteria can now be used to 
constrain the model in various aspects. 

Hydrologists often have a detailed yet qualitative understanding of dominant runoff 
processes and we usually know much more about a catchment than we use for calibration 
of a model. This soft data is a qualitative knowledge from the experimentalist, that cannot 
be used as exact numbers but is made useful through fuzzy measures of model-simulation 
and parameter-value acceptability. We argue that this method is the necessary dialog that 
must occur between the modeler and the experimentalist to enable a better process 
representation of catchment hydrology in conceptual runoff models. We use the well-
characterized Maimai watershed as the testing ground for these new ideas. Thus, this 
paper:  

(1) presents a new 3-box model of headwater catchment response based on an 
extension of ideas developed in SEIBERT et al. (this volume),  

(2) incorporates a number of soft-data measures from experimental studies at the 
catchment for model calibration, 

(3) assesses the value of soft data relative to traditional hard information measures. 

2 Study site and perceptual model 

2.1 The Maimai watershed 
Maimai M8 is a small 3.8 ha study catchment located to the east of the Paparoa Mountain 
Range on the South Island of New Zealand. Slopes are short (< 300 m) and steep (average 
34o) with local relief of 100-150 m. Stream channels are deeply incised and lower portions 
of the slope profiles are strongly convex. Areas that could contribute to storm response by 
saturation overland flow are small and limited to 4-7 % (MOSLEY 1979, PEARCE et al. 
1986). Mean annual precipitation is approximately 2600 mm, producing an estimated 
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1550 mm of runoff. The summer months are the driest; monthly rainfall from December to 
February averages 165 mm and for the rest of the year between 190 to 270 mm. On 
average, there are 156 rain days per year with little temperature extreme and only about 2 
snow days per year (ROWE et al. 1994). In addition to being wet, the catchments are highly 
responsive to storm rainfall. Quickflow comprises 65 % of the mean annual runoff and 39 
% of annual total rainfall (PEARCE et al. 1986). 

The watershed is underlain by a firmly compacted poorly impermeable conglomerate – 
seepage losses to deep groundwater are estimated at 100 mm/yr. The wet and humid 
climatic environment, in conjunction with topographic and soil characteristics, result in 
the soils normally remaining within 10 % of saturation (MOSLEY 1979). As a result, the 
soils are strongly weathered and leached, with low natural fertility. The thin nature of the 
soils promotes the lateral development of root networks and channels. Soil profiles reveal 
extensive macropores and preferential flow pathways at vertical pit faces which form 
along cracks and holes in the soil and along live and dead root channels (MOSLEY 1979). 
Lateral root channel networks are evident in the numerous tree throws that exist 
throughout the catchments. Preferential flow also occurs along soil horizon planes and the 
soil-bedrock interface. 

Perceptual model of the Maimai watershed 
M8 has been the site of ongoing hillslope research by several research teams since the late 
1970s. These studies have facilitated the development of a very detailed yet qualitative 
perceptual model of hillslope hydrology, reviewed recently by MCGLYNN et al. (2001). 
While dye tracer studies by MOSLEY (1979) showed that storm rainfall follows preferential 
flow pathways at the hillslope scale, subsequent water isotopic tracing studies in the 
catchment by PEARCE et al. (1986) and SKLASH et al. (1986) showed (paradoxically) that 
there was little if any “event” water in the stream during stormflow periods. Thus, stored 
soil water and groundwater comprise the majority of channel stormflow. MCDONNELL 
(1990) developed a perceptual model to explain the mechanism of stormflow generation 
by constraining the dominant processes using recording tensiometer observations, isotope 
tracing and various other chemical and hydrometric approaches. For small events of less 
than about 15 mm rainfall, MCDONNELL et al. (1991) found that the riparian zone could 
account for the volume of old water in the channel hydrograph. During larger events, 
MCDONNELL (1990) found that hillslope hollows were the dominant runoff producing 
zones where new water moved to depth and created a perched water table at the soil-
bedrock interface. Lateral pipeflow then formed along the soil bedrock interface 
(MCDONNELL et al. 1997), conveying quantities of old water laterally downslope 
sufficient in quantity and quality to explain measured old water volumes. Topographic 
convergence of flowpaths from hillslopes to the hollows enabled hollows to be well-
primed for rapid conversion of matrix to pressure potentials. Soil water isotopic 
composition (MCDONNELL et al. 1991) and chemical composition (ELSENBEER 2000, pers. 
comm.) all followed a similar pattern of evolution along three major runoff response zones 
and inter-storm reservoirs: hillslopes, hollows and riparian zones. 
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Fig. 1 The 3-box model developed for the Maimai watershed in New Zealand 
including hillslope, hollow and riparian zone reservoirs 

 

2.2  Model theory 

Conceptual three-box model 
The conceptual model is based on the three reservoirs identified from the experimental 
studies at M8: riparian, hollow and hillslope zones (Fig. 1). Water is simulated to flow 
from the hillslope zone into the hollow zone and from the hollow zone into the riparian 
zone. Outflow from the riparian zone is taken as catchment runoff. No lateral flow is 
assumed to take place from the unsaturated reservoirs and no bypass flow from hillslope 
to the stream is allowed. Tensiometer data has shown that shallow groundwater in the 
hillslope reservoir (groundwater levels 0-1.5 m below the ground surface) exhibits 
considerable interaction between saturated and unsaturated storage. Thus, a coupled 
formulation of the saturated and unsaturated storage is used (for description see SEIBERT et 
al., this volume). 
Outflow from the hillslope and riparian reservoir is computed as a simple linear function. 
The hollow reservoir is given an additional threshold-based linear function based on the 
MCDONNELL (1990; pp. 2830, Fig. 10) perceptual model (Eqs. 1-3): 
 

hillslopehillslopehillslope SkQ ,1=         (1) 
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riparianriparianriparian SkQ ,1=         (3) 

This use of a threshold in the hollow reservoir is also motivated by field observations 
reported by MCDONNELL et al. (1998) that indicate large fluxes through macropores along 
the bedrock-soil interface. 

 

Hillslope  Hollow  Riparian 
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Utilization of soft information 
Given the relatively large number of parameters (20) in the three-box model, the 
information contained in the hard data (runoff and two groundwater-level series) is 
insufficient for calibration of the parameter values. Soft data can be used in two ways to 
constrain the calibration: 

(1) to assess how reasonable the parameter values might be, 

(2) to evaluate aspects of the model simulations for which there is no hard data 
available (Tab. 1).  

A general characteristic of comparing parameter values or model simulations with such 
soft data is that there is a relatively wide range of similar acceptable values. Furthermore, 
there might be a range of values that fall between fully acceptable and not acceptable. 
Fuzzy measures of acceptance are used to consider these ranges. For each soft data a 
trapezoidal function (Eq. 4) is defined to compute the degree of acceptance from the 
corresponding simulated quantity or parameter value. 
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Soft data enables the judging of model simulations in more ways than those for which 
hard data are available. For instance, the field hydrologist might have an idea about the 
range in which groundwater levels fluctuate or the contribution of new water to peak flow. 
In this study, we assessed model performance by comparing simulated contributions of 
new water to catchment runoff with results from hydrograph separations reported in and 
MCDONNELL et al. (1991) for a number of events. For each event, ranges of degree of 
acceptance were computed based on the simulated new-water contribution and pre-defined 
ranges of for acceptable and perfect simulations (Tab. 2). 

Model parameters in conceptual models are not directly measurable. Parameters may be 
related to measurable quantities but they are effective values for a much larger scale than 
the measurement scale. In general parameter values for a conceptual model are found by 
calibration. However, for many parameters the field hydrologist might reject or prefer 
values within certain ranges. Usually the search of parameter values is constrained by 
feasible ranges. Based on the perceptual model of the catchment runoff response we added 
a desirable range, which was smaller than the feasible range, for a number of parameters. 
For each of these parameters a degree of acceptance was computed. This value varied 
from one, if the value was within the desirable ranges and decreased towards zero with 
increasing deviations from this range (Tab. 2). For example, we allowed searching values 
from 5 to 20 percent for the spatial fraction of the hollow zone, but the degree of 
acceptance was one only for values between 10 and 15 percent.  



 133 

Tab. 1 The three different ways of evaluating model acceptability based on hard 
data (A1) and soft data (A2 and A3) 

 Acceptability according to … Example Measure 

A1 Fit between simulated and 
observed data 

Runoff Efficiency 

A2 Agreement with perceptual 
(qualitative) knowledge 

New water 
contribution 

Percentage of peak flow 
for certain events 

A3 Reasonability of parameter 
values 

Spatial extension 
of riparian zone 

Fraction of catchment 
area 

 
Based on the individual parameters the acceptability of a certain parameter set was 
computed as the geometric mean of the respective degrees of acceptance. 

The acceptability considering hard data (A1) was computed from the efficiency (NASH & 
SUTCLIFFE 1970) of the runoff simulation, Reff, the relative volume error, V, and r2 values 
for the groundwater levels in the riparian and the hollow zone (Eq. 5). Following 
Lindström (1997) a value of 0.1 is chosen for the weighing coefficient ω. 

( )22
1 2

1
ripariangwhollowgweff rrVRA +−= ω       (5) 

A2 was computed as arithmetic mean of the 15 evaluation rules of the soft data regarding 
groundwater levels and contribution of new water (Tab. 2). The geometric mean of the 
nine evaluation rules of the different parameters was taken for A3 (Tab. 2). Generally the 
geometric mean was used whenever all measures were larger zero. 

The overall acceptability, A, of a parameter set was computed as a weighted geometric 
mean (Eq. 6). Values of 2, 2 and 1 were chosen for n1, n2, and n3 respectively to place 
more emphasize on the acceptability with regard to the simulations.  

321321
321 nnnnwithAAAA n nnn ++==       (6) 

We also tested the worth of adding additional criteria by calibrating the model with a 
varying set of criteria. The genetic algorithm, as described by SEIBERT (2000), includes 
stochastic elements. Thus, calibrated parameter values may differ, especially when there is 
a significant parameter uncertainty. To address the parameter uncertainty 15 calibration 
trials were performed for each goodness-of-model measure and the best 12 parameter sets 
were used for further analysis. The period of record for calibration was August-December 
1987. 
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Tab. 2 Evaluation rules based on soft data used for model calibration (the values for 
ai define the trapezoidal function used to compute the degree of acceptance, see 
Eq. 6) 

Type of soft 
information 

Specific soft information a1 a2 a3 a4 Motivation 

870930 18.00 0.03 0.06 0.12 0.15 McDonnell et al. (1991) 
871008 3.00 0.05 0.13 0.31 0.40 “ 
871010 17.00 - 0 0.03 0.06 “ 
871013 11.00 0.17 0.23 0.35 0.41 “ 
871113 19.00 - 0 0.03 0.06 “ 

New water 
contribution to peak 
runoff [-] 

871127 8.00 0.04 0.07 0.13 0.16 “ 

Maximum hillslope 0 0.2 0.5 0.7   McDonnell (1989) 
Maximum hollow 0 0.5 0.75 1     McDonnell (1990) 
Minimum hollow 0 0.05 0.1 0.2   “ 

Range of groundwater 
levels, min./max. 
fraction of saturated 
soil [-] Minimum riparian 0.05 0.1 0.3 0.5   “ 

Hillslope, above 0.5 during events - 0 0.1 0.3  McDonnell et al. (1997) 
Hollow above 0.7 during events - 0 0.1 0.2  McDonnell (1990) 
Hollow above 0.9 during events - - 0 0.1  McDonnell (1990) 
Riparian above 0.2 0.6 0.8 1 1   McDonnell (1990) 

Frequency of 
groundwater levels 
above a certain level 
(as fraction of soil [-]) 
[-] Riparian above 0.9 during events 0 0.25 0.75 1   McDonnell (1990) 

Parameter values Fraction of riparian zone [-] 0.01 0.03 0.07 0.10 Mosley (1979) 
 Fraction of hollow zone [-] 0.05 0.10 0.15 0.20 McDonnell (1990) 
 Porosity in hillslope zone [-] 0.45 0.6 0.7  0.75 McDonnell (1989) 
 Porosity in hollow zone [-] 0.45 0.55 0.65 0.75 McDonnell (1989) 
 Porosity in riparian zone [-] 0.45 0.5 0.6 0.75 “ 
 Soil depth for hillslope zone [m] 0.1 0.3 0.8 1.5 McDonnell et al. (1997) 
 Soil depth for hollow zone [m] 0.5 1 2 2.5 “ 
 Soil depth for riparian zone [m] 0.15 0.4 0.75 1 “ 
 Threshold level in hollow zone, 

fraction of soil depth [-] 
0 0.1 0.4  1 McDonnell (1990) 

McDonnell et al. (1991) 

3 Results and discussion 

3.1 Model output  
The model was able to reproduce observed runoff. Model simulations calibrated with only 
runoff values led to very good fits with Reff of 0.92. Efficiency values were also 
satisfactory (around 0.86) when the model was calibrated with respect to all criteria (Fig. 
2). The decrease of unsaturated storage decreased during events is a result of the coupled 
formulation of saturated and unsaturated storage. 

3.2 Parameter uncertainty 
Adding different criteria in general reduced parameter uncertainty, but results were mixed 
among the parameters. The reduction of parameter uncertainty was most obvious for the 
outflow coefficients. The range of calibrated parameter values decreased when using all 
criteria compared to when only using the hard data (runoff and groundwater levels). The 
coefficients of variation computed from the 12 values obtained by the different calibration 
trials were used as a measure of parameter uncertainty.  
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On average, using all criteria helped to reduce parameter uncertainty to a third relative to a 
single criteria calibration against only runoff.  

Including hard groundwater data or soft data for new-water contribution to peak runoff 
also reduced parameter uncertainty, but not as significant as the combination of different 
criteria.  
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Fig. 3 Goodness of fit measures for runoff efficiency, groundwater levels, new 

water ratios, soft groundwater measures, and parameter-value acceptability 
for calibrations agains various combinations hard and soft information. The 
point is the median of all calibration trials and the lines indicate the range 
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3.3 Overall performance 
The model performance with regard to the various criteria varied of course between the 
parameter sets, which had been calibrated using different combinations of these criteria 
(Fig. 4). Calibration against only one or two criteria led to poor simulations according to 
the other criteria. For example, the best parameter sets according to runoff (median 
efficiency 0.93) were poor in their ability to correctly reproduce hard and soft groundwater 
levels (r2 = 0.41 and µgw = 0.29). While the calibration against all criteria did not provide 
the best fits according to single criteria, the best overall performance was obtained in this 
way. Compared to the calibration using only hard data (A1, runoff and groundwater) the 
efficiency dropped (median values from 0.91 to 0.86), but the contribution of new water to 
peak runoff was much better reproduced (median µnew water = 0.8 compared to 0.67). 
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Fig. 3 Modelled outflow, storage and groundwater levels for the period September 

- December 1987. Measured runoff is shown by the hatched line 

3.4 On the value of soft information 
Runoff simulation from the Maimai watershed is relatively easy by comparison to many 
catchments since there is only minimal seasonality and soils are transmissive and 
underlain by impermeable substrate. Previous TOPMODEL simulations (BEVEN & FREER 
2000) at the site and the present study have all achieved good fits for streamflow. 
However, simply modeling runoff with a high efficiency is not a challenging test of model 
performance. This work shows that sometimes lower Reff - values are “the price we have to 
pay” to obtain a better overall model performance and better adherence to the perceptual 
model of runoff generation. The question then becomes: Is this reduction worth accepting 
to achieve a better conceptualization with respect to the soft data available? We argue 
from data presented in this paper that it is indeed worth accepting lower runoff-efficiency 
values if one can develop a more “real” model of the catchment. The parameter set 
determined by using several criteria for calibration (based on hard and soft data) will in 
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most cases lead to a poorer fit of simulated and observed catchment, but move the model 
to one that better captures the key processes that the experimentalist feels is important in 
controlling catchment response. 

4 Concluding remarks 
This study has attempted to use multi-criteria soft data for model development and for 
internal calibration and validation. The study shows that conceptual modeling of 
catchment hydrology can include identification of parameter values through calibration 
against hard and soft data. We believe that this approach is the way forward for 
development of more realistic models of catchment behavior using soft data where 
multiple criteria can now be used to constrain the model in various ways. This soft data is 
a qualitative knowledge from the experimentalist, which cannot be used as exact numbers 
but is made useful through fuzzy measures of model-simulation and parameter-value 
acceptability. We argue that the necessary dialog that must occur between the modeler and 
the experimentalist can be made explicit in this way. We propose that this approach is also 
useful for comparing the value of different field measurements that experimentalists might 
make in support of modeling. We are currently exploring other types of soft data (e.g. 
mean residence time data) as we move to larger watershed scales and begin to incorporate 
conservative mixing between reservoirs. Our main message in this work is that rather than 
being “right for the wrong reasons”, a better process representation of catchment 
hydrology in conceptual runoff modeling should be “less right, for the right reasons.” 
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Abstract 

Simultaneous measurements of runoff, soil pore water pressures, soil temperatures and 
water chemistry were conducted to evaluate the spatial and temporal aspects of flowpaths 
in a steep 0.1 ha forested headwater catchment. Tensiometers installed in the catchment 
indicated that a saturated area was formed and downward hydraulic gradient was exhibited 
continuously in an area near the spring. The amplitude of the soil-bedrock interface 
temperature in the area near the spring was lower than that in upper slope area, although 
the soil depth of the near spring area was shallower than that upslope. From these points, it 
is summarized that during the baseflow period, two flowpaths (infiltration in soil layer and 
water emerging from the bedrock) meet in a small area near the channel head to form a 
perennial saturated area. During summer rainstorms, the soil-bedrock interface tempera-
ture increased with the formation of transient saturated groundwater. This suggests that 
both the rainwater and the shallow soil water had important effects on the formation of 
transient saturated groundwater at the upper hillslope. In this case, the temporal variation 
in streamflow correlated to the soil pore water pressure variation at the upper hillslope, but 
the soil pore water pressure in the area near the spring remained almost constant. 
Moreover, the spring temperature was almost the same as the transient groundwater 
temperature in the upper hillslope. This indicates that the transient groundwater in the 
upslope was delivered to the spring via lateral preferential flowpaths. Consequently, the 
inflow of bedrock groundwater to the spring decreased with the increase of rainfall. 

1 Introduction 
Headwater catchments are important source areas for runoff, sediment, and solutes. Recent 
studies have highlighted an improvement in the knowledge of pathways, source areas and 
timing of stormflow generation in steep mountainous slopes that will play an important 
role in the prediction of landslides caused by heavy rainfall. During the past several 
decades, the mechanism of subsurface storm runoff in forested headwater catchments in 
which Hortonian overland flow is not the source of storm runoff has been debated 
(BONELL 1998). 

Recent works reported that lateral preferential flowpaths above an impermeable layer 
contributed to the sharp response in stream hydrographs (e.g. MCDONNELL 1990; UCHIDA 
et al. 1999) emphasized the importance of flow through bedrock on the runoff generation 
at a steep unchanneled hollow. However, adequate information regarding flowpath 
dynamics in steep slopes is still incomplete. Thus, to evaluate the flowpath dynamics at a 
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steep unchanneled headwater catchment, the simultaneous measurements of runoff, soil 
pore water pressures, soil temperatures and water chemistry were conducted.  

2 Method 
Observations were conducted at an unchanneled headwater catchment (called Fudoji), 
located in the southeastern part of Shiga Prefecture in Central Japan. The catchment area 
is 0.10 ha and its mean hollow gradient is 37 degrees. The catchment is covered with a 
closed natural forest predominated by Chamaecyparis obtusa, and is underlain by Ryoke 
granite. The area is humid and temperate, with an average air temperature of 10.3oC, and a 
mean annual precipitation of 1712 mm. Stream water is delivered from two perennial 
springs, one from the soil matrix and the other from a crack in the bedrock. Hereafter, 
these springs are referred to as ‘spring’ and ‘bedrock spring’, respectively. 

Soils are predominantly cambisol (brown forest soil). The soil depth to the bedrock along 
the longitudinal axis of the hollow ranges from 60 to 120 cm. The soil depth was 
measured by a cone-penetrometer with a cone diameter of 9.5 mm, a weight of 1.17 kg 
and a fall distance of 20 cm. Results of the cone penetration test are shown in Figure 1. 
The N4 value is the number of blows required for a 4 cm penetration. The average 
saturated hydraulic conductivity (measured by field 100 cm3 cores in the laboratory) of the 
A horizon and the C horizon are 9480 and 235 mm h-1, respectively. 

The streamflow rate of the watershed has been measured since May 1997 using a V-notch 
weir. The weir was installed at the exit of the watershed, along with a water level recorder. 
A rain gauge was placed 1000 m to the west of the watershed. Nine tensiometers in four 
nests were installed along with pressure transducers (Daiki DIK-3150). Hereafter, these 
nests are referred to F1, F1.5, F2, F2.5 and F3, as noted in Figure 1. Water temperature 
was measured at the spring. Soil temperature was also monitored at the two profiles (F1 
and F2) and was recorded at 10-minute intervals throughout the observation period 
(Campbell CR10X and TABAI Thermo Recorder). 

Throughfall was sampled using three plastic bottles equipped with mesh-covered 21 cm 
diameter funnels. Groundwater was sampled directly using observation wells F1, F2, F3, 
and F4, as noted in Figure 1. Spring water, bedrock spring water and stream water were 
also sampled directly. The observation well instrumentation has been described in detail 
elsewhere (SHIMADA et al. 1993). These samplings were conducted at 2- to 3- weeks 
intervals beginning in May 1997. The Cl- concentrations were determined using an ion 
chromatograph (SHIMADZU HIC-6A) in the laboratory. The concentration of SiO2 was 
determined by means of the molybdenum yellow method using a spectrophotometer 
(HITACHI U-1000). 
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3 Results and Discussions 

3.1 Seasonal variations of streamflow and soil pore water pressure 
Figure 2b shows temporal variations in soil pore water pressures measured at the soil-
bedrock interfaces in F1, F2 and F3. Hereafter, these positions are noted as F186, F2112, 
and F366 in reference to their depth in cm. A saturated area was formed continuously at the 
near spring area (F1). Recession curves of soil pore water pressures above the bedrock 
became steep with distance from the spring. The upslope tensiometers (F2112, and F366) 
indicated that a saturated area was not formed at the upper hollow during the baseflow 
period. However, most storms produced a transient saturated groundwater area above the 
bedrock at the upper hollow. Although the variation in the soil pore water pressure at the 
well near the springs (F186) varied little, the streamflow was sensitive to the variation in 
rainfall intensity and ranged from 0.08 to 6.12 mm h-1. In contrast, the variations in the 
upslope tensiometers were responsive to rainfall intensity, being similar to the stream 
hydrograph. 

Downward hydraulic head gradients within the area near the spring (F1) existed 
throughout the monitoring period (Figs. 3f and g). Tensiometers at F2 also exhibited 
downward gradients during the baseflow period (Figs. 3d and e). The steepest downward 
gradients in F1 occurred at peak streamflow. In contrast, the head gradient between F240 
and F2112 decreased with increase of rainfall. At peak flow (JD 175-185), the gradient was 
almost zero, suggesting the occurrence of saturated lateral flow. During this period, the 
lateral hydraulic head gradient between F2112 and F186 (Fig. 3b) was reflected in the 
streamflow change, suggesting that the steepest hydraulic gradients existed at the peak 
discharge.  

However, the variation in both the lateral hydraulic head gradients (0.62-0.73) and the soil 
pore water pressure of F186 (5.0-13.2 cmH2O) was very small, compared with the 
variation in streamflow (0.11-6.12 mm h-1). This suggests that the streamflow hydrograph 
depends not only on the hydraulic gradients and the area of seepage face, but also on the 
effective hydraulic conductivity for lateral downslope flow in the soil layer. Previous 
studies indicated that preferential flow contributed to the increase with effective hydraulic 
conductivity of the hillslope (e.g. BONELL 1998). Soil pipe outlets were found at the 
bottom of hillslope adjacent to the spring. These indicate that the lateral preferential flow 
in this catchment is important to the storm runoff generation. 

3.2 Seasonal variation of soil temperature 
At each observation point, the soil temperature exhibited a nearly sinusoidal seasonal 
variation that overlies short term fluctuations; magnitude and phase are generally more 
damped and delayed, respectively, with increasing depth (Fig. 4). Consequently, soil 
temperature is generally higher near the surface during the summer (JD 190-260). In 
summer, the lateral variations in shallow soil temperatures between the two profiles (F1 
and F2) were relatively small (Figs. 4c and d). However, from JD160 to 280, the 
temperature at F186 was lower than that of F2108, although F186 was shallower than F2108 
(Fig. 4b). Figure 2 suggests that there was a small difference in soil water content between 
F186 and F2108, since the tensiometers F186 and F2112 both exhibited a positive value. This 
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means that the opposite thermal variation may reflect the effect of water flow upward from 
the bedrock zone.  

During the period of baseflow, the variation in the spring water temperature was similar to 
that of F186, indicating that the spring water was delivered mainly from the groundwater 
near the spring. During a summer rainstorm, all measured soil temperatures increased 
(Fig. 4). Thermal increases at the soil-bedrock interface were attributed to the percolation 
of rainwater and/or shallow soil water. This result concurs with the downward hydraulic 
gradients, as shown in Figure 3. In this case, the spring temperature also increased, 
indicating that the dominant source of spring water moved to the shallow layer. Moreover, 
during the peak discharge (JD 175-185), the spring temperature was closer to the F2108 
temperature, when compared to F186. This trend was consistent with the hydrometric 
observation, which suggested the occurrence of lateral preferential flow. This suggests that 
the spring water was delivered mainly from the transient saturated groundwater at the 
upper hillslope via the preferential flowpath during the stormflow period. 
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Fig. 3  (a) Hyetograph and piezometric head gradients between (b) F240 and F140, (c) 

F2112 and F186, (d) F210 and F240, (e) F240 and F2112, (f) F110 and F140, and (g) 
F140 and F186. The gradient equals the piezometric head of the lower position 
piezometer minus the upper position piezometer divided by the distance 
between the two points. Note the change in head gradient scale in Figs. 3d and f 
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Fig. 4 Temporal variations in mean daily soil and spring temperatures 
 

3.3 Spatial variability of SiO2 and Cl- concentrations 
The concentrations of SiO2 in sampling water (groundwater, spring water and stream 
water) increased as the sampling point was moved downslope (Fig. 5a). The highest 

concentrations of SiO2 were found in the bedrock spring. The Cl- pattern of groundwater 
was similar to the SiO2 pattern (Fig. 5b), although Cl- in TF had a large variation. That is, 
the Cl- concentration of groundwater increased as the sampling point was moved closer to 
the spring. Unlike SiO2, however, there was no significant difference between F1, spring 
water, stream water, and bedrock spring water. 

KENNEDY (1971) indicated that water infiltrating the mineral soil quickly gains or loses 
silica due to rapid equilibrium reactions. The SiO2 concentration of groundwater related 
primarily to the rocks and minerals contacting the water (KENNEDY 1971). In the 
headwater catchments, the deep groundwater generally has higher silica concentration 
than shallow groundwater (e.g., SHIMADA et al. 1993, RICE & HORNBERGER 1998). The 
silica concentration in Fudoji concurs with previous studies, indicating that the SiO2 

concentration of the bedrock spring is higher than that in groundwaters. 

Chloride is highly mobile in most ecosystems because it is not readily absorbed onto 
surfaces, nor is it readily incorporated into secondary minerals (REYNOLDS & POMEROY 
1988). The Cl- concentration is enriched by evapotranspiration. Thus, groundwater 
generally has higher Cl- concentrations than TF (PETERS & RATCLIFFE 1998). SHIDEI et al 
(1982) reported that it is difficult to find plant roots in the zone where the N4 value was 



 145 

greater than 40. These suggest that when water moved through the bedrock zone 
exhibiting the N4 value > 100, the Cl- concentration might remain almost constant, since 
the water uptake by plant roots was relatively small. In contrast, the highest silica 
concentration of the bedrock spring suggested that the silica concentration increased in the 
bedrock zone. Based on these indications and the data on the SiO2 and Cl- concentrations, 
it can be concluded that the contribution of bedrock groundwater increased downstream 
from F1 to the measurement weir, reflecting longer residence time. Indeed, the perennial 
outflow from the bedrock (bedrock spring) was found between the spring and the weir 
(Fig. 1). 

 

Fig. 5 Box plots of the SiO2 and Cl- concentrations. The boundary of the box closest 
to zero indicates the 25th percentile, a line within the box marks the median, 
and the box farthest from zero indicates the 75th percentile. The whiskers left 
and right of the box indicate the 10th and 90th percentile. Abbreviations are 
TF, throughfall; F4, the groundwater at F4; F3, the groundwater at F3; F2, 
the groundwater at F2; F1, the groundwater at F1; SP, spring water; ST, 
stream water; and BS, bedrock spring water (see also Fig. 1) 

 
 

Previous studies (e.g. PETERS & RATCLIFFE 1998) suggested that the concentration of Cl- 

might increase with the increase of water residence time in soils (the N4 value < 40). The 
Cl- concentrations of groundwater (Fig. 5) indicated that the residence time of ground-
water increased as the sampling point approached the end of hillslope. This data is in 
agreement with the et al. evaluation of the mean residence time of groundwater in this 
catchment by ASANO et al. (2000), when using stable isotopes.  
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Fig. 6 A conceptual model of flowpath dynamics in the steep headwater 
 (a) Baseflow 
 (b) Storm runoff 

4 Summary and conclusions 
From the simultaneous measurements of hydraulic gradients, thermal response and 
hydrochemistry (Figs. 3 through 5), the following conceptual models are presented (Figs. 
6a and b). During the baseflow period, three dominant flowpaths (vertical and lateral 
infiltration in the soil layer and water emerging from bedrock) meet in a small area near 
the channel head to form a perennial saturated area. This saturated area is the main source 
of the spring water. The contribution of bedrock groundwater increased downstream of the 
channel head. 

During storm runoff, the rainwater and/or the shallow soil water contributed to the 
formation of a saturated area (Fig. 6b). Consequently, the saturated area extended upslope. 
This transient groundwater, which consisted mainly of the rainwater and/or the shallow 
soil water, was delivered to the spring via lateral preferential flowpaths upslope (Fig. 6b). 
Thus, the contribution of bedrock groundwater to spring water decreased with the increase 
of rainfall. 
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Abstract 

Process related knowledge seems to be necessary for obtaining more comprehensive 
models of runoff formation. For this reason we observed precipitation-runoff events in two 
small adjacent basins. More than twenty events differing in precipitation intensity, 
duration and amount and antecedent soil moisture have been analyzed. Three general 
types of runoff reaction can be described:  

(1) During extreme rainfall the basin responses are rainfall dominated, the catchment 
features can be neglected and we observe the maximal expansion of saturated 
areas.  

(2) Short but intense rainfall events on dry basin soils cause only a short and very 
steep runoff hydrograph.  

(3) A second runoff wave delayed against the first is mainly caused by an interflow 
component. This runoff type is also influenced by the actual soil moisture content 
and by transpiration.  

We observe these three types in both basins, but there are differences due to the specific 
basin features and event characteristics. Such experimental results provide a valuable base 
for a detailed modeling of saturation overland flow and interflow. 

1 Introduction 
In hydrological studies the complex process of runoff generation is often neglected. Very 
simplified submodels do not reflect the variety of different runoff components that are 
dependent upon the catchment features and event characteristics. The formal model 
parameters are determined by adaptation of simulated to observed time series. 
Consequently, the influence of changes in land use or climatic conditions on the formation 
of quick runoff components cannot be predicted realistically and measures of flood 
protection in the headwaters are difficult to address. 

Our process related analysis of the runoff behavior of two small basins should help 
overcome these difficulties. This aim is similar to studies of MERZ & PLATE (1997), 
GRAYSON et al. (1997) and PESCHKE et al. (1998) dealing with the relationship between 
event and basin features. Due to special basin features our attention is focused on the 
runoff components saturation overland flow and interflow under the influence of the 
pressure propagation phenomenon. 
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2 Area and period of investigation 
We carried out our investigations in two subbasins of the Rotherdbach basin in the 
Erzgebirge mountains (Fig. 1). Basin 1 has an area of 2,6 ha and is completely covered by 
a spruce stand. Basin 2 is 5,4 ha, two thirds are covered by spruce, about 30% were 
reafforested a few years ago and are covered by a dense undergrowth. The average slope 
of basin 1 (7°) is greater than that of basin 2 (5°). In contrast to the steep surface gradient 
near the brook in basin 1, a relatively flat area surrounds brook 2 and has a small length 
compared to the whole distance in basin 2. Summarizing a great part of catchment 2 has 
not a direct hydraulic connection to the brook. 

The soil conditions are similar in both basins. The fine soil consists of about 13% clay and 
42% silt. The soil depth is about 1m, underlain by a nearly impermeable geological base 
of porphyry. Furthermore this shallow profile is characterized by a high degree of gravel 
and stones, increasing with depth and creating heterogeneous soil-physical conditions. 
Additionally old root channels produce preferential pathways that allow the soil water to 
penetrate quickly into greater depths (Fig. 2). 

Due to the topographic features and the shallow soil profile there are wet and partly 
saturated areas near the brooks. As a consequence of the steep surface gradients near 
brook 1 we find permanently saturated areas without significant change during heavy 
rainfall. In contrast, the permanently saturated areas around brook 2 are smaller. However, 
because of smaller slopes these saturated areas can expand considerably with increasing 
moisture. 

We investigated precipitation-runoff events during the summer half year without the 
influence of snow accumulating and melting processes. About 25 events under strongly 
changing precipitation conditions are available from the observation period in the years 
1996-98, which make analyses possible for different antecedent basin states and event 
characteristics. 

 
 
Fig. 1 The basins of investigation (Rotherdbach catchment) 
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Fig. 2 Observed soil moisture and soil suction during an infiltration of a heavy 

rain show the effectiveness of preferential ways 

3 Hypotheses of runoff processes 
In general, we can distinguish two dominant runoff types in these basins:  

(1) A quick runoff component formed mainly by saturation overland flow. The quick 
interflow also contributes to this component.  

In basin 1 this component consists of the nearly invariable saturation overland flow 
and a quick interflow from the steep slopes near the brook. Owing to the slope and the 
impermeable rocky base the interflow occurs at any time. Its amount and outflowing 
velocity depends on the actual soil moisture. In a very moist basin state the 
phenomenon of pressure propagation (SKLASH & FARVOLDEN 1979; WELS et al. 1991, 
BONELL 1993, ESHLEMAN et al. 1993) accelerates the interflow significantly. Under 
the process of pressure propagation we understand the following: If the soil layer is 
saturated directly above the impermeable base, then a water infiltration into the upper 
slope far from the brook will cause an outflow from the lower end of the slope near the 
brook. This outflow happens much faster than the movement of water with a filter 
velocity after Darcy. Old soil water stored in the lower slope layers will be pressed out 
due to the infiltration of event water into the upper slope regions. This quick interflow 
component consists of old soil water from earlier events. In basin 2 this quick 
component is generated by the variable saturation overland flow. Because of the poor 
drainage of wide, flatter areas of the catchment with a weakly developed brook 
network, we do not observe an extensive quick interflow component. 
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(2) The slow component is formed primarily by a delayed interflow. It is caused by rain 
infiltration into areas far away from the brook. The time it takes for this water to arrive 
at the brook gauge depends on the time necessary for infiltration and vertical 
percolation to the impermeable base, and on the duration of the lateral flow process 
along the rock base. In this case the process of pressure propagation can also play a 
role with increasing soil moisture. In order to differentiate this slow component from 
the quick one discussed above, we use the time lag between the runoff peak at the 
gauge and the initiating precipitation event. Thereby the duration of the vertical 
percolation is only significant as long as this movement occurs as matrix flow. If 
greater rain intensities initiate the macropore flow, the vertical flowing time can be 
neglected. Therefore the lateral soil water movement, depending on slope and 
hydraulic conductivity, provides the significant contribution to the time lag between 
precipitation and runoff. With increasing soil moisture not only hydraulic conductivity 
increases but the pressure propagation also gains in significance. In a flat region with 
low slopes and with great distances between headwaters and brook this flow 
component is slow. For this study, this means that in basin 1 this slow component will 
be quick enough to be included in the fast component, and in basin 2 the slow 
component will cause a second flood wave delayed against the first one. After this 
general discussion of the flow processes dependent upon the basin features and 
moisture state, we will examine these hypotheses using observed precipitation-runoff 
events. 

4 Analysis of precipitation-runoff events 
Figure 3 shows the responses of both basins to a short heavy rainfall. After a dry period 
the antecedent soil moisture is very low. Both basins respond with steep flood 
hydrographs similar in shape but with different peak and volume due to the difference in 
the permanent saturation areas. In spite of the nearly equal runoff in both basins before the 
event, basin 1 responds with a significantly higher runoff peak. The direct outflowing part 
of precipitated water amounts to 2,6% for basin 1 and 1% for basin 2. If we include about 
3mm interception storage of the forest then these values will increase to 3% and 1,25%, 
respectively. They correspond to the permanent saturated areas in both basins. After 
recession the hydrograph of basin 2 increases slightly once more due to the delayed 
interflow component. The maximum of this second wave is delayed by two days against 
the precipitation. The low basin moisture and the low hydraulic conductivity cause this 
time lag. In basin 1 we also observe this process but it is less marked; the hydrograph 
shows only a plateau and not a new increase. Another runoff type is shown in Figure 4. A 
long precipitation event with low intensities produces in basin 1 a fluctuating flood 
hydrograph with several peaks representing the quick runoff component discussed above. 
An analysis of individual waves shows that in this case of higher antecedent soil moisture 
the direct runoff amounts to only about 4% of the precipitation. That means that the runoff 
represented by these waves is again formed on the permanently saturated areas and the 
steep slope near the brook. Besides the continuous moisturizing causes an increasing slow 
runoff component.  

In contrast, basin 2 does not show the fast response. The hydrograph is governed by a 
continuous increase of the slow component reaching a maximum after two days. 
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Fig. 3 Responses of the basins to a short and heavy precipitation event occurring 
during low antecedent soil moisture 

 
 

 

Fig. 4 Responses of the basins to a long, low intensity precipitation event 
 

This second wave of slow interflow exceeds the runoff peaks from basin 1 and 
demonstrates the expansion of the saturation areas on the one hand, and on the other, the 
increasing interflow from areas far from the brook. 

A third example of a precipitation-runoff event is presented in Figure 5. An extreme heavy 
rain of 104 mm within one week raises the moisture in the basins considerably and fills all 
natural basin reservoirs (storage by interception, in surface depressions and in soil). 
Therefore every additional input immediately leads to a further runoff contribution. Under 
these extreme conditions the basin responses are mainly influenced by the event 
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characteristics, whereas some of the basin features decrease in importance. The 
differences between the two basins concerning the quick and slow runoff components 
nearly disappear. We can only observe a very small time lag between the increasing limbs 
of the hydrographs. The similarity of the hydrograph shape is great and reflects the 
approaching behavior of the two basins. Remaining differences between the considerably 
increased runoff coefficients of 58 % and 77 % respectively caused by the difference in 
the hydrograph recession could be attributed to uncertainties in the determination of the 
catchment areas by means of the rough digital elevation model (cf. Figure 1). 

These three examples show the typical runoff behavior of the two basins and confirm the 
hypotheses about the dominant runoff generation processes.  

5 Conclusions and outlook 
Based on our experience the following conclusions can be drawn: 

1. Process related studies are required 

- to improve runoff production modules of mathematical models and to substitute 
the traditional calibration procedure by process knowledge; 

- to obtain a better understanding of how hydrological basins behave on future 
climatic conditions and land use changes; 

- to bridge the gap between the micro- and mini-scale of the dominant catchment 
research and the meso-scales of sustainable management issues using 
experimentally based regionalization approaches (ZIMMERMANN et al. 2000). 

2. Studies in small catchments enable clear correlation between terrain features and 
dominating runoff generation processes, and allow us to define runoff formation 
conditions relating to saturation excess flow and shallow interflow in the area of 
investigation. 

 

 
Fig. 5 Responses of the basins to a long, high intensity precipitation event 
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3. The investigations confirm the change-over between terrain dependency and event 
dependency: the terrain features dominate small floods, which are produced by 
convective heavy rains during dry catchment conditions, whereas large floods are 
greatly reflected by the rain hyetograph and the higher antecedent soil moisture 
(PESCHKE et al. 1998). 

4. Short-term precipitation-runoff analyses in small catchments with a nested structure 
lead to hypotheses about runoff components, source areas and residence times. 

5. Such analyses should be supplemented by further experimental findings about 
internal fluxes (multi-response-data) and especially tracer studies. 

6. In further research this new process knowledge should serve as a basis for 
development of simple but process related submodels. The general model structure 
proposed by UHLENBROOK (1999) could be an appropriate approach. 
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Abstract 

Runoff generation mechanisms and their controlling factors at the hillslope scale were 
investigated in artificial slopes derived from surface coal mining reclamation in a 
mediterranean-continental area. Rainfall and runoff on both the inter-rill and rill network 
(micro-catchment) scales were recorded for a one year period. Runoff coefficient and runoff 
continuity from inter-rill areas to the micro-catchment outlet were higher in the overburden 
substratum than in topsoil as well as in the more developed rill network than in the less 
developed one. Total rainfall is the major parameter explaining runoff response in the 
overburden. Rainfall volume and intensities explain runoff on topsoil-grass covered slopes 
on the inter-rill scale, but no correlation was found at the micro-catchment level. 
Hydrological response is controlled by soil surface state, rill network density and soil 
moisture content in the overburden, and exhibits high seasonal variability. Plant cover and 
soil moisture content control a more homogeneous response on topsoiled slopes. 

1 Introduction 
Runoff generation has major influence on rainfall erosion and plant water availability, two 
major limiting factors for evolution of reclaimed ecosystem in semi-arid zones. Artificial 
slopes in reclaimed mining areas show some hydrological differences from natural slopes. 
The grading of the surface material in mine soils is different because mine soils are poorly 
sorted and unweathered and are most likely out of the range of soil erosion empirical 
Equations. (WILLGOOSE & RILEY 1994). Moreover, soil properties in such areas are 
subjected to very rapid temporal changes (LOCH & ORANGE 1997). 

This paper deals with runoff generation on artificial slopes derived from coal mining 
activity in a Mediterranean-Continental area, i.e. Teruel coalfield, Spain. The objective is 
to identify the runoff generation mechanisms and their controlling factors on the hillslope 
scale for the two main types of reclaimed ecosystems: topsoiled and overburden covered 
slopes. 
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2 Field site characteristics 
The study was carried out at the El Moral mine (Minas y Ferrocarril de Utrillas, S.A. 
Company) in the Utrillas coalfield, 60 km north of Teruel, central-eastern Spain, at an 
altitude of 1100 m a.s.l. The climate is semiarid, mess-thermal and without water excess 
according to Thornthwaite terminology. Mean annual rainfall is 466 mm, 28 % falling in 
June and May and 20 % falling in September. The hydrologic deficit is 292 mm from June 
to October. 

Two types of slopes are identified according to substratum: topsoiled and overburden 
covered slopes. In the first type 40-60-cm of soil preserved from before the mining 
activity (Xerorthent and Xerochrept) was spread on the spoil bank body. On overburden 
slopes 100 cm of a geological layer from Formacion Escucha was spread over the spoil 
bank body. This material is composed of grey clays, sandstones and silt-sands. Hydraulic 
conductivity reaches 11.52 cm day-1 in overburden and 27.4 cm day-1 in topsoil. Bulk 
density is 1.48 g cm-1 and 1.38 g cm-1, respectively. 

Plant colonisation was successful on the topsoil and unsuccessful in the overburden. A 
dense rill network is developing in the overburden substratum, while sheet erosion is 
predominant in the topsoil substratum. 

3 Experimental layout 
Two artificial slopes, one topsoiled and the other overburden covered, were selected in 
order to measure the runoff and sediment yield for one year (Tab. 1). Two rill networks on 
the overburden slope were monitored: EM1, growing by incision and by side-wall sliding, 
and EM2, growing only by incision (Fig. 1). A micro-catchment (EM3) with a short rill 
was monitored on the topsoiled slope. Inter-rill runoff was collected by 6 Gerlach boxes 
on the overburden slope and 5 on the topsoil slope. Infiltration curves were obtained by 
artificial rainfall experiments using the rainfall simulator designed by CALVO et al. (1988).  

 
 
 
Fig. 1 Experimental layout. Micro-catchments (EM1, EM2, EM3) and Gerlach 

boxes 
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Tab. 1 El Moral plot characteristics 
 Micro-catchments Inter-rill areas 
 EM1 EM2 EM3 EM4 EM5 

Substratum Overburden Overburden Topsoil Overburden Topsoil 
Surface (m2) 93.1 59.5 113.8 0.74 2.03 
Slope angle (º) 19 19 18 18 18 
Aspect NW NW NW NW NW 
Plant cover (%) 5 5 35 1 50 
Drainage density 1.92 1.21 0.24 0 0 
Nº plots    6 5 

4 Runoff generation 
Runoff coefficient and mean runoff per event are higher in overburden substratum than in 
topsoil; in inter-rill areas than in entire catchments and in the more developed rill network 
than in the less developed one (Tab. 2). 

During the dry period when the soil surface is sealed on the overburden slope, runoff can 
be explained by the infiltration excess model. Another infiltration mechanism was 
observed in winter, when soil swells, increasing moisture content to 13-15%. In such 
conditions rainfall threshold for runoff was as low as 2 mm. A third type of infiltration 
was observed in early spring, after the soil have been loosened by late winter frosts. A 
subsurface flow path exists along cracks and macropores, leading to pipe and rill 
generation in late spring. On the topsoil and grass-covered slope, hydrological response is 
more homogeneous throughout the year and is characterized by Hortonian flow, except in 
winter under saturated soil conditions. 

Rainfall amount is the major parameter explaining runoff response in the overburden (Tab. 
3). This suggests that the overburden is highly impermeable, and most of the rainfall is 
converted to runoff, independently of intensity. In fact, rainfall experiments showed that 
runoff occurs as quickly as 3-6 minutes after rainfall begins. After 6-10 minutes, a wetting 
front is formed, which moves down towards the body of the spoil at a final infiltration rate 
of about 6.6-9.0 mm h-1 (NICOLAU 1996). Impermeability of the overburden material is 
due to a high proportion of loam and fine sands and the absence of biologically produced 
macropores. 

The hydrological response of the topsoiled and grass-covered slope does not show any 
significant correlation to rainfall at the micro-catchment level. This is an unexpected result 
since the importance of rainfall intensity has been highlighted by several authors in areas 
where intensity excess runoff generation takes place (MARTÍNEZ-MENA et al. 1998). It 
could be explained because the rill losing functionality as ecological succession is 
proceeding and soil properties continue to reflect greater biological control. Rainfall 
volume and intensities (I30 and I60) explain runoff on the inter-rill scale where rainfall 
experiments showed a typical Hortonian infiltration curve. Runoff began after 12 mins. & 
the wetting front formed after 18 minutes with a final infiltration rate of about 12 mm h-1.  
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Tab. 2 Runoff characteristics 
 Rill network scale Inter-rill scale 
 EM1 EM2 EM3 EM4 EM5 

Runoff (mm), Q 
No. of observation 22 23 23 19 x 6 20 x 5 
Mean 1.86 1.35 0.40 2.91 1.43 
Standard deviation 3.08 2.11 1.06 4.52 2.23 
Total 40.97 30.94 9.19 55.21 27.20 
 
Runoff coefficient (%) 
Mean 12.38 10.95 2.52 17.67 8.24 
Minimum value 0.01 0.01 0.02 1.11 0.33 
Maximum value 53.70 46.60 12.51 49.56 29.24 
Standard deviation 17.71 15.57 3.98 15.43 8.82 
 
Runoff ratio between catchment and inter-rill area (mm/mm), Q catchment / Q inter-rill area 
No. of observation 19 19 20 
Mean 0.41 0.28 0.23 
Minimum value 0.01 0.01 0.01 
Maximum value 1.43 1.11 1.66 
Standard deviation 0.45 0.34 0.36 
 
 
Tab. 3 Results from Spearman´s rank correlation coefficients between rainfall 

characteristics (rainfall volume, V; 30 minute maximum intensity, I30; 60 
minute maximum intensity, I60; rainfall duration, D) and hydrological 
response (runoff, Q; runoff coefficient, Qc; runoff ratio1, Qr; runoff coefficient 
ratio2, Qcr)  

 EM1 EM2 EM3 EM4 EM5 

Nº of observation 21 22 21 20 20 

V-Q 0.79** 0.75** n.s. 0.90** 0.70** 

V-Qc 0.46* 0.57* n.s. 0.77** 0.59** 

I30-Q 0.60** 0.67** n.s. 0.78** 0.67** 

I30-Qc n.s. 0.58** n.s. 0.67* 0.58** 

I60-Q 0.54* 0.51* n.s. 0.75** 0.48* 

I60-Qc n.s. n.s. n.s. 0.67* 0.48* 

 
Nº of observation 19 19 19 

V-Qr n.s. 0.57* 0.58* 

V-Qcr n.s. 0.57* n.s. 

I30-Qr n.s. n.s. n.s. 

I30-Qcr n.s. n.s. n.s. 

I60-Qr n.s. n.s. 0.53* 

I60-Qcr n.s. n.s. n.s. 

n.s.: not significant 
**, *: significant at the 0.01 
and 0.05 level, respectively. 
1. runoff ratio, Qr: Q 
catchment / Q inter-rill area 
2. runoff coefficient ratio, 
Qcr: Qc catchment / Qc inter-
rill area 
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5 Runoff routing 
Runoff connectivity, defined as the ratio between runoff recorded at the rill network level 
and runoff recorded at the interrill area level in every rainfall event, is also greater on the 
overburden-rilled slope than on the topsoiled slope, and in the more developed rill 
network than in the less developed one (Tab. 2). Correlation between runoff connectivity 
and rainfall characteristics is not very strong (Tab. 3). In fact, the densely rilled and 
impermeable EM1 catchment does not show any significant correlation. EM1 shows the 
highest runoff ratio values, signifying efficient overland flow from interrill surface to the 
catchment outlet for a wide range of rainfalls. Thus runoff connectivity is higher for rill 
flow than for sheet flow, runoff loss being much greater in inter-rill areas than in the rills.  

Antecedent moisture content also controls runoff routing. Highest runoff connectivity 
rates were produced by autumn events occurring during two or three consecutive days and 
in winter under saturated soil conditions. 

The lower rill network density can explain lower runoff connectivity values in EM2. 
Significant correlation was established between runoff connectivity and rainfall volume 
and I60. Runoff routing from interills to rills seems to be associated with the total 
magnitude of the storm more than with short periods of high intensity.  

Runoff connectivity was very low in the topsoil catchment (EM3), where sheet flow is 
more important than rill flow, and the grass community plays an important role in 
controlling infiltration and runoff routing. 

6 Conclusions 
Spatial heterogeneity of the hydrological response on artificial slopes derived from mining 
reclamation is very high due to the wide variety of materials used as substratum. 

Hydrological response of topsoiled slopes depends on abiotic and biotic factors and may 
be considered similar to any natural slope under a Hortonian regime.  

Both runoff generation and routing in overburden-covered slopes respond to abiotic 
factors, such as physical soil properties and rill network density. Finely textured soils with 
a massive structure are characterized by low infiltration rates. In addition, rill networks 
very efficiently drain runoff from interrill areas to catchment outlets so these slopes 
present great impermeability. Runoff rates are extremely high and are better explained by 
rainfall volume than by rainfall intensity.  
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Abstract 

Only a few infiltration models take rainfall intensities into consideration. The infiltration 
model proposed recently by DISKIN & NAZIMOV (1995) is one of them. It is a fairly simple 
conceptual model. In this study, the validity of this infiltration model is investigated using 
field data from the past 10 years from a total of 40 plots for 13 experimental areas, 
measured under steady rainfall generated with a rainfall simulator. The results indicate 
that this infiltration model demonstrates the relationship between ponding time and 
rainfall intensity for measured data under field conditions. Moreover, the simulated 
infiltration curves after ponding time appear to fit well to measured infiltration curves for 
all study plots. These results suggest the ability of this infiltration model to calculate the 
accurate rainfall excess for the runoff process. 

1 Introduction 
Runoff generation depends on the soil moisture variability, and the soil moisture depends 
on the rainfall intensity variability. A few infiltration models consider the rainfall 
intensity; most of them are described by physically based Equations such as Richard’s 
Equation. The physical model is theoretical for unsaturated soil moisture movement, but 
the model treatment in terms of computation and modelling may be more complex than 
the conceptual model when considering the rainfall intensity. Recently, a fairly simple 
conceptual infiltration model that comprises only two elements and three parameters was 
presented by DISKIN & NAZIMOV (1995) . However, the validity of this model has been 
considered mainly using values from the literature and its applicability in field studies has 
not been extensively discussed. 

The purpose of this study is to investigate the validity of this simple infiltration model 
(hereafter referred to as the ‘Diskin-Nazimov model’) for evaluating the relationship 
between ponding time and rainfall intensity and the simulated infiltration curves under 
steady rainfall generated using a rainfall simulator for different land uses. The term 
‘ponding time’ denotes the time at which ponding occurs and runoff is generated, 
measured from the time rainfall starts. 
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2 Infiltration model considering rainfall intensity 
The schematic structure of the Diskin-Nazimov model is shown in Figure 1. The soil 
moisture content in the upper soil layer is expressed by the reservoir element with an inlet-
regulating element. The actual infiltration rate, q(t), into the upper soil layer and the direct 
runoff volume, y(t), as rainfall excess are calculated by the following relationships 
considering the infiltration capacity, f(t), and the rainfall intensity, R(t): 

 

if R(t) < f(t) then q(t)=R(t) and y(t )=0      (1) 

if R(t) > f(t) then q(t)=f(t) and y(t)=R(t) - f(t)     (2) 

 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

Fig. 1 Schematic structure of the Diskin-Nazimov model 
 
 

The relationship between the state of the reservoir, S(t), and the infiltration capacity, f(t), 
in the upper soil layer is assumed to be specified by a decreasing linear relationship. At the 
same time, the output of the reservoir element, g(t), which represents the percolation from 
the upper soil layer, is assumed to be specified by an increasing linear relationship.  

Both relationships are shown in Figure 2 using three parameters: the final infiltration 
capacity, fc, the initial infiltration capacity, f0, and the maximum storage of moisture in the 
upper soil layer, Sm. 
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DISKIN & NAZIMOV (1996) further described the relationship between ponding time and 
rainfall intensity as: 

( ) ( ) ( )[ ]RcfcffcfcSmtp /1//1ln/ 0 −−⋅=       (3) 

where tp is the ponding time and Rc is the rainfall intensity which is assumed to be 
constant. 

 

They also derived the infiltration capacity after the ponding time as: 

( ) ( )Smtffcffctf /exp)( 00 ⋅−⋅−+=        (4) 

Considering a rainfall intensity equal to the initial infiltration capacity, f0=Rc, at the 
ponding time, Equation (2) is rewritten as: 

  ( ) ( )( )SmtptRcfcRcfctf /exp)( −⋅−⋅−+=   ( )tpt ≥        (5) 

3 Rainfall simulator studies 
Rainfall simulator studies under steady rainfall were carried out at 13 sites from a total of 
40 plots, listed in Table 1. However, the final infiltration capacity was measured for 
studies of the stormwater runoff analysis; these measured infiltration data are applied in 
this study.  

The rainfall simulator is rather smaller and lighter than others, so it can be easily 
transported to various study plots. The spraying area is approximately 1 m× 1 m, and a 50 
× 50 cm iron frame is driven into the ground. The discharge from the ground is measured 
at 5 minute intervals. The infiltration capacity is computed by subtracting the discharge 
from the rainfall intensity. 

 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2 Relationship between infiltration capacity and soil moisture and between 

percolation rate and soil moisture 
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Sm 

f0 
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Fig. 3     Two examples of the relationship  
               between ponding time and rain-

fall intensity 
 

Fig. 4     Two examples of comparisons of   
the observed and simulated 
infiltration curves 

 

  

 

Fig. 5 Distribution of the maximum 
soil moisture values for each 
type of land use 
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4 Results and discussion 
Two examples of the resulting relationship between ponding time and rainfall intensity for 
the lawn garden and weeded garden sites are shown in Figure 3 (a) and Figure 3 (b). In 
these analyses, the parameters, the maximum value of soil moisture in the upper soil layer, 
Sm, and the initial infiltration rate, f0, were fitted to the optimal values; however, the final 
infiltration capacity, fc, was the median value of the measured data. It can be seen that the 
ponding time curves simulated by Equation (1) correspond approximately to the measured 
data for a given rainfall intensity. The other simulated ponding time curves for the sites 
listed in Table 1 are also in good agreement with the measured ones. These results imply 
that the ponding time Equation (1) is sufficient to predict the time to the beginning of 
runoff under steady rainfall for a given rainfall intensity.Furthermore, infiltration curves 
simulated by Equation (3) are compared with the measured infiltration data after ponding 
time for all 40 measurement plots. Two examples are presented in Figure 4 (a) and Figure 
4 (b). In both figures the simulated infiltration curves show excellent agreement with the 
measured infiltration curves. For the other measurement sites, the simulated infiltration 
curves also coincided with the measured ones. In these analyses, the values of Sm for each 
study plot were fitted to the optimal values, so that the Sm values were distinguished and 
evaluated for each type of land use, such as private gardens and sports grounds, as shown 
in Figure 5. Features of land use seem to appear in the Sm values. From these results, it is 
evident that the infiltration Equation (3) considering the rainfall intensity rate and the 
value of the maximum soil moisture in the upper layer reproduces well the measured 
infiltration capacity. 

5 Conclusions 
The simple conceptual infiltration model proposed by DISKIN & NAZIMOV has good 
applicability to the field data measured during steady rainfall generated by a rainfall 
simulator, with respect to the following points: 

 

1. The relationship between the ponding time and the rainfall intensity. 

2. The comparison of the observed and simulated infiltration curves after ponding. 
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Internal validation of the HBV model 

Sten Bergström, Göran Lindström 
Swedish Meteorological and Hydrological Institute, SE-601 76 Norrköping, Sweden 

Abstract 

The expanding use of hydrological models outside the scope for which they were once 
developed has stressed the need for evaluation of their physical relevance through internal 
validation of their basic subroutines. This process is described from experience by 
numerous applications of the HBV model since the early 1970s and onwards. Examples of 
internal validations by observations of snow, soil moisture, groundwater, hydrochemistry 
and stable isotopes are given and their value as grounds for validation is discussed. 
Finally, the use of integrated internal model calibration, in contrast to sequential 
calibration, is proposed and exemplified. 

1 Introduction 
Conceptual rainfall-runoff models are normally calibrated and verified against runoff only 
and it is well known that they can perform well without a proper description of the internal 
variables. An error in one process may be compensated for by an error in another part of 
the model. A popular phrase has been that the models may be “right for the wrong reason“ 
(KLEMES 1986). In some more straightforward applications, such as forecasting and 
extension of recorded time series, this is a minor problem. 

However, as the scope of applications of runoff models has widened, the demands on their 
physical relevance has grown. Examples of new applications are simulation of climate 
change impacts on water resources and coupling to hydrochemical modelling. In these 
applications, a correct description of internal model variables such as snow, 
evapotranspiration and soil water is essential. There has also been a sound hesitation to 
applying models outside the range of calibration, although this is exactly what is done in 
many design studies, in climate impact studies or in studies of the effects of land use 
changes. Nevertheless, such applications have increased due to pressing needs from the 
users. Conceptual models are even used in ungauged catchments, as they have proved to 
be both cheap and better than mere guesswork, when no information on river flow is 
available. 

The development of the Swedish HBV model has followed the above trend (BERGSTROM 
& FORSMAN 1973, BERGSTROM 1976, BERGSTROM 1995, LINDSTROM et al. 1997). It 
started as a simple and robust model designed for hydrological forecasting. The early 
development was influenced by the strategy lined out by NASH & SUTCLIFFE (1970), also 
discussed by BERGSTROM (1991). Today the HBV model is used for e.g. spillway design 
work (NORSTEDT et al. 1992), groundwater recharge simulations (BERGSTROM & 
SANDBERG 1983), hydrological mapping, climate impact scenarios (VEHVILAINEN & 
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LOHVANSUU 1991, SAELTHUN et al. 1998), land use impact analysis and hydrochemical 
simulations (BRANDT 1990, ARHEIMER 1999). 

The widening scope of applications of the HBV model has underlined the need for control 
of its internal variables and physical relevance, and many studies of this have been carried 
out over the years. In the following, a review of some of the most important ones is given 
and their value for strengthening or weakening of the confidence in the HBV model 
structure is discussed. 

2 A closer look inside the HBV model 
The HBV model is pictured schematically in Figure 1. Further details on the latest model 
version are given by LINDSTROM et al. (1997). The model is usually characterised as a 
conceptual model. The scales for the applications range from less than 1 km2 to1.6 million 
km2, which is the size of the drainage basin to the entire Baltic Sea (GRAHAM 1999). The 
model is distributed in the sense that large basins can be divided into sub-basins and 
further into elevation and vegetation zones. The model has the following main 
subroutines: 

• Snow accumulation and melt 

• Evapotranspiration and soil moisture accounting 

• Recharge and discharge of the saturated zone 

• Routing through rivers and lakes 

 
 
 

Fig. 1 Schematic presentation of the HBV model, set up for one sub-basin 
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2.1 Snow accumulation and melt 
The snow routine in the HBV model is a degree-day approach with liquid water-holding 
capacity. Elevation and vegetation zoning provides most of the sub-basin variability, 
together with statistical redistribution of snow into snow-drifts. A number of validation 
studies of the modelled snow pack have been carried out (BRANDT & BERGSTRÖM 1994, 
SANDÉN & WARFVINGE 1992) although it is hard to estimate the real total snow cover in a 
basin. The fact that the model works well in the extreme north is, however, encouraging. 
As summer is short and evapotranspiration is low there are few other processes that can 
cause compensating errors. 

Remote sensing has been used for validation of the spatial extent of snow in attempts to 
correct the state prior to forecasting (TURPIN et al. 1999). The results generally confirm 
that the modelled snow amount is reasonable, although its exact location within the basin 
may be erroneous. A further difficulty is that different satellites may give very different 
estimates of snow covered areas in the same basin (CAVES et al. 1999). 

In summary, the experience is that the modelled basin-wide totals of snow accumulation 
and melt are realistic in the HBV model, although local conditions are not pictured well. 
The validation score is thus good, and this has supported confidence in the model 
structure. 

2.2 Evapotranspiration and soil moisture accounting 
The soil moisture accounting is probably the most successful component of the HBV 
model. It is basically a statistical contributing area approach where runoff generation 
depends on soil-moisture deficit according to an exponential expression, which has 
become standard in many models and even found applications in climate modelling. 
Potential evapotranspiration is reduced to an actual value by a near-linear relationship with 
soil moisture. 

Evapotranspiration is the most difficult variable to validate. Although based on the 
potential evapotranspiration, the actual evapotranspiration is usually calculated as a 
residual, strongly influenced by systematic errors in other parts of the model or in the 
input data. Data for validation are scarce although some mast observations exist. The only 
direct validation carried out so far with the HBV model is against mast data on winter 
evapotranspiration from the NOPEX experiment. The results were rather inconclusive, 
although they gave clear indications that a temperature index method, as applied so far, 
yields unrealistic values (EKLUND et al. 2000). 

Validations of soil moisture always suffer from problems with representativeness of the 
observations, and there are no basin-wide soil moisture data available. Nevertheless, there 
have been a number of studies of the HBV model soil routine based on point 
measurements (ANDERSSON 1988, ANDERSSON & HARDING 1991, SANDÉN & WARFVINGE 
1992). These show that the modelled dynamics, after calibration, are realistic, although the 
basin-wide totals can not be validated. It is encouraging to note that model parameters 
obtained when calibrating against soil moisture observations do not differ dramatically 
from those obtained when calibrating against runoff. In summary, the validation score is 
fair in a qualitative assessment. It has rather increased than decreased the confidence in the 
model. The confidence has also been strengthened by the fact that the soil moisture 
accounting has proved to work from arctic to tropical conditions without modification. 
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2.3 Recharge and discharge of the saturated zone 
The saturated zone of the HBV model is more lumped than the upper parts of the model. 
Its role is mainly to give the flow a proper shape once the water balance is set by the other 
model components. Experience has shown that this can be obtained by a number of 
approaches and many different subroutines have been tested (e.g. BERGSTRÖM 1976). The 
original, and the latest version (HBV-96, LINDSTRÖM et al. 1997), are pictured in Figure 2. 

The HBV model has no explicit routine for Hortonian surface runoff although this has 
been tested occasionally. Quick superficial flow is modelled by the upper parts of the 
upper saturated zone, but its generation is still controlled by the soil moisture state. The 
effects of soil frost on infiltration are not accounted for. LINDSTRÖM & OTTOSSON 
LÖFVENIUS (2000) found this to be a reasonable assumption for forested areas in northern 
Sweden. 

Validation of recharge and groundwater dynamics suffers from similar problems as snow 
and soil moisture validation in that modelled basin-wide conditions are compared to point 
readings. Observations of groundwater are, however, often more generally available. They 
also represent larger areas than the soil moisture observations. Internal validation of the 
saturated zone of the HBV model (BERGSTRÖM & SANDBERG 1983) confirmed an almost 
immediate response of the groundwater table to effective precipitation in typical 
Scandinavian basins. However, it also pointed at some difficulties in the interpretation of 
the two saturated storages in the model. The sum of these storages probably best 
represents the total groundwater storage, and site-specific solutions have to be sought if 
the geohydrological conditions are complex. In the validation of the saturated zone an 
effective porosity has to be assumed, which introduces yet another degree of freedom. 

In general, it has been rather easy to calibrate the saturated zone of the HBV model so that 
it matches ground water readings, with the effective porosity within reasonable limits. 
This does not prove that the model describes the saturated zone correctly in all details. It 
does, however, support the assumption that groundwater has a dominant role in runoff 
from Scandinavian basins, and that Hortonian surface runoff usually can be neglected. 
This further agrees with independent studies by e.g. ROHDE (1987). 

 
 
Fig. 2 The saturated zone in an older HBV model and in the modification 

introduced in HBV-96 where the two horizontal outlets from the upper 
zone are replaced by a continuous curve 
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2.4 Routing through rivers and lakes 
The river routing processes have never been very advanced in the standard HBV model 
versions from SMHI. Its validation is limited to the fact that the model works well in small 
catchments as well as in large river systems. In Sweden the main process for dampening of 
the flow is routing through lakes, which is modelled by use of storage discharge curves. 
Validation of this process is hardly needed. 

2.5 Use of stable isotopes and hydrochemistry 
Since the beginning of the 1980s there has been a growing interest in hydrochemical 
modelling. The HBV model was first supplemented by routines for alkalinity and pH 
(BERGSTRÖM et al. 1985), and later on non-point source pollution, such as nitrogen, came 
into focus (BERGSTRÖM et al. 1987; BRANDT 1990). The nitrogen model has since then 
been further developed and used for a full scale modelling of riverine transports from 
southern Sweden to the coast (ARHEIMER & BRANDT 1998). 

Successful hydrochemical modelling is by no means a proof that the hydrological model 
structure is correct. There are usually many degrees of freedom in the combined model 
and the variations in the hydrochemical records are normally small. A more powerful 
concept is to use a conservative tracer, like oxygen-18, as was done by e.g. LINDSTRÖM & 
RODHE (1986). LINDSTRÖM (2000) concluded that the HBV model did not describe the 
natural variation of oxygen-18, and thus the residence times, as long as the model was 
calibrated against runoff only. Better results were obtained when the oxygen-18 signal was 
added to the calibration, and when a by-pass flow, representing superficial flow at high 
groundwater levels, was introduced. The introduction of this component, governed by one 
new parameter, did not harm the other model components and resulted in nearly identical 
runoff simulations as before. 

2.6 Integrated internal model validation 
Single process model calibration has relatively limited validation value if there are many 
degrees of freedom and the variability of the internal variable is low. It is more convincing 
if the model can be shown to picture all variables simultaneously. One practise, often used 
in hydrochemical applications, is to calibrate runoff first and then to try to fit the other 
variables from the optimal parameter setting for runoff. This technique, which may be 
called sequential model calibration, has its limits. The runoff simulation may be so rigidly 
locked in a set of parameter values that are slightly sub-optimal but effectively prevent any 
success with the internal variables. Integrated model calibration, where all internal 
variables are calibrated simultaneously with runoff is more efficient. This means that a 
slight compromise is reached where all variables are close to optimum fit and the overall 
behaviour of the model is the best compromise. The method requires a combined criterion, 
which accounts for the fit for each individual variable. Figure 3 illustrates an integrated 
validation of several processes of the HBV model obtained this way. The response 
function of the model is modified with the above mentioned by-pass component. 
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3 Conclusions 
Although the great number of investigations on the internal behaviour has strengthened 
the confidence in the structure of the HBV model it would be dishonest to state that the 
model is fully validated. The use of stable isotopes revealed inconsistencies as concerns 
residence times, which could be corrected without any major changes in the other model 
components. Proper residence times in different geochemical environments is a 
prerequisite for more advanced hydrochemical modelling. 
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Fig. 3 Integrated calibration of several components of the HBV model for the 

Svartberget research basin, near Vindeln, in northern Sweden 
thick curves = computed values 
thin curves and dots = measured values 
(Data by courtesy of Kevin Bishop, SLU, Uppsala, Allan Rodhe, Uppsala Univer-
sity and Mikaell Ottosson Löfvenius, SLU, Umeå) 
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To sum up the internal validation of the HBV model, confidence in simulated runoff is 
still greater than in any of the internal variables. Second best is probably modelled snow 
water equivalents, as long as only basin-wide totals are considered. Modelled groundwater 
and soil moisture dynamics probably show qualitatively reasonable dynamics although 
site-specific totals may be questioned as well as the information value of point readings. 
Least reliable is the modelled evapotranspiration, as it is influenced by a number of 
systematic errors in the model and input data and as available databases are particularly 
weak. 

The calibration procedure needs more attention in the internal validation process. 
Sequential multi-variable calibration is dangerous as it risks to block proper modelling of 
the internal states due to compensating errors. Integrated calibration is preferable, but this 
requires more flexible and realistic multi-variable criteria of goodness-of-fit.  
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Abstract 

Basins are subdivided formally into raster cells or into hydrological response units. In the 
process of up-scaling it is necessary to aggregate these elementary areas to reduce their 
number as well as the number of parameters. The required aggregating approach should be 
accomplished by methods of artificial intelligence because our knowledge of runoff 
generation is gained to a large extent through empirical knowledge which contains 
significant uncertainties. 

We have developed an XPS (expert system) as an instrument of regionalization in order to 
identify process-related areas with a dominant runoff generation process. The GIS 
ARC/INFO solves the problem of data acquisition and management and generates the 
smallest areal units from the overlay of different geo-information. The XPS represents 
process understanding and determine how a precipitation runoff model should be 
parameterized to simulate basin runoff. Such a discretization procedure offers an 
improvement on the preprocessing of distributed precipitation runoff models. 

1 Introduction and objectives 
Hydrological processes are characterized by a high degree of spatial variability. Therefore 
hydrological basins must be spatially discretized in the preprocessing of precipitation 
runoff models. However, it is not clear which discretizational elementary units are 
process-adequate: formal raster cells, triangle areas, slope segments or stream pipes. 
BLÖSCHL (1996) stated that the results of precipitation runoff modeling depend not only 
on the shape of the spatial units but also on their size. The classical subdivision of 
hydrological basins was based on the tope-principle (e.g. BARTHEL 1973, THOMAS 1973), 
in which the pedotopes, hydrotopes, pedohydrotopes, ecotopes are regarded as spatially 
homogeneous relative to one or several geofactors. Some decades ago, without GIS 
technology only a few influencing geoparameters could be included. Based on GIS 
developments this tope approach has had a renaissance recently. However, hydrological 
similarity is often defined only by formal structural similarity based on relief, soils, land 
use and other geoparameters and derived from the overlay functions of a GIS. In the case 
of high spatial variability, a large number of elementary discretization units can arise. For 
example we obtained from the overlay of slope, soil and land use 539 units for the 4.6 km2 
Wernersbach basin. This number increases greatly in mesoscale basins. GURTZ et al. 
(1997) calculated 2486 hydrotopes for the 1700 km2 Thur basin (Switzerland). If a 
precipitation runoff model with only five parameters is applied to each individual 
discretization unit of the above examples, then we need to determine 2695 and 12430 
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parameters respectively during model calibration for which, in most cases, only total basin 
runoff is available as measured signal. Such a calibration does not constitute a reasonable 
test of the model (KLEMES 1986). Many sets of parameters can provide nearly identical 
runoff predictions although the individual runoff components in parts of the basin can 
differ greatly. 

In order to overcome the problem of overparametrization, the number of parameters 
should be significantly decreased by reducing the number of hydrotopes. Thus we must 
upscale the hydrotopes on the basis of process-related regionalization approaches. In such 
a procedure the GIS-supported generation of topes is only a first step. The more essential 
second step is achieved by the aggregation of topes to larger units with functional 
hydrological similarity. That means units should be homogeneous in relation to a certain 
hydrological process (e.g. runoff formation). Other authors have focused on functional 
hydrological similarity, e.g. LEAVESLEY & STANNARD (1984, Hydrological Response 
Units, HRU’s), WOOD et al. (1988, Representative Elemetary Area, REA’s) KITE (1995, 
Aggregated Simulation Areas, ASA’s), but it is not always completely clear by which 
concrete regionalization rules such discretization elements can be formed.  

We have used our process-related investigation into runoff generation in the hydrological 
research and representative Wernersbach basin (PESCHKE & SAMBALE 1999) to develop a 
regionalization instrument such as a knowledge-based system (XPS) (PESCHKE et al. 
1999). Starting with generally available geo-information, this XPS automatically 
subdivides a basin into areal units, where a certain process of runoff generation dominates. 
To derive the rule system of XPS we not only used our own process-related research, we 
also received valuable impact from other research groups (KÖLLA 1986; GUTKNECHT & 
KIRNBAUER 1996, KIRNBAUER et al. 1996, KIRNBAUER & HAAS 1998, UHLENBROOK 
1999).  

2 GIS and XPS as teamplayer 
The process of runoff generation occurs in characteristic spatial distances of a few meters. 
Therefore process-oriented modeling requires high information density with characteristic 
discretization extensions between 20 and 40 m. The process, measuring and modeling 
scales should agree (BLÖSCHL 1996). At the measuring scale, this requirement is 
associated with the installation of special nested networks (PESCHKE & SAMBALE 1999; 
MÜLLER & PESCHKE, 2000) in order to obtain detailed experimental information for 
derivation of XPS rules (ETZENBERG 1998, PESCHKE et al. 1999a). However, we are 
confronted with the problem of large amounts of data. Therefore the selected solution 
approach is based on the following assumptions: 

• Storage and management of great amounts of data are possible 

• The software can manage great amounts of data without continuous observation by the 
modeler 

• The latter requires a certain degree of semantic representation by the XPS (process-
related knowledge) to make decisions which would otherwise have to be made by a 
human being 

• Within the chain GIS-XPS the requirements are satisfied in the this manner (Fig. 1) 
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Fig. 1 Illustration of the interaction between GIS and the knowledge-based system 
XPS to identify source areas with the dominating process of producing flood 
runoff components 

 

The GIS ARC/INFO solves the problem of data acquisition and management and 
generates the smallest areal units (topes) from the overlay of different geo-information. 
The knowledge-based XPS represents process understanding (semantic) and determines 
how a precipitation runoff model should be parameterized to simulate basin runoff. Thus 
the XPS is the module of qualitative evaluation and classification of landscape elements 
related to hydrological processes and states. It enables the spatial discretization, parameter 
reduction and a process-oriented justification of the remaining parameters of a P-R model. 
Therefore scale transitions are not realized about transformation of parameters. A change 
in land use, for example, require a new evaluation of corresponding spatial types by the 
XPS, but not a new calibration. The area-related identification of runoff components 
characterizes also spatial origins of water and transport paths thus forming an important 
base to consider processes of matter transport. 

3 Modelling within the prototype of XPS 
The development of the XPS has been primarily influenced by the context problem and 
the incompleteness of each model. Independent of the details of mathematical description, 
each model provides only an incomplete picture of reality. During a change of context the 
chosen description can be far from reality. The modeler needs to react to a change in 
context (scale problem). The selection of the influencing geofactors and their parameters 
have already been governed by this premise. Therefore the realized concept does not 
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consist of comprehensive algorithms but the main attention has been directed to the kind 
of knowledge and the kind of its presentation. This process of reasoning required the main 
part of developing time. The XPS is a prototype which demonstrates that a detailed 
hydrological task can be solved by means of artificial intelligence. As mentioned above 
long and detailed experimental investigations and general knowledge about the physics of 
runoff generation transformed in a computer-adequate form created an essential base of 
the XPS development (ZIMMERMANN 1999). 

The XPS identifies hydrological response units based on the presence of a dominant 
runoff generation process in the investigated area. An elementary area in a basin is 
characterized by its location and a given combination of geoproperties, e.g. a certain value 
of slope, an amount of soil water storage capacity, hydraulic conductivity, and root depth 
and density besides other geoparameters. From this combination the XPS first evaluates at 
first the potential dominant runoff generation process and, including precipitation 
characteristics and basin state (dry or wet), the actual dominant runoff generation process. 
Areas of different geoparameter combination but equal runoff generation then are 
aggregated to greater units. 

Available data about geofactors and basin features represents fuzzy knowledge. A part of 
geo-information can be described by process-relevant parameters but with values that are 
only partially known and can be given only in error intervals, e.g. saturated hydraulic 
conductivity of a loam in a part of the basin can fluctuate between 0.7 mm h-1 and 2.2 mm 
h-1. Others are more imprecise and can be characterized only by such verbal data as 
“effective” or “not effective” (e.g. microrelief). Thus the input data of the XPS are 
incomplete knowledge. Nevertheless the information density must be fitted to the 
problem. Thus requires mesh sizes of 20 to 40 m in our case of determination the quick 
runoff components. 

Not every algorithm which serves the specialist as a basis for problem solving can be 
implemented by the computer. If a problem can be sufficiently described by a numerical 
procedure, e.g. a well known differential Equation, then it will be simple to develop a 
corresponding algorithm for the computer. However, in our study of runoff generation we 
are confronted with incomplete input data as well as an incomplete theory. Therefore it is 
not trivial to use algorithms which are understandable without difficulties by human 
beings. 

We have implemented our expert system classification approach based on binary logic. 
The following ideas favor this procedure over others such as fuzzy logic or neuronal 
networks: 

The knowledge of individual basin features is very different. Certain geofactors can be 
quantified by metric measurement of parameters (e.g. hydraulic conductivity), and others 
can only be qualitatively characterized (e.g. “effective” or “not effective”). The system 
behavior can be followed by the rule system of the XPS. The internal system structure is 
known, it is not a black box. 

Binary logic approaches the ideal property to be truthful. Conclusions that do not need to 
be interpreted can be drawn from the valid axioms and inference rules because this logic 
knows only two states (0, false; 1, true) and requires the most stringent assumptions and 
fewest compromises. 
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The derived expert system is a prototype: a first attempt to solve the hydrological problem 
of “runoff generation” with these boundary conditions and this objective. 

There are two constructive boxes in the XPS. The first contains objects and static 
knowledge, the other if-then rules and hypotheses. For instance one object is the soil type 
“podsol” with different properties as layers or horizons, parameters characterizing storage 
capacity, root density, hydraulic conductivity and others. An if-then rule contains the 
name, a conditional part and an optional part that states what is to be done if the rule is 
“true” and what is to be done if the rule is “false”. The individual instructions in the 
conditional part are connected by “and”. Only two rules with the same name can be 
connected by “or“. The rules are backward chained: starting from the searched hypothesis 
the system tries to obtain the facts required for confirmation of the hypothesis by 
application of rules (ALTKRÜGER & BÜTTNER 1992). 

4 Results and conclusions 
The XPS is a combination of strongly abstracted process modeling and the use of 
comprehensive experimental experience (expert knowledge). The connection of both 
offers the possibility of founded analysis of areal hydrological responses and of a 
discretization of the investigated basin into units of equal runoff generation processes. 
Figure 2 shows an example from a multitude of simulations in the Wernersbach basin (4.6 
km²). The precipitation event is characterized by an intensity of 10 mm/h and a duration of 
5 h, the dry moisture state by 0.3 n (sand) and 0.5 n (silt, clay), respectively, and the moist 
state by 0.8 n (n - porosity). The spatial structure of response units shows an extension of 
saturation flow and interflow with increasing soil moisture. Compared to our basin 
knowledge the results are plausible. The deviation of the estimated from an observed 
spatial structure has been considered. A GIS-supported comparison of each mesh related 
to location as well as to the percentage of the respective runoff source area percolation 
provided a satisfied agreement. Similar good results are obtained in the Ziegenhagen basin 
(14 km²). The results confirm the long-term experiences from this basin about its runoff 
behavior and the dominating runoff components (PESCHKE et al. 1999a) and show that: 

Methods of artificial intelligence can be successfully applied to solve hydrological 
problems. Furthermore they enable a new quality in the hydrological modeling: 

• It is possible to derive process-related spatial discretizations of a basin using only 
generally available information about geofactors. 

• It is possible to evaluate the different qualitative runoff responses of areal units 
from the combination of basin features and event characteristics by the computer. 

Such a discretization procedure offers an improvement of the preprocessing of distributed 
precipitation-runoff models, because it transforms more process knowledge in the 
hydrological modeling. The next steps should be: 

• The extension of XPS to further conditions of runoff production in other basins. 

• The integration of XPS into a process-oriented P-R model (e.g. TAC, 
UHLENBROOK 1999). 
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Fig. 2 Spatial distribution of source areas in the Wernersbach basin simulated by 
the model XPS  
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Abstract 

The modeled generation of runoff in a forested catchment (0.18 km2) is assessed against 
measurements of groundwater level and streamflow, and against results of isotope tracer 
studies. Rainfall-runoff processes are described using a vertical two-dimensional hillslope 
model that includes a DRAINMOD-type approximation (SKAGGS 1980) to the pressure 
head distribution in the unsaturated zone. According to the model, runoff generation is 
dominated by saturation-excess overland flow which occurs when soil water exfiltrates 
into the surface or when rainfall/snowmelt cannot infiltrate into the saturated soil. The 
model is validated against measurements of groundwater table elevation and streamflow. 
The soil water procedure is used to compute runoff during another time period for which 
estimates of event and pre-event water fractions in the streamflow exist. The model 
produced satisfactory results in terms of groundwater elevation and streamflow 
reproduction, but the contributions of pre-event water were underestimated. 

1 Introduction 
Several approaches are available to mathematically describe the rainfall-runoff process. 
The objectives and existing data determine the choice of a modeling approach. Simulation 
of streamflow at a catchment outlet is a typical goal that can be achieved by calibrating a 
rainfall-runoff model merely against streamflow measurements. In this case the quantity 
of runoff and its temporal dynamics are of major importance, but internal processes such 
as water flow pathways, water residence times, and the spatial distribution of soil moisture 
within the catchment are less important.  

Rainfall-runoff modeling becomes demanding when predictions of both streamflow and 
internal processes are required. For example, computation of the soil water flow velocity 
is needed when a solute transport model is coupled with the hydrological model. Internal 
processes within a catchment have been modeled using distributed or semi-distributed 
approaches. Distributed models (e.g., BATHURST 1986; BEVEN et al. 1987) attempt to 
mimic the hydrological behavior of a catchment using concepts of classical continuum 
mechanics. The governing partial differential Equations are normally solved numerically 
in a finite grid where the relevant parameter values must be given for all grid cells. Semi-
distributed models have been introduced to reduce the computational demands and data 
requirements. One example is the semi-distributed approach proposed by BECKER & 
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BRAUN (1999) that is based on the division of a catchment into subareas of uniform 
hydrological behavior. Runoff generation in each area is modeled using a separate unit.  

Distributed and semi-distributed models can be used to identify runoff source areas and, to 
some extent, water flowpaths within a catchment, but hydrological data alone are not 
sufficient to validate contributions to runoff from different source areas. Measurements of 
isotope tracer concentrations in precipitation, groundwater and stream water give 
information on hydrological flowpaths (KENDALL et al. 1995). Tracer studies from forest 
areas suggest that storm runoff is dominated by pre-event water from soils (e.g., SKLASH & 
FARVOLDEN 1979, PEARCE et al. 1986). Inclusion of tracer study results in rainfall-runoff 
modeling is a major challenge and is a promising way to obtain a realistic description of 
flowpaths. Such efforts are not expected to produce any advances in the prediction of 
calculated total volumes of runoff; rather they can provide some basis to validate the 
assumed runoff generation mechanisms. 

The objective of this study is to model runoff generation in a forested catchment where no 
significant land use differences can be detected. Following the approach outlined in 
KARVONEN et al. (1999) catchment processes are described using one unit, which is a 
hillslope representing a typical longitudinal section from a water divide to a channel. 
Water balance along the hillslope is computed by means of a vertical two-dimensional 
approximation to the Richards Equation. The hillslope computation scheme is coupled 
with models describing canopy processes, snow accumulation and melt, and flow within 
the channel network. All submodels are tested separately from each other against 
measured data of throughfall, snow water equivalent, groundwater levels, and streamflow. 
After the submodels have been calibrated and validated against hydrological data, 
calculated fractions of event and pre-event water are compared with the fractions 
estimated from isotope tracer studies. 

2 Catchment and data 
Hydrometeorological measurements were carried out in a forested catchment (Rudbäck, 
0.18 km2, 60°09’N, 24°18’E) in Siuntio, southern Finland. The catchment is one of the 
small representative basins monitored by the Finnish Environment Institute. The elevation 
in the area ranges from 34 m to 65 m with exposed bedrock on the top of the hills. The 
soils are composed of silty and sandy moraines. The catchment is covered by a mature 
forest stand dominated by Norway spruce. More details on the site information are 
published in LEPISTÖ (1994). 

Flow in the stream draining the Rudbäck catchment was measured every half-hour during 
1998-2000. Micrometeorological variables (air temperature, relative humidity, wind 
speed, short- and long-wave radiation, and precipitation) have been recorded in a clearing 
close to the catchment. The meteorological and runoff data have been checked to provide 
continuous hourly input for soil-vegetation-atmosphere schemes (KOIVUSALO et al. 1999). 
Water equivalent of snow, elevation of the groundwater table, and accumulated 
throughfall have been measured manually once or twice a week in the forested catchment.  

LEPISTÖ (1994) measured oxygen isotope concentrations in precipitation and in stream 
water to determine fractions of event and pre-event waters. The 1991-1992 data of 
LEPISTÖ (1994) were used in this study to compare modeled fractions of event-water with 



 185 

the results of the isotope tracer study. The data included daily measurements of runoff and 
precipitation from Rudbäck, and daily mean air temperature and global radiation from 
Vihti, about 20 km from the catchment.  

3 Methods 

3.1 Soil water procedure  
Water balance along a hillslope is computed using a characteristic profile model (CPM) 
that describes soil water movement and runoff generation processes along a longitudinal 
section from a water divide to a channel. Runoff yielded by the CPM is discharged into a 
channel network, and there is a completely separate model for streamflow routing. 

CPM approximates the vertical two-dimensional Richards Equation along a hillslope by 
successive steady-state solutions. The approximation is quasi two-dimensional in the sense 
that vertical and lateral water fluxes are computed separately. During one time step lateral 
fluxes are calculated first, and these fluxes enter the calculation of vertical fluxes as sink 
or source terms. No lateral flow occurs in the unsaturated zone. A hillslope is split into 
vertical columns, and in each column soil water movement is solved according to 
successive steady-state solutions of the pressure head distribution. SKAGGS (1980) 
originally introduced this idea in the DRAINMOD model, a tool for agricultural water 
management in areas with a shallow water table. In two cases the steady-state pressure 
head distribution does not hold. Firstly, when transpiration causes the soil moisture to drop 
from the steady-state level, and secondly, when infiltrating water is temporarily stored in 
the root-zone (KOIVUSALO et al. 2000b). Lateral groundwater flow between the vertical 
columns is calculated by solving the Boussinesq Equation in one dimension (KARVONEN et 
al. 1999). Boundary condition for the groundwater flow at the end of a hillslope is of the 
fixed head type, and it determines the water level in the channel. Water flux from the soil 
profile into the channel gives the slow response of total runoff. Return flow from the 
channel into the soil profile is not allowed.  

Infiltration capacity is equal to the total air volume in a soil column. Water in excess of 
the infiltration capacity is stored on the soil surface. The soil surface storage is modeled 
using a linear reservoir with a threshold. When the water level rises above the threshold, 
the surface storage releases water. This water either infiltrates or adds to the soil surface 
storage further down along the profile, or reaches the channel network as the rapid 
component of total runoff. In saturated conditions the soil water flux from the upslope part 
of the profile may result in exfiltration of water into the surface storage. 

3.2 Canopy and snow processes 
The CPM outlined above needs snowmelt/throughfall and evapotranspiration as driving 
variables. Snowmelt and throughfall are determined from meteorological data measured in 
the open using snow and interception submodels. Choice of the submodels depends on the 
meteorological data at hand.  

Standard hourly meteorological data give the option of calculating snow accumulation and 
melt using an energy balance approach. Details of the snow model are presented in 
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KOIVUSALO et al. (2000a). Canopy processes are modeled following the method described 
in WIGMOSTA et al. (1994). Potential transpiration is estimated by subtracting the 
calculated interception from the total potential evapotranspiration, which is estimated 
using a Penman-Monteith type Equation proposed for a reference crop in SHUTTLEWORTH 
(1992).  

When only daily precipitation, air temperature, and global radiation data are available, a 
degree-day method is selected to model snowmelt. Interception is taken as a constant 
fraction of the daily precipitation. In addition, interception is not allowed to exceed a 
given maximum value. Potential evaporation is estimated from global radiation and air 
temperature (KARVONEN et al. 1999).  

4  Results 

4.1 Calibration and validation in 1998-2000 
Meteorological data measured in the open were taken as an input for the canopy model 
that in turn yielded input variables for the snow model. KOIVUSALO & KOKKONEN (2000) 
validated the canopy and snow models against measured throughfall, water equivalent of 
snow, and snow temperature in Rudbäck. Throughfall during snow-free periods and 
snowmelt from the snowpack determined the input flux of water into the CPM.  

Geometry of the CPM was fixed according to the surface and bedrock topographies of a 
hillslope where groundwater levels have been monitored. Soils were divided into two 
layers. The top layer extends to a depth of 70 centimeters and the bottom layer from 70 
centimeters down to the bedrock. JAUHIAINEN & NISSINEN (1994) reported soil water 
retention curves measured from soil samples taken at a site lying about half a kilometer 
from the groundwater tubes. The curves for the study hillslope were selected to reflect 
their results. The threshold parameter of the soil surface storage was given a value of zero, 
which implies that no ponding occurs on the surface. 

Vertical hydraulic conductivities of saturated soil in both layers were taken from on-site 
infiltrometer measurements whereas lateral conductivities were calibrated against 
groundwater level data. Hydraulic conductivity along the hillslope was constant in both 
layers. Calibration against measured groundwater levels was carried out for a period from 
February 1998 to April 1999 and the rest of the data (from May 1999 to April 2000) were 
used for validation (Fig. 1). 

Runoff computed by the CPM provided the input to the streamflow routing procedure. A 
single linear storage was selected as the routing procedure, and its retention coefficient 
was calibrated against streamflow records for the period from February 1998 to April 
1999. The period from May 1999 to April 2000 was left for the model validation. The 
modeled and measured streamflows for calibration and validation periods are shown in 
Figure 2. 
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Fig. 1 Measured and calculated groundwater elevations along the study hillslope for 
calibration and validation periods 
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Fig. 2 Modelled and measured hourly streamflow for calibration and 

validation periods 
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4.2 Runoff components for 1991-1992 
The CPM validated above was applied to a period from 1991 to 1992 to calculate different 
runoff components. Runoff produced directly from throughfall or snowmelt was assumed 
to be comparable to the event water fraction of total runoff. Runoff generated by 
exfiltration or by soil water movement directly into the channel was assumed to represent 
the pre-event water fraction. Since only daily meteorological data were available for 1991-
1992, the simple daily schemes from KOIVUSALO et al. (2000b) were used to account for 
the canopy and snow processes. The contributions from event and pre-event water to the 
total streamflow are presented in Figure 3. The seasonal dynamics of the calculated 
contribution of pre-event water resembles those of the measured contribution, but the 
largest values are clearly under predicted. 

5 Conclusions 
Each hydrological subprocess plays a role in determining the dynamics of streamflow. 
However, if all model parameters are calibrated merely against streamflow records, time 
delays and water losses associated with hydrological submodels may become incorrect. To 
avoid this, parameters of the submodels were calibrated separately against measured 
throughfall, water equivalent of snow, and water table level. Only the retention coefficient 
of the streamflow routing routine was calibrated against streamflow records.  

The measured water table elevations indicated a rapid response to rainfall and snowmelt 
events, which was replicated relatively well using the DRAINMOD-type model. The 
infiltration capacity in the model was set equal to the total air volume in the soil, and it 
was not restricted by the conductivity of the soil. This allows rapid infiltration that could 
be attributed to water entry into the soil through preferential flowpaths.  

A comparison with earlier results from isotope tracer studies showed that the modeled 
fraction of streamflow generated directly from throughfall/snowmelt was overestimated, 
even though the seasonal dynamics possessed a similar pattern to that of the isotopically 
traced event water component of the runoff. 
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Abstract 

Hydrochemical tracers (alkalinity and silica) are used in an end member mixing analysis 
(EMMA) of runoff sources in the 10 km2 Allt a’ Mharcaidh catchment. A 3-component 
mixing model was used to separate the hydrograph and estimate, to a first approximation, 
the annual contribution of surface runoff, subsurface stormflow and groundwater. The 
model output is compared with that of the semi-distributed catchment scale model, DIY, 
which produced a similar hydrograph separation. The integration of the two approaches as 
a means of reducing structural and parameter uncertainty in DIY and aiding upscaling to 
larger (> 200 km2) catchments is discussed. 

1 Introduction 
Integrating tracer studies with the application of numerical models is an important frontier 
in catchment research, in that tracers can be used as constraints in model calibration or to 
validate modelling results (TURNER & BARNES 1998). Over the past decade, advances in 
tracer technologies and model developments, together with the increasingly 
interdisciplinary nature of hydrology, have helped facilitate the development of this more 
integrated approach. For example, recent application of end member mixing analysis 
(EMMA) in tracer studies has helped highlight the associated methodological limitations 
and contributed to methods for estimating uncertainty in model predictions (GENEREUX 
1998). Similarly, increasing availability of digital data sets within Geographical 
Information Systems, and increasingly powerful processing capabilities of computers, has 
contributed to the development of pragmatic semi-distributed models which account for 
catchment heterogeneity without being over-parameterized (DUNN et al. 1998).  

In this paper, we present the preliminary results of a study that has sought to integrate the 
insights of tracer studies and semi-distributed modelling in the 10 km2 Allt a’ Mharcaidh 
catchment in Scotland. The catchment has a long history of hydrological research; 
hydrometric studies initially identified some of the key processes involved in the 
generation of storm runoff (WHEATER et al. 1993) and tracer studies were subsequently 
used to examine the influence of snow on runoff processes (JENKINS et al. 1993). More 
recently, tracers have been used to identify the importance of groundwater to the 
catchment response (SOULSBY et al. 1998). Increasingly, the complexity of the catchment 



 192 

response has become apparent through the use of mixing models both during individual 
events and over the hydrological year, and widely ranging residence time spectra have 
been identified for different hydrological stores in the catchment (JENKINS et al. 1994, 
SOULSBY et al. 1998, 2000). This paper describes a pragmatic approach to a 3-component 
mixing model that has been used to separate the annual hydrograph of the Allt a’ 
Mharcaidh on the basis of conservative geochemical tracers. The results are then 
compared with the output of a semi-distributed catchment-scale model (DIY) that has 
been used to predict flows at the catchment scale and partition runoff generation according 
to flow paths (DUNN et al., this volume). Finally, planned development of the semi-
distributed modelling approach to predict the behaviour of conservative tracers is outlined. 

2 Study area and data sources 
The Allt a’ Mharcaidh catchment lies within the Cairngorm mountains of Scotland. The 
catchment, which is underlain by granite, spans an altitudinal range from 330 to 1118 m 
(Fig. 1a). Mean annual precipitation is 1,200 mm, much of which falls as snow, 
particularly at the higher altitudes. A substantial snowpack can be present between 
November and May. The catchment is covered by 4 main soil types which exert a strong 
control on catchment hydrological pathways (Fig. 1b). At altitudes above 800m, freely 
draining alpine soils overlie extensive periglacial deposits. These are characterized by 
vertical flow paths to the bedrock interface, and water subsequently discharges at high 
altitude springs, or flows laterally downslope. On the steeper hillslopes, podzolic soils are 
characterized by lateral flow paths both in the organic surface horizon during storm events 
or, for longer periods, in the deeper mineral horizons. In the valley bottom area, extensive 
areas of blanket peat (up to 4 m deep) cover slopes of lower gradient where deep (>10 m) 
glacial deposits overlay the granite. Surface flow from these saturated areas contributes 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1 The topography and soils of the Allt a’ Mharcaidh 
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the main storm response of the catchment. In some places, return flow from the podzolic 
soils upslope also contributes to storm runoff, though the eventual contribution of 
subsurface flow to groundwater recharge through the drift is also important. In the 10 m or 
so fringing the river channel, alluvial soils predominate. Groundwater discharges in the 
riparian zone either via springs or by seepage into the bed of the stream. 

Flows in the stream have been monitored since 1985 using a pressure transducer in a 
natural rated section. Water quality parameters such as pH, conductivity and temperature 
have also been monitored continuously and stream water samples have been collected 
weekly and analysed for a range of determinands, including alkalinity, silica and 18O 
isotopes. In addition, soil waters have been sampled in the main catchment soil units, and 
groundwaters have been sampled from both boreholes and springs (Fig. 1). 

3 Modelling approach 
Based on previous hydrometric and tracing studies, three main hydrological flow paths 
have been postulated to conceptualise the hydrological and hydrochemical response of the 
catchment. The contrasting hydrochemical characteristics of these flow paths have been 
used to indentify three end members in a EMMA mixing diagram (Fig. 2). Storm runoff 
from surface flow through and over organic soil horizons has low alkalinity and low silica 
concentrations. In contrast, average groundwater composition has much higher alkalinity 
and silica concentrations, with deeper mineral soil water intermediate between the two. Of 
course the spatial and temporal variation that can occur in end member composition is 
well-established, and the Allt a’ Mharcaidh is no exception, with both soil water and 
groundwater exhibiting marked variability (Tab. 2). Nevertheless, the differences between 
end members is generally greater than their variability, and EMMA remains a pragmatic 
approach to hydrograph separation that can help estimate the contribution of water from 
different flow paths (HOEG et al. 2000).  

Fig. 2 Mixing diagram for alkalinity and silica for main catchment source waters 
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A classical 3-component mixing approach was applied, at daily timesteps, to the 
hydrograph for the 1991-92 hydrological year using the method described by JENKINS et 
al. (1994). To overcome the problem of heterogeneity in end member composition, high 
flow and low flow stream water samples were used to help define integrated measures of 
different end members. The mean chemistry of stream water in samples taken at flows 
<Q95 were used to define the groundwater end member. Similarly, the overland flow end 
member was defined by the mean chemistry of flows sampled which exceeded the Q1. 
Previous studies have demonstrated the utility of this pragmatic approach in overcoming 
problems of heterogeneity when defining end members (WADE et al. 1999). Spatially 
weighted soil water chemistry for mineral soil horizons was used to estimate the soil water 
end member. As alkalinity or silica were only measured in weekly or bi-weekly spot 
samples, construction of daily water quality time series was a pre-requisite to hydrograph 
separation. Firstly, mean daily alkalinity concentrations were predicted using the strong 
relationship (r2 = 0.859) between continuous pH record and the spot samples of alkalinity 
over the 15 year data record (cf. WADE et al. 1999). Secondly, the similarly good 
relationship between mean daily flow and silica concentrations (r2 = 0.821) was used to 
construct a daily time series. The full details of the approach, together with uncertainty 
estimates are described by DUNN AND SOULSBY (in preparation). 

 

(a) 
 
 
 
 
 
 
 
 
 
 
 
(b) 
 
 
 
 
 
 
 
 
 
 
Fig. 3 (a) Three component hydrograph separation for the Allt a’ Mharcaidh for the 

hydrological year 1991-92 
 (b) Proportion of mean daily flow accounted for by each end member 
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Tab. 1 Variation in end member composition (mean and range) for various Allt a’ 
Mharcaidh source waters 

Source 
water 

 Alkalinity 
(µeq/l) 

 Silica 
(mg/l) 

Organic soil Mean -25  1.1 
 Range -75 - 24  0.1 - 2.1 

Mineral soil Mean 55  4.8 
 Range 14 - 69  2.3 - 5.78 

Shallow spring Mean 18  3.35 
 Range 20 - 55  2.18 - 3.73 

Boreholes Mean 90  7.98 
 Range 32 - 178  4.46 - 9.05 

 
The semi-distributed model applied to the Allt a’ Mharcaidh is described in detail by 
DUNN et al. (this volume). Briefly, the model is based on hillslope routing and calculates 
the contribution to streamflow from each 50 m x 50 m cell within the 10 km2 catchment. 
The model uses two topographic parameters, slope and distance from stream, together 
with 6 soil-related and 5 snowmelt parameters. These are incorporated in a disaggregated 
hillslope flow model that calculates the time-varying contribution to flows. The 
topographic analysis and distributed flow accumulation are achieved by integrating the 
single cell model in a GIS framework.  

4 Results 
Figure 3a shows the resulting hydrograph separation for the study year investigated and 
Figure 3b gives the proportion of each flow component. As previously identified, the high 
alkalinity, high silica groundwater end member contributes a relatively constant source of 
streamflows which the model predicts rarely exceeds 0.2 m3 s-1 and is generally less than 
0.1 m3 s-1. As dictated by the modelling approach, this end member can account for 
virtually all of the low flow from the catchment and appears to make rapid, transient 
contributions to relatively high flows. The model predicts that around 45 % of total runoff 
is derived from this end member. In contrast, the low silica, low alkalinity surface flow 
end member is predicted to be the largest source of storm runoff, accounting for around 
40-80 % of flows during the largest events and approximately 20 % of total runoff. 
Meanwhile, the intermediate alkalinity and silica hillslope water has a more subdued 
response, but appears to control the recession limb of the storm hydrograph. Clearly, this 
modelling approach only represents a first approximation, but it is consistent with 
previous hydrometric and tracer investigation and produces a useful conceptual picture of 
runoff processes at the catchment scale. These highlight the importance of surface flow 
from the valley bottom peats and upper organic horizons; which probably has a mean 
residence time of 2 months, substantial, but less responsive, subsurface stormflow in the 
podzolic and alpine soils and deeper, longer residence time (up to 5 years) contributions 
from shallow ground water in various drift deposits (SOULSBY et al. 2000). 
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The DIY modelling is described by DUNN et al. (this volume) who show that the model 
was able to be generally successful in simulating the hydrograph response of the stream. 
The model result also allowed the runoff response to be disaggregated into three main 
components, the surface flow storm response, the subsurface flow hillslope contributions 
and the groundwater response (Fig. 4). The general features of the geochemical 
hydrograph separation are also predicted by the semi-distributed model, though important 
differences emerge. The most obvious is the lower prediction of surface runoff by DIY, 
which probably reflects the similar chemical composition of storm runoff originating from 
organic soils which may include both surface and subsurface components which are 
differentiated by DIY. However, the subsurface flow control on the recession limb is 
evident in both approaches. The groundwater component predicted by DIY is much more 
constant and shows no response to individual storm events. It is likely that the chemical 
basis of the mixing model is more sensitive to changes reflecting heterogeneities in 
catchment response. For example the groundwater peaks predicted during events in Figure 
3a could be explained by discharge of subsurface flow through riparian areas, which could 
result in mixing that would imprint a groundwater signature on the storm response. Such 
fine process resolution, known from field studies to be highly heterogenous, would be 
difficult to incorporate within a catchment scale model. 

(a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
(b) 
 
 
 
 
 
 
 
 
 
Fig. 4 (a) DIY predicted hydrograph separation for the Allt a’ Mharcaidh for the 

hydrological year 1991-92 
 (b) Proportion of mean daily flow accounted for by each end member 
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5 Discussion 
These preliminary results demonstrate encouraging progress in combining tracer-based 
hydrograph separation with that predicted by a semi-distributed model, at least in terms of 
a common conceptual structure. Two main future priorities emerge: The first is to develop 
the DIY model to predict tracer concentrations in stream waters; this will be an iterative 
process whereby two or three tracer systems can be used to both calibrate and validate the 
model to help reduce structural uncertainty. It is envisaged that this will include 18O in an 
attempt to estimate mixing volumes reflecting residence times calculated for different 
catchment stores. This could in turn help reduce the uncertainty over storage and mixing 
parameters in the subsurface. The second priority is to use DIY in combination with 
tracers to improve upscaling capabilities from the small headwater scale of the Allt a’ 
Mharcaidh to the larger mesoscale catchments such as the Feshie, of which the Mharcaidh 
forms a tributary.  
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Abstract 

In the dry hydrologic regime, hydrological data are scarce and processes are inherently 
entwined with an accentuated spatial heterogeneity. Hence rainfall-runoff models should 
be spatially distributed, but kept as simple as possible with minimum calibration. This 
paper will discuss some philosophical aspects of hydrological catchment modelling, with 
examples drawn from two catchments - one arid and one mediterranean. High magnitude 
events in the 1400 km2 catchment of Nahal Zin, Negev Desert, Israel were analysed by a 
newly developed, non-calibrated rainfall-runoff model, the ZIN-model. Recent techniques 
(e.g. rainfall radar, GIS-based airphoto interpretation) helped to overcome model 
calibration. Subsequently, these tools developed in the arid zone were applied to a wetter 
regime 200 km north. The 250 km2 Natuf catchment drains mountainous, partly karstified 
limestone terrain of the Judean Mountains westward into the coastal plain. The climate is 
typically mediterranean with rainfall concentrated from October to April, and approaching 
600 mm per annum at the water divide. At this site, hydrological analyses and field 
experiments indicated the importance of surface flow processes; however the model 
structure had to be adapted to a different rainfall regime. Results of a first model test were 
promising and led to general conclusions on the use of non-calibrated approaches in 
dryland rainfall-runoff modelling. 

1 Introduction 
In humid regions there is obviously an excess of precipitation over the seasonally 
integrated water need of the abundant plant cover. Semiarid zones are to be viewed as 
those where a favourable water balance is achieved only seasonally. During the wet season 
most precipitation infiltrates to refill underground storages emptied during the long dry 
period. Humid runoff generation processes, dependent on the abundance of water, lose 
significance. Runoff is more and more generated as infiltration excess (Hortonian-) 
overland flow. Conditions for this process are even more favourable in arid areas, mainly 
as a result of the absence of a developed soil and vegetation cover and the exposure of 
impervious surfaces. In the dry regime in general, evaporation is pronounced and time 
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spans between episodic flood events are often long. Hence ephemeral floods mostly travel 
on a dry channel bed allowing for significant infiltration into the channel alluvium on the 
way downstream (transmission losses). Both dominating hydrological processes of dry 
areas (Hortonian overland flow generation and channel transmission losses) accentuate 
temporal and spatial variability. 

Runoff gauging stations are rare in arid and semiarid environments, since in most 
countries the necessary financial resources for installation and maintenance are restricted. 
Moreover, gauging stations are frequently destroyed by high magnitude flash floods. If 
hydrometric data do exist, they comprise high inherent uncertainty: In ephemeral streams 
direct measurement of velocity by current meters becomes difficult or even impossible 
during most runoff events because of bed and bank instability. A common alternative is to 
compute discharge indirectly using the slope-area method. This method adapts a uniform-
flow Equation (the Manning Equation) using channel characteristics, water-surface 
profiles and a roughness coefficient. The fact that cross-sectional geometry may 
permanently change during a flood event must be neglected. 

The hydrological setting in drylands has implications for catchment modelling. Rainfall-
runoff models should be spatially distributed, but kept as simple as possible. Then 
parameter determination is possible without parameter fitting (i.e. calibration) which 
would require measured hydrometric streamflow data at the catchment outlet. Still most 
existing approaches depend heavily on calibration (e.g. WHEATER et al. 1997; HUGHES 
1997). As such they are limited to gauged catchments and include the shortcomings of 
hydrometic streamflow data. Recently EL-HAMES & RICHARDS (1998) applied a robust, 
physically based rainfall-runoff model to a 170 km2 arid catchment in Saudi Arabia. They 
achieved reasonable simulations, but a minimum of calibration was still required. The 
present paper introduces a fully non-calibrated approach. During high magnitude floods 
only the dominant processes are incorporated. Originally developed in the arid rocky 
Negev desert, modifications were necessary when applied to a wetter, mediterranean 
regime. Some general recommendations for the use of non-calibrated approaches in 
dryland catchment modelling are presented through a comparison of the two case studies. 

2 Case 1: The arid Negev Desert 
Nahal (Wadi) Zin is one of the major arteries draining the mountainous northern Negev 
Desert in Israel to the Dead Sea. The upper part of the 1400 km2 arid catchment drains the 
plateau of the northern Negev Highlands. Shallow rocky soils dominate the terrain and the 
valleys are filled with loessial silty sediments. In the lower catchment loose sediments and 
reaches covered by thick channel alluvium are also present. The average annual rainfall 
amount lies between 60 and 100 mm. Localized storms occurring as convective cells are 
mainly responsible for high magnitude floods (SCHICK 1988). 

The ZIN-model (LANGE et al. 1999) uses rainfall radar input applied over a catchment that 
was spatially disaggregated into different terrain types according to hydrologically 
relevant surface characteristics. Hortonian overland flow generation on each type is 
parameterised independently using values of initial loss and temporal decay of infiltration 
determined from existing field experiments. Delimited by topography, this catchment 
wide pattern of rainfall excess is distributed over 850 tributary catchments (model 
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elements). Runoff delivery from the model elements to the adjoining channel segments is 
timed by applying a mean response function. Within the streamflow routing scheme a 
constant infiltration rate is applied to account for transmission losses. In October 1991 a 
distinct squall line crossed the catchment within about two hours from south to north. At 
three different locations model simulations fell within the uncertainty range of 
reconstructed peak discharges (Fig. 1). A detailed analysis of total model uncertainty was 
carried out. A maximum uncertainty range of ± 136 % for the simulated peak was 
determined for all parameters; 36 % originated from uncertainties in the calibration of the 
rainfall radar. 

3 Case 2: The mediterranean Judean Mountains 
The 250 km2 Natuf catchment drains the mountainous, partially karstified limestone 
terrain of the Judean Mountains westward into the coastal plain. The climate is typically 
mediterranean with rainfall concentrated from October to April, approaching 600 mm per 
annum at the water divide. Flow in the wadi is ephemeral; occasionally large flooding 
occurs in urban centres near the shore of the Mediterranean Sea. On top of the Judean 
anticlinal ridges deep terra rossa soils have accumulated in shallow depressions. Most 
surface flow accumulates there and is subsequently lost to infiltration and evaporation. On 
the steep western flanks, however, terraces are needed to prevent soil erosion. Without 
terraces bare limestone outcrops dominate the steep terrain with incomplete soil cover. On 
the base of these hillslopes colluvial material is quickly removed by narrow high energy 
wadis deeply incised into the bedrock, only occasionally with a sparse cover of alluvium. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1 Model application in the arid regime: Nahal Zin, Negev Desert 
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On two successive days runoff generation on a steep (25%) hillslope was studied by 
sprinkling experiments using a set of quantitative measurements and tracer hydrological 
techniques (LANGE et al. 2001). Rocky outcrops on the 180 m2 plot responded almost 
immediately to applied rainfall. Surface runoff generated on the outcrops contributed to a 
saturation of soil covered parts which, once completely saturated, transferred all rainfall 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2 Ground intensities and calibrated rainfall radar at the rainfall stations Lod 
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into runoff as well. Thus, surface runoff was a mixture of infiltration excess runoff on 
rocky parts and saturation excess runoff on soil covered parts. On the first day about 
16 mm of rainfall was needed before terrain other than bare rock generated runoff. 
Following a break of 20 hours only 4 mm were determined for this value on the wet plot 
of the second day. Then a constant loss rate of about 3 mm hr-1 was reached regardless of 
rain intensity. A two-component hydrograph separation pointed to the importance of 
shallow reservoirs in runoff generation. About 14% of the flow collected during the 
second day originated from water applied during the first day that remained about 
20 hours in reservoirs close to the surface. Hence despite limestone lithology, lateral 
surface flow processes and shallow reservoirs were important for the runoff response. 
These findings were corroborated by in-storm field observations, where continuous 
overland flow was observed on limestone hillslopes even during rather small runoff 
events. 

Following these field evidences the non-calibrated Zin-model was modified to simulate a 
five-day high magnitude flood around the New Year 1992. Twenty-five hours of rainfall 
radar images in a five minute step served as model input. Only two ground stations, one 
on top of the mountains (Jerusalem) and one in the coastal plain (Lod), were available to 
calibrate radar values with ground-measured rain intensities. The differences in the results 
were apparent (Fig. 2). Hence a mean value was used for model input, while the two 
extremes served as boundary values for an analysis of model uncertainty. According to 
aerial photography and existing 1:50000 land use information, only urban areas and 
natural slopes were delineated as runoff generating zones. On urban areas, comprising 
7.7% of the catchment, all rainfall was simulated as immediate runoff. To delineate natural 
slopes, agricultural areas, forests and slopes with active terraces were excluded. The same 
was done for flat areas defined by a 25 m DTM. For the remaining slopes the outcomes of 
the sprinkling experiments were applied uniformly. When the radar recorded no rain at a 
specific location, the constant loss rate (3 mm hr-1) resulted in an increase of initial losses. 
These time-dependent initial losses had to be satisfied before, in time intervals of rain, 
falling rain was reduced by the same constant loss rate to represent generated runoff. 

According to topography the 250 km2 Natuf catchment was divided into 488 tributary 
catchments (model elements). Owing to small element size, dominating surface flow 
processes and the relatively long duration of the event, conceptualization of runoff 
concentration was disregarded. Once generated, the model transferred all surface flow to 
the nearest main channel. In the channels the VPMC4-method of the Muskingum-Cunge 
technique (PONCE & CHAGANTI 1994) was used for streamflow routing. A study by 
AZMON (1992) yielded information on channel roughness. Due to the limited amount of 
channel alluvium, transmission losses were disregarded. Owing to missing information on 
the input rainfall, the entire hydrograph could not be simulated (Fig. 3). The first peaks 
and the delayed recession of the observed hydrograph pointed to additional rainfall input 
before and after the period of radar data observations. Nevertheless the overall features of 
the observed catchment response could be modelled. The uncertainty range of simulated 
peak discharges due to the different results in radar calibration amounted to ± 47 %. 

 



 204 

4 Discussion and conclusions 
The two case studies show that in the dry hydrologic regime non-calibrated, rather simple 
rainfall-runoff simulations provide valuable alternatives to the standard calibrated 
approaches that depend on gauged streamflow data. In general hydrological process 
analysis should precede model application since, by their simple structure, non-calibrated 
models may then be adapted to available field information and event/catchment 
characteristics. The comparison of the two case studies may serve as an example. 

In the first case study, a distinct squall line crossed the 1400 km2 arid catchment within 
two hours. Rainfall onset was clearly defined throughout the catchment facilitating the 
description of runoff generation by a temporal infiltration decay. Existing experimental 
field data of different scales provided the necessary model parameters. 

In the second case study, the rainfall radar recorded a variety of rather small rainfall cells 
arriving within a period of more than 24 hours. Here runoff generation was described by a 
time-variant initial loss. For a first model test only one set of sprinkling experiments 
yielded the necessary field information. 

The results of the second case study must be regarded as preliminary, since runoff 
generation on natural slopes was treated uniformly and was parameterized by only one 
small-scale experiment. Moreover no loss was attributed to urban areas. It is possible to 
improve this model application by including additional processes and more field 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3 A first model test in the mediterranean regime: Nahal Natuf, Judean 
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information (e.g. larger scale tracer hydrological investigations of runoff generation and 
channel transmission losses, data from a nested urban gauging network). Still some 
general conclusions on the use of non-calibrated catchment models may be drawn. At 
present the main prerequisites for their use are: 

• The direct response of a catchment to event rainfall with negligible pre-event 
runoff components 

• The dominance of surface flow processes proved and quantified by field 
investigations 

• The availability of detailed information on the rainfall input with a high spatial and 
temporal resolution, as provided by a thoroughly calibrated rainfall radar. 

If these preconditions are met, non-calibrated models may help to analyse and predict high 
magnitude flash floods throughout the dry hydrologic regime where streamflow data are 
incomplete or even missing. The high uncertainties in the model input (rainfall radar) must 
be regarded as a main drawback to be addressed in future research. Research to determine 
how non-calibrated approaches will be able to simulate distinct high magnitude floods of 
humid catchments is also planned. 
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Abstract 

In pre-alpine and alpine catchments, runoff modelling quality depends strongly on the 
assessment of the spatial differences in the generation of various runoff components and 
flow paths as coupled with the amount and intensity of precipitation and/or snowmelt. The 
different structured catchment models PREVAH and WaSiM-ETH were applied on the 
pre-alpine Rietholzbach research catchment (3.2 km2) and the high-alpine Dischmabach 
catchment (43 km2) for the simulation of hydrological processes and runoff hydrographs. 
The simulation results are discussed in comparison with the observed catchment 
discharges, measurements of evapotranspiration, soil moisture and outflow of a lysimeter 
and groundwater levels in 3 boreholes. The interflow is regarded as the primary runoff 
component. The snowmelt model component is of particular importance in the warm 
season and needs to consider the role of air temperature and radiation for simulating 
runoff generation in a spatially distributed manner. 

1 Introduction 
In the last decades, spatially distributed hydrological modelling became an established 
tool in the simulation of the hydrological cycle, of its components and of possible 
changes. Various studies (BLÖSCHL & SIVAPALAN 1995, BLÖSCHL 1996) dealt with the 
heterogeneity of hydrological systems and their modelling on various scales. Pre-alpine 
and alpine catchments are characterized by highly variable morphology, soil and 
vegetation types and by great temporal and spatial variations in climatic elements. 
Furthermore, alpine discharge regimes depend, according to their location and elevation, 
on glacier melt, on snowmelt, on rainfall and on their superposition. Any hydrological 
modelling (KIRKBY 1988, BEVEN et al. 1988) must consider a range of different types of 
hydrological systems. This requires tools for the assessment of interpolated meteorological 
variables as well as for the treatment of distributed geographical input data. Hydrological 
modelling of pre-alpine and alpine catchments has a long tradition at the Institute of 
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Climate Research (former Geographical Institute) of the ETH Zurich, especially in the 
spatial analysis and modelling of snowmelt runoff from high mountain catchments 
(BRAUN 1985). In the last ten years, two models have been developed for spatially 
distributed simulation of hydrological processes: WaSiM-ETH (SCHULLA 1997) and 
PREVAH (GURTZ et al. 1999). They are based on different conceptual methodologies, 
which allow their application to a wide variety of catchment conditions. 

An important basis for model development, calibration and validation was the research 
catchment Rietholzbach, established in 1975, which, due to its equipment, provides long 
term data records and allows various experimental studies in evapotranspiration (MENZEL 
1997) and runoff generation (VITVAR et al. 1999). This data set and those field studies 
allowed a detailed parameterisation and multiple validations of hydrological model 
components before their application in less equipped heterogeneous catchments, 
especially in high alpine areas such as the Dischmabach. 

This paper summarizes results of recent studies. It describes the application of WaSiM-
ETH and PREVAH in two catchments including a critical discussion of the results. This is 
an important issue concerning the proper use and understanding of the model structures, 
their weaknesses and their practical application in highly hydrologically heterogeneous 
environments. 

2 Characteristics of the investigated catchments 
The hilly pre-alpine research catchment Rietholzbach is located in the middle part of the 
Thur river basin (tributary of Rhine) in northeastern Switzerland (Fig. 1). The catchment 
area of 3.2 km2 running west to east is used primarily as pasture land (76%). The elevation 
ranges from 682 to 950 m a.s.l. The geology of the catchment is characterized by the 
Tertiary deposits of the Upper Freshwater Molasse. Pleistocene sandy and silty gravel 
pockets of glacial moraines occur in the flat riparian zones along the creek. A variety of 
soil types is present; from less permeable gleyed soils to more permeable brown soils and 
regosols with relatively large storage capacities. The soils are mostly deeper than 50 cm. 
The catchment is equipped with a complete meteorological station, a weighing lysimeter, 
3 runoff gauging stations (Rietholzbach, Huwilerbach and Upper Rietholzbach), 
continuous TDR soil moisture measurements at different depths and 3 boreholes for 
groundwater level observations.  

The Dischmabach catchment is located in the eastern part of Switzerland (Fig. 1) in the 
transition between the wet northern Alps and the dry central Alps. The main valley is 
oriented from SSE to NNW. The catchment has an area of 43.3 km2, the elevation ranges 
from 1668 to 3146 m a.s.l. It represents the high alpine region with the subalpine, alpine 
and nival vegetation zones (Tab. 1). The crystalline underground consists of orthogneiss, 
paragneiss and amphibolites. The soils are less developed with soil depths mostly less than 
50 cm. Riparian zones with groundwater storage occur along the creek at the valley 
bottom. In contrast to the Rietholzbach catchment, no permanent hydrometeorological 
observations exist. 
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Tab. 1 Main characteristics of the investigated catchments 

Catchment characteristics Dischmabach Rietholzbach Huwilerbach Upper Rietholzbach 
catchment area (km2) 43.3 3.2 0.12 0.9 
mean altitude (m a.s.l.) 2378 795 826 815 
gauge altitude (m a.s.l.) 1668 682 746 745 
highest point (m a.s.l.) 3146 950 891 950 
mean slope (degrees) 24.6 12.8 12.8 13.4 
100 m altitudinal zones 15 4 2 3 
Main expositions:     
north (%) 24.0 24.8 - 35.0 
east (%) 30.2 18.7 2.0 13.6 
south (%) 6.6 41.7 83.7 48.3 
west (%) 39.0 13.3 14.3 3.1 
horizontal (%) 0.2 1.5 - - 
Land use / soil cover:     
water areas 0.3 - - - 
settlements 0.4 1.2 0.1 2.2 
deciduous forest - 3.7 18.1 3.9 
mixed forest - 19.2 - 16.9 
pine forest 2.4 2.0 - - 
fruit orchard - 0.9 - 0.3 
meadow 0.6 73.0 81.8 76.7 
wet areas 0.1 - - - 
bushes 7.1 - - - 
subalpine pastures 36.4 - - - 
alpine meadows 1.3 - - - 
gravel pit / bare soil 15.8 - - - 
rock 33.5 - - - 
glacier 2.1 - - - 

 
 

 
Fig. 1 Location of the investigated catchments in Switzerland 
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3 Hydrological models and their application 
Two spatially distributed catchment models have been used: the more detailed gridded 
model WaSiM-ETH (Water balance Simulation Model-ETH) (SCHULLA 1997) and the 
stronger conceptually structured Hydrological Response Units (ENGEL 1996) based model 
PREVAH (Precipitation-Runoff-EVAporation-HRU Model) (GURTZ et al. 1997). The 
main components of the models are: 

• Temporal and spatial interpolation of meteorological input data including 
correction of the precipitation measurement error for rain and snow (SCHULLA & 
JASPER 1999) 

• Shading and topography dependent adjustment for radiation and temperature 

• Interception storage and evaporation 

• Potential and real evapotranspiration (MONTEITH 1975) 

• Snow accumulation and snowmelt (BRAUN 1985, ANDERSON 1973) 

• Glacier melt (HOCK 1999, BADOUX 1999) 

• Infiltration and surface runoff generation 

• Soil water storage, percolation, interflow generation 

• Soil moisture extraction by transpiration 

• Groundwater recharge and storage, groundwater runoff generation (baseflow) 

• Runoff concentration, discharge and flood-routing 

• The essential differences between the models lie in the degree of conceptual 
structure of infiltration, percolation, interflow generation and groundwater 
recharge 

The soil model in WaSiM-ETH calculates the infiltration of water and the surface runoff 
generation after GREEN & AMPT (1911) using the two step model approach (PESCHKE 
1987). The vertical flow of water in the unsaturated zone (percolation) is calculated by the 
discrete Richards Equation. Interflow is generated in the defined different soil layers 
depending on the suction, the drainable water content, the hydraulic conductivity and 
gradient as well as the flow density. In this study, the computation of baseflow with 
WaSiM-ETH occurred by application of a single linear reservoir. 

In PREVAH runoff generation processes are described more conceptually. Inputs to the 
soil water reservoir and to the runoff storages are calculated in an areally distributed 
manner as a function of soil moisture content and soil characteristics of the different 
HRUs. The submodels for runoff generation are derived from the HBV-model 
(BERGSTRÖM 1976) but they were adapted to the HRU structure. The baseflow model 
consists of a combination of two linear groundwater reservoirs (SCHWARZE et al. 1999) 
with both a quick and a delayed component. 

In the WaSiM-ETH application a grid size of 50 x 50 m2 for Rietholzbach and 500 x 500 
m2 for Dischmabach have been used. PREVAH is applied to an aggregation of several 
cells that need to exhibit equal hydrological properties. The criteria for aggregation of grid 
cells into HRUs were formulated on the basis of knowledge about the spatial 



 210 

differentiation of hydrological processes and the structure of the selected catchments 
(GURTZ et al. 1999). For this purpose, special software was developed (ZAPPA 1999) that 
allows the extraction of the HRUs under consideration of the elevation zones, the 
exposure, the land use and, in the case of Dischmabach, the altitude of the equilibrium line 
within the glaciated surfaces. Ninety-eight HRUs were generated for the Rietholzbach 
catchment (basis grid 50x50 m) and 334 for the Dischmabach catchment (basis grid 
100x100 m).  

The parameterisation is based on information derived from digital maps of elevation 
(BFLT 1991), soil (BFS 1995) and land surface (ANONYMOUS 1990) characteristics. Some 
parameters have been estimated from own investigations (MENZEL 1997) and others from 
experiences (THOMPSON et al. 1981).  

The calibration period took place in both catchments during the years 1993 to 1995. In 
both models four to five parameters had to be tuned in a subjective way comparing the 
observations to the simulation results. A time step of one hour was used for the 
calculation. It allowed us to simulate the high temporal dynamics of the hydrological 
processes in mountainous catchments. 

4 Simulation results in the pre-alpine catchment Rietholzbach 
The mean annual water balance elements estimated by the grass-covered lysimeter are 
1576 mm precipitation, 529 mm evapotranspiration and 1049 mm percolation outflow 
(Tab. 2) for the period 1981-1998. The averaged monthly values are presented in Figure 2. 
The evapotranspiration for the lysimeter site is 20 mm higher whereas the observed 
outflow is lower than the runoff calculated by PREVAH. The same simulations for the 
entire catchment by mean PREVAH and WaSiM-ETH produces annual mean between 
580 and 590 mm evapotranspiration and about 1010 mm runoff, in comparison to the 
observed 1013 mm runoff (Tab. 1). The higher evapotranspiration is caused by the high 
proportion of south-exposed slope areas and by the forest areas in the catchment (Tab. 1). 
More than 50 % of the generated runoff is interflow. 

The analysis of the runoff components during flood events using environmental tracers 
showed similar results (VITVAR 1999). In comparison to PREVAH, WaSiM-ETH 
generates a clearly higher surface runoff portion and a lower baseflow portion. 

Better linear criteria of efficiency (r2
lin) are obtained by the WaSiM-ETH simulations, 

while PREVAH simulations obtain a better logarithmic criterion of efficiency (r2
log). It 

seems to be that the land surface runoff is underestimated by PREVAH and slightly 
overestimated by WaSiM-ETH, whereas the baseflow is simulated more realistically by 
PREVAH than by WaSiM-ETH. 

Snowmelt dominates the runoff from December until April (Fig. 2), while evapotrans-
piration strongly influences the runoff generation processes from April until September. 
Apart from some heavy precipitation events in summer, the monthly distribution of preci-
pitation causes interflow generation and groundwater recharge mainly in the winter 
season. 
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Fig. 2 Rietholzbach – monthly average of the main water balance components for 
the period 1981-1998: the dotted grey line with filled squares indicates the 
lysimeter measurement; the continuous black line indicates the simulation 
results with PREVAH; the continuous grey line indicates the simulation 
results with WaSiM-ETH; the dotted grey line with void squares indicates 
the runoff measurement at the outlet station 

 
 

Tab. 2 Rietholzbach (1981-1998) and Dischmabach (1981-1996): measured and 
modelled mean annual water balance (P = precipitation, ET = evapotranspi-
ration, Rcal = simulated runoff, Robs = observed runoff), including simulated 
runoff components (RS = surface runoff, RI= interflow, RG= base-flow) and 
obtained averaged efficiency (linear = r2

lin and logarithmic = r2
log) 

Method Location P ET Rcal Robs RS RI RG r2
lin r2

log 

Measured Lysimeter 1576 529 - 1049 -- -- -- -- -- 

PREVAH Lysimeter 1570 549 1020 1049 -- -- -- 0.61 -- 

PREVAH Rietholzbach 1593 583 1010 1013 73 561 376 0.713 0.890 

WaSiM Rietholzbach 1596 587 1011 1013 385 494 132 0.796 0.825 

PREVAH Dischmabach 1446 234 1250 1260 141 707 402 0.871 0.934 

WaSiM Dischmabach 1384 211 1243 1260 204 750 289 0.877 0.885 

 

Field measurements and simulations with PREVAH within Rietholzbach and its 
subcatchments between January and March 1998 provided valuable information 
concerning the improvement of modelling the runoff generation processes in the winter 
season. Figures 3 and 4 illustrate the influence of topography on the snowmelt processes. 
Three boreholes for groundwater table monitoring (Fig. 4) are used to show the 
groundwater reaction to the percolation processes and to the lateral drainage in winter. The 
borehole B1 is situated in the riparian glacial moraines and show a mean residence time of 
28 months (VITVAR et al. 1999). The other two are located in the Tertiary deposits of the 
Freshwater Molasse, one (B2, mean residence time 9 months) in a north and the other (B3, 
mean residence time 12 months) in a south exposed hillslope. A temporal delayed reaction 
of the groundwater levels can be seen during the main melt period in mid February. The 
increase of groundwater level at B3 begins two days earlier than at B1 and 4 days earlier 
than at B2 (Plots c, e and g in Fig. 3).  
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Fig. 3 Rietholzbach (1.1.1998-31.3.1998):  
(a) Bars: Interpolated daily precipitation (Pd); Line: simulated snow water 

equivalent (SE)  
(b) Runoff Huwilerbach: grey: measurement; black: simulation  
(c) Groundwater table height, borehole B3  
(d) as (b) for Upper Rietholzbach  
(e) as (c), borehole B2  
(f) as (b) for Rietholzbach 
(g) as (c), borehole B1  

   The 'zoomed' snowmelt event on (e), (d), and (f) refers on the period 5-18 Febr. 
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Fig. 4 Rietholzbach (February 1998): Spatial distribution of snow water equivalent 

at the end of six selected days. On the lowest right map 'H' indicates the 
Huwilerbach basin, 'UR' the Upper Rietholzbach basin. L-B1, B2 and B3 
indicate the location of the lysimeter (L-) and of the three groundwater 
boreholes (B1, B2 and B3) 

 

The stronger reaction of B3 and especially of B2 indicates an influence of interflow (Plot a 
and e in Fig. 3) linked to both snowmelt and precipitation. The B1 reaction indicates 
riparian groundwater mixing (Plot a and g in Figure 3). A similar behaviour can be see in 
the observed runoff hydrographs. The melt event in the 84% south exposed subcatchment 
Huwilerbach (Plot b and relative 'zoom') begins with a stronger reaction and finishes at 
least three days earlier than the entire (42 % south exposed) Rietholzbach catchment (Plot 
f in Figure 3 and 'zoom'). PREVAH is able to reproduce this behaviour fairly well, mainly 
the earlier melt of the snowpack within the Huwilerbach subcatchment (see Plots b, d and 
f on Figs 3 and 4). Such detailed snowmelt simulation is only possible if a radiation based 
approach is used together with a temperature based approach to determine the daily 
snowmelt rate and fluctuation, similarly to that proposed by HOCK (1999) for snowmelt on 
glaciated surfaces. Figure 4 illustrates the changes of the spatial snow water equivalent 
distribution during the snowmelt event. The role of topography is evident. 

Figure 5 shows the temporal distribution and the interaction of selected water balance 
elements. Observed data at the lysimeter site and at the Rietholzbach outlet are compared 
with the model results simulated by WaSiM-ETH and PREVAH for the year 1998. 
Simulated real evapotranspiration and soil moisture are in good agreement with the 
measurements for the lysimeter site. They reflect the typical seasonal course with filling 
and extracting periods corresponding to the meteorological conditions and the vegetation 
cycle. Following the water fluxes from the unsaturated into the saturated zone, the time 
series of simulated groundwater recharge confirms the highest recharge rates corres-
ponding with an increased groundwater level if the soil layers above the groundwater 
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surface are saturated by precipitation percolation. The comparison between the 
groundwater level and the total runoff confirms the strong interaction between both 
variables. In flood events the baseflow clearly contributes to the total runoff. In WaSiM-
ETH an increase of baseflow is only generated if percolation water reaches the 
groundwater table. It appears that this approach contains a weakness, especially in 
combination with the generation of interflow and baseflow. The two groundwater 
reservoirs approach of PREVAH allows the consideration of a fast and of a delayed 
baseflow component. The WaSiM-ETH approach generates the fast groundwater compo-
nent from the deepest unsaturated soil layers as interflow and considers only one slow 
baseflow component, generated from the groundwater storage. 

5 Simulation results in the high alpine Dischmabach catchment 
The simulation of the mean annual water balance elements in the Dischmabach catchment 
resulted in 1440 mm precipitation, 230 mm evapotranspiration and 1250 mm runoff (Tab. 
2) for the period 1981-1996. The simulated runoff is close to the measured 1243 mm. The 
WaSiM-ETH shows smaller values for evaporation and runoff than PREVAH. The 
averaged catchment snow portion in precipitation is about 70 %. The simulated mean 
monthly distribution of water balance elements and runoff components is presented in 
Figure 6. While the precipitation distribution has two peaks the temporal distribution of 
runoff is influenced by the snowmelt and by the high precipitation amounts during the 
summer months. 

The runoff simulations as well as the comparison of the discharge hydrographs for 1994 
(middle part of Fig. 7) indicate that both models are able to simulate the essential 
hydrological processes in such high alpine regions with good quality. This is also verified 
by the linear efficiency criteria r2

lin. Differences are in the values of logarithmical 
efficiency criteria r2

log. The smaller values for WaSiM-ETH indicate a lower quality for 
baseflow simulation. Figure 6 shows the differences in the simulated runoff components 
caused by the different structured runoff generation and soil submodels. WaSiM-ETH 
produces a higher portion of surface runoff and interflow with stronger temporal 
fluctuations.  

The upper part in Figure 7 presents the time series of the calculated storage volumes and 
the lower part presents the hourly values of the runoff components, as simulated by 
PREVAH. In this high alpine catchment, interflow is the dominating runoff component as 
well (between 50 % and 65 % of the total runoff is interflow, lower part in Fig. 7). Only 
about 4 % of the total runoff is glacier-ice melt runoff (2.1 % glaciated areas) generated 
from June to the beginning of November (Fig. 7 in the middle part). The main snowmelt 
occurs from April until July and the period of main groundwater recharge is from April 
until October. The quality of runoff simulation during summer is strongly influenced by 
the snow model performance in high alpine areas during the long snowmelt period, 
characterised by flood peaks and high daily discharge fluctuations. 

Figure 8 shows the altitudinal dependence of the mean annual water balance elements. 
While the real evapotranspiration (GURTZ et al. 1999) decreases from 395 to 140 mm with 
increasing altitude, precipitation, snowmelt and runoff increase clearly with elevation. 
Glacier-ice melt runoff originates only from 2400 m a.s.l. to the equilibrium line altitude  
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Fig. 5 Rietholzbach (daily data 1998): Precipitation and temperature  
 Lysimeter site: measured and simulated evapotranspiration, mean relative 

soil moisture (in 0-35cm soil depth) TDR measured and WaSiM-ETH simu-
lated, changing of groundwater level in B1 measured and by WaSiM-ETH 
simulated 

 atchment outlet: measured and simulated discharges  
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of 2750 m a.s.l. It is clear that the hydrological simulation of such processes requires the 
spatially distributed application of the models as well as the consideration of the 
altitudinal variations of the hydrological characteristics and of the meteorological input.  

The influence of snow accumulation and snowmelt and their areal distribution on the 
runoff generation processes increases strongly with increasing altitude, and due to this the 
quality of the calculated runoff generation depends strongly on the quality of snow model. 
For a more adequate simulation of the spatially distributed diurnal snowmelt fluctuations, 
radiation should be taken into account. 

In basins with a glacier portion smaller than 5 %, glacier runoff has an influence only on 
dry weather daily runoff fluctuations in summer and early autumn. In case of a higher 
glacier portion, glacier runoff cannot be neglected in the total runoff amount. A particular 
glacier melt and runoff sub-model with consideration of radiation fluctuations should be 
included. 
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Fig. 6 Dischmabach (monthly average of the main water balance and runoff compo-

nents for the period 1981-1996): The continuous black line indicates the 
measured runoff; the dashed black line and dotted grey line indicate the 
simulation results with WaSiM-ETH and PREVAH, respectively 

 

Interflow is the dominating runoff component in the investigated pre-alpine and alpine 
catchments. The portions of different runoff components in the total runoff vary and 
depend on the conception of the used models. WaSiM-ETH’s physically based structure 
has more flexibility in the separation of surface runoff from interflow, but includes the fast 
baseflow component as delayed interflow from the lowest unsaturated soil layers. This 
causes less flexibility and lower performances than the conceptual two groundwater 
reservoir approach integrated in PREVAH in the simulation of dry periods. 

The spatially distributed application of the more conceptually based PREVAH model 
shows good performances within prealpine and alpine catchments with reduced 
computation time. The more physically based WaSiM-ETH allows a better reproduction 
of in situ measurements and in general better performances for the simulation of flood 
events. The disadvantage is the lengthy computation time. 
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Fig. 7 Dischmabach (year 1994): Daily mean of precipitation, air temperature, 

(PREVAH) storage contents for snow water equivalent, groundwater, surface 
and soil gravity water runoff and plant available soil moisture; comparison of 
daily observed and by PREVAH and WaSiM-ETH simulated total discharges 
inclusive glacier ice melt runoff; hourly values by PREVAH simulated runoff 
components 
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Fig. 8 Dischmabach: Mean annual precipitation P, snowmelt Pmelt, glacier-ice melt 
runoff Rice, total runoff R and evapo-transpiration ET depending on the 
altitude for the period 1981-1996 (PREVAH simulation) 

 
In situ measurements and special investigations in selected sites and research catchments 
are very important for a realistic and successful calibration and validation of hydrological 
models and their components. The multiple validation allows more reliable assumptions 
concerning the suitability of the different model components and therefore indicates the 
means for further improvements in the spatially distributed simulation of runoff generation 
and of other relevant hydrological processes.  

6 Conclusions   
A reliable process oriented hydrological modelling in mountain catchments requires the 
consideration of spatial differences in topography, in land use/land cover, in soil charac-
teristics and in the variability of meteorological inputs. 

The smaller the catchment area and the greater the elevation differences, the more detailed 
model structure and spatial resolution need to be in order to achieve the same quality of 
performance in the simulation results. 
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Abstract 

A spatially distributed daily water balance model for mesoscale catchments in 
midelevation to alpine mountainous regions is described. The development of the model 
structure and parameterization is based on the integration of spatially distributed data 
layers of relevant catchment characteristics by employing geographic information 
systems. The spatially distributed simulation results offer many opportunities for the 
verification of the model structure and its parameterization by field measurements and 
tracer experiments. With regard to this, the conception and intention of a new research 
project are outlined. 

1 Introduction 
Water balance and rainfall-runoff models are expected nowadays not only to reproduce the 
observed runoff as precisely as possible but also to serve as a tool to obtain a better 
understanding of the relevant hydrological processes in a catchment and their spatial 
distribution. With the development of geographic information systems (GIS), the 
availability of spatial data layers and advancements in computing power during the last 
decade, many opportunities exist for improving the representation of water balance and 
runoff generating processes in hydrologic models. This should lead not only to more 
accurate streamflow prediction, but also to the depiction of spatial fields of hydrologically 
relevant variables and processes, which will be helpful in related land management 
activities and in the modelling of quantities dependent on these processes. 

This paper emphasizes the structuring, parameterization and data pre-processing of a 
conceptual water balance model by the application of GIS techniques. The model aims for 
an adequate representation of the spatial variation of the hydrologically relevant 
characteristics with regard to its vertical structure and to make maximum use of GIS-based 
information to derive model parameters so as to minimize the number of calibration 
parameters. The model has been developed to operate on a daily time step to simulate the 
water balance and streamflow for mesoscale basins (approximately 100 - 10000 km²). It 
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has been applied to the Sauer and Upper Danube catchments in Germany and is currently 
being applied to the Boise River and Reynolds Creek in the USA (Idaho). 

To be able to verify such a spatially distributed model, additional sources of information 
besides streamflow are required. Field measurements and tracer experiments have 
possibilities for providing the necessary additional information for use in multi-criteria 
and multi-site validation of the model. 

2 Vertical structure of the model 
Figure 1 depicts the main components of the conceptualized water balance representing a 
hydrological unit. At first, the type of precipitation input is estimated using the air 
temperature T(t). The snow rate increases linearly from TmaxSnow to TminSnow. The rain 
and snow fractions fill up their respective interception storages. The interception storage 
capacity is determined from the vegetation type, the season and the precipitation intensity. 
The contents of the interception storages evaporate at the potential rate Epot determined by 
the Penman-Monteith method assuming no stomatal resistance. The overflow of the rain 
interception storage reaches the soil storage, while the overflow of the snow interception 
storage reaches the snow storage. Snowmelt out of the snow storage is determined based 
on a temperature index method, and this then flows into the soil storage. For the model 
applications in the USA, however, this snow component is bypassed, and a detailed 
energy balance snowmelt model (MARKS et al. 1999) is instead linked to the water balance 
model, due to the dominance of snow in these catchments. 

The soil storage component represents the upper dynamic soil layer accessible for 
transpiration. The spatial heterogeneity of the soil storage capacity of a hydrologic unit is 
represented by a linear approximation of the distribution function of the areal fractions of 
different storage capacities within the unit. The distribution function for a hydrologic unit 
is estimated from the frequency of values of effective soil storage capacity, which is 
derived from soil porosity and the root depth, for each grid cell falling within the 
hydrologic unit. The soil porosity is estimated from the soil type (texture), and the root 
depth is represented by a seasonal variable, dependent on the vegetation type, assessed 
from literature. An additional adjustment to the slope of the distribution function line, as 
shown in Figure 1, is made based on the topographic index from TOPMODEL (BEVEN & 
KIRKBY 1979). The concept that areas with a high value of the topographic index are more 
likely to become saturated than areas with a low value was represented in this model by a 
steepening or flattening, respectively, of the distribution function line. The amount of the 
steepening or flattening is a linear function of the difference between the hydrologic unit 
topographic index and the catchment average index, and it is regulated by a model 
parameter. The steepening shown in Figure 1 would be for a hydrologic unit with a 
topographic index value higher than the basin average. This steepening increases the 
occurrence of saturated zones within the unit. 

Water movement out of the soil storage can take four different pathways: surface runoff 
RSurf, hypodermic (subsurface) runoff RHyp, percolation and evapotranspiration. The 
determination of surface runoff is demonstrated for a time step t in Figure 1.  
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Fig. 1 Schematic diagram of the main components of the conceptual water balance 

model 
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At the beginning of the time step, the fraction of the saturated area of the hydrologic unit 
is a(t-1). By adding the precipitation and/or snowmelt input of depth SBact(t)-SBact(t-1), 
the fraction of saturated area rises to a(t). The precipitation/snowmelt input that exceeds 
the storage capacity – represented in the figure by the dark area – generates the surface 
runoff. 

The percolation and the hypodermic runoff are determined by nonlinear relationships of 
the soil storage content, analogous to the BROOKS & COREY (1964) formula. The Equation 
for percolation is: 
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where θ  is the actual soil moisture content, resθ is the residual moisture content, satθ  is the 
porosity satK  is the saturated hydraulic conductivity and λ is the Brooks-Corey parameter. 
All of these parameters are estimated from the soil type and are determined for each 
hydrologic unit, whereas CV, CVEX, CH and CHEX are calibration parameters that are 
applied to the entire catchment. 

The evapotranspiration of the soil storage is estimated by the Penman-Monteith model 
parameterised by an adapted MORECS (THOMPSON et al. 1981) scheme. This scheme 
considers vegetation specific seasonal time series of vegetation density, minimum storage 
capacity and roughness length. For the non-saturated area (1-a(t) in Figure 1), the potential 
evapotranspiration is reduced to the actual rate by the method of Minhas adopted by DISSE 
(1995). 

The base flow component is composed of two parallel linear reservoirs. The percolation is 
apportioned to the reservoirs by the parameter BasefDivide. This parameter and the 
storage constants of the reservoirs can be estimated either by the DIFGA method 
(SCHWARZE et al. 1997), by a recession curve analysis, by application of regionalised 
constants based on hydrogeological units or by calibration.  

The sum of the runoff components is routed to the outlet by a geomorphological 
instantaneous unit hydrograph (GIUH) based on the translation-diffusion relation. 

3 Horizontal structure of the model 
The horizontal structure of the model is represented by a combination of the grid and the 
hydrologic unit approaches. The hydrologic unit approach allows a process-oriented 
derivation of the spatial structure based on relevant catchment characteristics.  
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Taking the vertical structure of this model into account, land use (vegetation type) is 
considered to be the most important characteristic. The land use determines the 
interception storage capacity, the vegetation-specific parameters of the evapotranspiration 
model and, by the root depth, the soil storage capacity. Hence, in the first step, the 
catchment is spatially divided into vegetation units. Additional characteristics considered 
to be important are elevation (relevant for snow accumulation and melt processes), aspect 
(relevant for estimating incoming solar radiation) and the effective soil storage capacity. 
Clusters of these continuous variables are generated and laid over the vegetation units. 

In the last step, this hydrologic unit structure is overlaid by a grid to enable the 
representation of the spatial distribution of the meteorological forcing input variables. In 
Figure 2 the application of this horizontal structure to a study catchment, the Nims/Prüm 
basin (~800 km²), is shown, for which a grid resolution of 2 km x 2 km is chosen. In the 
Boise River catchment, a smaller grid resolution, 1 km x 1 km, is being used due to the 
mountainous terrain. The grid size is considered to be large enough to assume that each 
cell is connected to the drainage network, and thus grid cell interactions can be neglected 
at a daily time step. It is also assumed that this resolution is small enough to reflect 
adequately the spatial distribution of the meteorological variables. Figure 2 depicts the 
clustering of grid cells into hydrologic units. 

The spatial distribution of the precipitation and temperature input data is estimated by a 
model of GAREN et al. (1994), which uses the digital elevation model of the catchment and 
a special kriging method for the interpolation of the available station data in space. This 
model provides a reasonable representation of the spatial distribution of precipitation, both 

 
 
Fig. 2 Derivation of the horizontal structure by the combination of the grid and the 

hydrologic unit approaches 
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in the case of local events like showers caused by convective cells and in the case of wide 
spread frontal events. Orographic effects and temperature lapse rates with elevation are 
also accounted for. Solar radiation input data are estimated with the help of physically 
based models (GUL et al. 1998; DUBAYAH et al. 1990). 

The horizontal model structure allows not only the utilization of spatially distributed input 
but also the output of spatially distributed results, e.g. soil moisture maps. These results 
can be used to verify and validate the model structure and parameterization. 

4 Verification of the model structure and parameterization 
This model has been successfully applied to mesoscale midelevation mountainous 
catchments; Figure 3 gives an example of simulation results for the Kirchenhausen 
catchment, a subcatchment of the Upper Danube basin. This success, however, only refers 
to the satisfactory reproduction of the observed hydrograph, which is not a sufficient 
validation criterion of the physical correctness of model structure and its parameterization 
because only limited information about the system is contained in the integrated system 
response (BEVEN 1996). Also, the estimation of calibration parameters is known to be 
uncertain, as different sets of parameter values often can provide similar results (e.g. 
UHLENBROOK et al. 1999). Thus, many assumptions regarding the model structure and its 
parameterization remain unproven. 

To validate the model, a combination of the multi-site (REFSGAARD 1997) and the multi-
criteria approaches is proposed. Field measurements and tracer experiments can provide 
valuable information regarding the relevance of catchment characteristics to hydrologic 
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Fig. 3 Simulation results for Kirchenhausen catchment (~770 km²) for two years. 
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processes. For example, the continuous monitoring of soil moisture profiles of hillslope 
transects with different vegetation types could be used to verify the soil moisture model 
component. A qualitative comparison of the results of the field measurements with the 
model results for specific hydrologic units will, for example, show whether the differences 
between them regarding the soil moisture dynamics are adequately represented by the 
model. It will also show if the horizontal structure based on vegetation classes is 
meaningful at all. Other spatial subdivisions, such as by utilization of topography, soil 
classes etc., could be judged likewise. 

One main problem in the analysis and interpretation of these data will be the extrapolation 
of the local measurements to the respective hydrologic units and to the whole catchment. 
Additional short-term field campaigns at selected locations can provide the basis for a 
regionalization by a multivariate statistical approach. The spatially distributed model 
results can support the selection of suitable sites by showing the spatial variability and its 
relation to catchment characteristics. Tracer experiments offer opportunities to determine 
the relative roles of soil and groundwater. Through measurement and analysis of residence 
times, the dominant runoff components can be identified and quantified. Thus, among 
others, an evaluation and, if necessary, a new interpretation of the base flow components 
determined by DIFGA becomes feasible (MEHLHORN 1998). 

It is planned to carry out the described investigations, among others, within a joint 
research project of several institutes financed by the Deutsche Forschungsgemeinschaft. 
One part of the project will be carried out by the Institute of Hydrology and Water 
Management and the Institute of Geography at the Ruhr-University Bochum. The study 
catchments are located in the midrange mountain Sauerland region, subcatchments of the 
Ruhr River. 

5 Conclusions 
The model described here is an attempt to accomplish several goals in improving 
hydrologic modelling at the mesoscale. By incorporating spatial data and GIS techniques, 
the physical basis of hydrologic process descriptions is improved while at the same time 
reducing the number of calibration parameters. As output, not only can streamflow be 
predicted, but also spatial fields of many hydrologically relevant variables can be 
displayed. This poses new challenges in model verification, however, and new techniques 
involving field measurements and tracer experiments will need to be developed and 
carried out. 
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Abstract 

Conceptual rainfall-runoff model structures suffer from a lack of parameter identifiability. 
The result is ambiguity in estimated parameter values, which in turn is propagated as 
uncertainties into model predictions. It has been suggested that the improved use of 
information in available time-series could lead to improved parameter identifiability. It is 
possible to derive a dynamic identifiability measure using an extension of the Regional 
Sensitivity Analysis. The paper describes this approach and shows how the identifiability 
of model parameters varies with the response mode of the system, and hence how parts of 
the observed response can be associated with dominant components of the model 
structure. This information can form the basis of a multiple-objective calibration, resulting 
in reduced parameter and prediction uncertainty. 

1 Introduction 
Conceptual rainfall-runoff modelling is based on the idea that a physical system can be 
represented by a combination of linked storage reservoirs. Parameters describing these 
conceptual models mainly represent two aspects: (a) the size of the reservoirs, either due 
to a residence time, a threshold value, or both; and (b) the distribution of the flow between 
the various reservoirs. Conceptual parameters therefore usually refer to a collection of 
aggregated processes (VAN STRATEN & KEESMAN 1991). This implies that the 
characteristics of the conceptual model, i.e. its parameters, are not directly related to 
catchment properties and therefore cannot be measured in the field. They have to be 
estimated in a calibration procedure using measurements of the system’s input and output 
variables. The aim of this parameter estimation procedure is to find the parameter set that 
minimises the difference between modelled and observed output where the difference 
between the two output time series is often measured using an 'objective function'. This is 
typically accompanied by visual inspection of calculated and observed hydrographs. 

A major problem in the calibration process is the fact that different parameter sets, often 
distributed over a wide range in the feasible parameter space, yield equally good results in 
terms of a predefined objective function (FREER et al. 1996). While this lack of 
identifiability usually does not significantly affect actual prediction accuracy, it has a 
serious impact on parameter and predictive uncertainty, and therefore limits the 
applicability of the model. 

Recently the efficiency of single index objective functions has been questioned (see for 
example, GUPTA et al. 1998; BOYLE et al. 2000). Expressing the goodness of fit in a single 
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value ignores the fact that various parameter sets fit parts of the hydrograph differently 
and that the importance of different parameters, and therefore model components, in 
reproducing certain system response modes changes over time. This information, which 
could otherwise be used to distinguish between the parameter sets, is often lost if a single 
objective function is used. For example, BOYLE et al. (2000) show that parameter sets, 
yielding almost identical Root Mean Squared Error values when the residuals over the 
whole calibration period are considered, reveal considerable differences when their 
performance during different response modes is analysed. 

An approach is described here, which allows the estimation of parameter identifiability in 
time. This enables the location of periods where certain parameters, and therefore model 
components, are of particular importance. This results in improved understanding of the 
working of the model and can lead to a subsequent reduction of prediction uncertainty, 
both through the development of parsimonious models, and by guiding the specification of 
multiple-objectives for use in a multi-objective calibration procedure. 

2 Data and model structure used 
The river selected for this study is the Lower Medway at Teston (1256.1 km2) located in 
South Eastern England. Almost seven years (01/01/89 - 30/09/96) of data (daily 
naturalised flows, precipitation, and potential evapotranspiration) are used to calibrate the 
model. The Medway catchment is characterised by a mixture of permeable (chalk) and 
impermeable (clay) geologies subject to a temperate climate with an annual rainfall of 772 
mm and an annual PE of 663 mm (1989-96). 

 
The Rainfall-Runoff Modelling Toolbox (RRMT) and the Monte-Carlo Analysis Toolbox 
(MCAT) are used for calculation and visualisation of results (WAGENER et al. 2000a). The 
RRMT is a generic modelling shell allowing its user to implement different model 
structures of lumped, conceptual or hybrid metric-conceptual type. The structure selected 
here is a combination of a Penman type loss function (PENMAN 1949) and a parallel 
routing structure of two linear conceptual reservoirs to represent quick and slow 
catchment response (Fig. 1). This simple structure is chosen for demonstration purposes 

only and contains five parameters in total. The 
Penman model has two parameters, the size of 
the near surface store, defined by a root constant 
S, plus an additional 25 mm to allow for capillary 
rise, and a bypass parameter that deviates part of 
the incoming rainfall directly from the soil 
moisture store to produce effective rainfall. The 
near surface store is connected by an overflow 
mechanism to the lower store. Additional 
effective rainfall is produced through overflow of 
the lower store. Evapotranspiration takes place at 
the potential rate from the near surface store. It 
reduces to 1/12 of the potential rate for the lower 
store. The routing component has a parameter 

 
 
 
 
 
 
 
 
 
 
Fig. 1 The model structure used 
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α  that splits the effective rainfall into quick and slow response. The remaining two 
parameters are the residence times of the two linear reservoirs. 

3 Identifiability and multiple objective functions 
Assuming a model of the following form, 

 

),|()|(ˆ θθ xtgty =          (1) 

where x  is a matrix of system inputs, t  is the time step, θ  is a parameter vector, )(g ⋅  is a 
collection of functions, and ŷ  is the simulated system response at time step t  using 
parameter set θ . The aim of the calibration procedure is then to estimate the parameter set 
θ . However, the set can only be uniquely located within the parameter space, i.e. it is only 
globally identifiable, if it yields a unique response vector (KLEISSEN 1990). The response 
produced by a parameter set is typically measured by the residuals it produces, i.e. the 
distance between calculated and observed hydrograph, which is calculated as follows, 

 

)|(ˆ)()|( θθε tytyt −=         (2) 

The residual vector is then usually aggregated into a single value if an automatic search 
algorithm is utilised. The algorithm’s task is to make the 'size' of this value as small (or 
big, depending on the definition) as possible by adjusting the parameter vector θ . 

A common objective function in hydrological applications is the Root Mean Squared 
Error (RMSE) where N  is the number of time steps available. 
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However, using these type of objective functions can lead to a biased performance that is 
not acceptable to hydrologists (BOYLE et al. 2000). Too much emphasis is put on fitting 
certain aspects of the hydrograph, e.g. the peaks when using the RMSE due to the use of 
squared residuals, and this can lead to a loss of information about parameters that are less 
important in representing this response mode (e.g. DUNNE 1999, BOYLE et al. 2000, 
WAGENER et al. 2000a). A number of researchers have tried to avoid this problem by 
partitioning the continuous output time series, in order to specify multiple objective 
functions measuring the model performance during different response periods, therefore 
increasing the amount of information retrieved from the residuals (e.g. WHEATER et al. 
1986, BOYLE et al. 2000 etc.). Partitioning schemes proposed for hydrological time series 
include those based on: (a) experience with a certain model structure (e.g. the Birkenes 
model structure in the case of WHEATER et al. 1986), i.e. different periods of the 
streamflow time series are selected based on the modellers' judgement to estimate 
individual parameters using a local search algorithm. This approach is similar to the first 
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level of sophisticated manual calibration schemes where the most important parameters 
are tuned to fit certain aspects of the hydrograph before interactions with other parameters 
are considered (BOYLE et al. 2000); (b) hydrological understanding, i.e. the separation of 
different catchment response modes through a segmentation procedure based on the 
hydrologists perception of the hydrological system (e.g. DUNNE, 1999, BOYLE et al. 2000, 
WAGENER et al. 2000a). For example, BOYLE et al. (2000) propose hydrograph 
segmentation into periods 'driven' by rainfall, and periods of drainage for a semi-arid 
catchment. The drainage periods were further subdivided into periods of quick and slow 
drainage by a simple threshold value. This allows the estimation of the models' 
performance in greater detail and it was shown that a popular complex (13 parameters) 
conceptual model was not able to fit all aspects of the hydrograph with a single parameter 
set, indicating the presence of structural error; (c) parameter sensitivity (e.g. KLEISSEN 
1990; WAGNER & HARVEY 1997), where it is assumed that informative data for parameter 
estimation are in general those data that exhibit a high sensitivity to the model parameters 
(WAGNER & HARVEY 1997). KLEISSEN (1990) developed an optimisation procedure that 
involves the calculation of the sensitivity of each parameter (around a current best 
estimate) in time. Only data segments during which the parameter shows a high degree of 
sensitivity are included in the local optimisation algorithm; (d) similar characteristics in 
the data derived from cluster analysis (e.g. BOOGAARD et al. 1998). 

4 Dynamic identifiability analysis 

A different approach to identifying periods of 
higher identifiability for individual parameters 
is proposed here. It is an extension to a popular 
method of estimating the sensitivity of the 
model output to changes in the parameter 
values called Regional Sensitivity Analysis 
(RSA; SPEAR & HORNBERGER 1980). The basis 
of the approach is an investigation of whether 
the parameter distribution changes when it is 
conditioned on a measure of performance, e.g. 
an objective function. Deviations from the 
initial uniform distribution, and differences 
between those parts of the distribution 
performing well and poorly, indicate sensitivity 
of the model response to changes in the 
parameter. The approach is extended to produce 
a new method of assessing the identifiability of 
different parameters. A Monte-Carlo import-
ance-sampling procedure based on a uniform 
prior distribution is used to examine the 
feasible parameter space. The calculated 
objective function associated with each para-
meter set is transformed into a likelihood 
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measure, i.e. the measures sum to unity and a higher value indicates a better performing 
model (Fig. 2). The best performing models (e.g. top 10 %) are selected and their 
cumulative distribution is calculated. A parameter that is poorly identified is indicated by 
a straight line, i.e. its values are widely distributed over the feasible range. Deviations 
from this straight line indicate that the parameter is conditioned by the objective function 
used. The gradient of the line is therefore an indicator of how strong the conditioning, and 
therefore how identifiable the parameter is. Segmenting the range of each parameter (e.g. 
into 20 containers) and calculating the gradient in each container leads to the (schematic) 
distribution shown in Figure 2d. The highest value (also indicated by the darkest colour) 
indicates the area of greatest identifiability of the parameter. 

Calculating the identifiability at every time step by using the residuals for a number of 
time steps before and after the point considered, i.e. a moving window approach, allows 
the investigation of the relationship between the response modes of the hydrological 
system and the identifiability of the different parameters (Fig. 2e). The number of time 
steps considered is dependent upon the length of the period over which the parameter is 
influential. For example, investigation of the slow response linear store residence time 
parameter requires a wider moving window. The results are plotted for each parameter 
versus time where a darker colour indicates areas, in parameter space and time, of higher 
identifiability. It should be noted that this approach only assesses the univariate marginal 
distribution and does not account for parameter dependence. However, this can be 
estimated by the detailed investigation of the response surface or the variance-covariance 
matrix (e.g. WHEATER et al. 1986). 

Returning to the application example, the identifiability of the bypass parameter of the 
Penman model for a period of two years is shown in Figure 3. This parameter determines 
how much of the incoming rainfall is directly contributing to the effective rainfall. This 
represents effects such as macropore flow or infiltration excess overland flow leading to a 
rapid contribution to runoff or groundwater recharge (RUSHTON & WARD 1979). The 
dynamic identifiability analysis results show that low values of this parameter are 
especially important at the end of the summer, since rainfall events taking place in this 
period produce only small variations in the observed streamflow due to the dryness of the 
catchment. This information can then be utilised within a multiple-objective calibration 
framework by defining an objective function based on the selected periods shown, 
resulting in a better-identified model that will lead to more certain predictions. 

5 Conclusions 
Recent research has shown that improved use of available information is one possible 
direction towards reducing the problem of poorly identified parameters, and hence 
prediction uncertainty. The limited example presented here demonstrates how the 
identifiability of conceptual model parameters varies with time and shows peaks during 
certain response modes. The proposed approach links segments of the observed flow time-
series to parameters or model components. These segments can then be used to define 
multiple objective functions to be used in a search algorithm and to investigate the trade-
off in fit between different response periods, thereby identifying deficiencies in the model 
structure.  
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An initial investigation presented in WAGENER et al. (2000b) shows how the combined use 
of different objective functions can also lead to a reduction of predictive uncertainty due to 
the better-identified parameters. 
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Abstract 

Managing a catchment for drinking water supply with a high aerial amount of agricultural 
land use is a difficult task if one must maintain balance between water quality and 
restrictions on farming. In this paper we present a neural net based method for finding 
good approximations to solutions of this problem. The method allows us to not only 
simulate land use scenarios like hydrologic models do, but also to search systematically 
for land use scenarios that fulfill certain desired properties without concern for the 
complexity of combinational optimization. 

1 Introduction 
In regions with little ground water major sources of drinking water are reservoirs. Before 
Germany was reunited, reservoirs in the eastern part were often built without concern for 
local land use. Reservoirs were even established in catchments that were mostly used for 
agriculture. As a consequence, a water quality problem results which can be traced back to 
two main influences: diffuse nutrient leaching from farmland on the one hand, and 
untreated or inadequately clarified settlement waste water on the other. In order to solve 
this problem, novel catchment management strategies must be developed.  

A typical reservoir exhibiting this problem is the dam system Weida-Zeulenroda-Lössau 
sited in eastern Thuringia (a federal state of Germany) that is managed by the Thuringian 
reservoir administration (TTV). It is surrounded by an agriculturally intensive catchment 
area (according to ARBEITSGEMEINSCHAFT TRINKWASSER-TALSPERREN E.V. 2000 two 
thirds of the area). 

At the moment the diffuse nitrogen input from agricultural areas is counteracted by parcel-
specific measures. These include land use restrictions based on legal rules and individual 
contracts between the TTV and the farmers. Land use restrictions are required to be 
compensated financially. The TTV has only a limited annual budget for compensation 
payments and is therefore interested to make the best use of these funds. They therefore 
want to exercise restrictions only where it is necessary and want to be sure that the farmers 
follow the laws and the individual contracts. 

The TTV supervises land use restrictions with the help of the following procedures: 

1. Questioning of the farmers about the land use management of the single parcels 
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2. Nmin analyses of the single parcels 

3. Measurement of the nitrogen concentration and the water amount at the main 
inflow of the Zeulenroda reservoir 

N-balances are derived from the farmers’ reports and compared with the Nmin-analyses. 
The significance of the Nmin- analyses is low because only five samples are taken per 
parcel (regardless of its size) and only once per year (cf. THRES et al. 1998). A further 
difficulty is the fact that gauge measurements at the main inflow only allow statements 
about its catchment area and not about specific parcels. In addition these procedures only 
allow an evaluation of land use as a whole and at a certain point in time. As a 
consequence, an inspection of the efficiency of individual measures on different parcels is 
hardly possible. Therefore it is very difficult to derive forecasts for alternative land use 
practices from past land use data. 

2 The IWES project 
In order to find a solution to this management problem a research project was initiated in 
cooperation between the TTV and the University of Jena (Germany). The goal of this 
project is the development of an integrated decision support system for watershed 
management (IWES – Integriertes wasserwirtschaftliches Entscheidungs – Unterstütz-
ungssystem). The task of the planned system is the support of TTV managers who are 
responsible for the generation of land use scenarios. This support should ensure that only 
land use scenarios characterized by the following properties are generated: 

1. Minimization of the nitrogen concentration in the reservoir in order to 

• Observe the legal boundary values for nitrogen concentrations 

• Reduce the expenditures for the management of the water body of the reservoir 

2. Minimization of the payments to the farmers 

The generation of land use scenarios that fulfill both goals equally well can be understood 
as an optimization problem. Due to the enormous range of the parameters that must be 
considered this is a very difficult problem whose exact solution is intractable in practice. 
We will therefore present a procedure that finds good approximations to the optimal 
solutions. 

Such a procedure cannot be built without knowledge about the relationship between the 
parcel-specific land use on the one hand and the nitrogen concentration in the reservoir on 
the other. For the computation of this relationship the water and nitrogen modelling tool 
WASMOD (WAter and Substance simulation MODel, REICHE 1996) is used. Since the 
measures for nitrogen reduction are applied on single agricultural parcels the model must 
not only operate on the catchment but also on the plot level. WASMOD can do both of 
these simultaneously. It allows us to describe the nitrogen discharge as a function of soil, 
relief, land use and climate. An application of WASMOD presumes that GIS-layers of 
soil, relief, land use, river network, subcatchments and relief units (slopes, sinks and 
plains) are unified to smallest common geometries. Using a DEM, the discharge of each 
parcel is routed over the neighbour parcels down to the receiving stream and is then input 
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into the reservoir. Since WASMOD is able to directly model physical processes it is 
especially suited for the simulation and evaluation of land use and climatic scenarios. 

3 The investigation area 
The catchments of the dams Weida, Zeulenroda and Lössau are located in the Thuringian 
Slate Mountains and has an area of about 249 km². A watershed separates the area. The 
dams Zeulenroda and Weida drain over the river Weida into the river Weisse Elster, and 
the dam Lössau drains over the river Wisenta into the river Saale. The dam Lössau is 
attached over an adjustable transition duct to the catchment area of the dams Weida and 
Zeulenroda. This combines the two catchments into a single one. The altitude in this 
catchment varies between 270 and 650 m over NN. Due to the rain shadow of the 
Thuringian forest the precipitation is relatively low (approx. 640 mm/a). This also holds 
for the annual average temperature (< 7°C). The geology is dominated by clay shists and 
eruptive rocks. The soils developed from this bedrock range from shallow rankers to well 
developed cambisols and fluvisols in the river valleys. The predominant part of the area is 
used for agriculture (67 %) and forestry (27,5 %). Settlements and traffic areas comprise 
5,2 % and water areas cover about 0,3 % (numbers for catchment area Zeulenroda, 
THÜRINGER TALSPERRENVERWALTUNG 1999). 

4 The optimization problem 
In order to exert influence on the nitrogen balance of the reservoir, the TTV attempts to 
restrict the land use in the catchment area in a way that ensures that the amount of nitrogen 
from agricultural areas that ends up in the reservoir is minimized. As mentioned above, 
these restrictions often involve compensation payments. Restrictions must therefore be 
exercised in a way that maximizes use with minimal costs. For this reason a procedure that 
can rate the specific parcels according to their relevance for the nitrogen balance of the 
reservoir is at the heart of our proposed decision support system. 

A procedure often applied in practice is characterized by the creation of reasonable land 
use scenarios that can be enforced with the available financial means. The intention of this 
strategy is to find the scenario that causes a minimum total nitrogen input into the 
reservoir. For a given configuration of land use on the specific parcels this input is 
estimated with the help of hydrological modelling. The number of scenarios that must be 
examined of course is very large. Additionally modern hydrologic models are so fine 
grained that it is hardly possible to consider all interesting scenarios allowed by these 
models. We therefore developed a procedure that does not attempt to always find exact 
solutions to this optimization problem. Its primary goal is to find very good 
approximations to the exact solutions. 
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5 The neural network approach 
Our optimization procedure uses neural networks (GALLANT 1995) to do its job. Neural 
networks consist of simple autonomous processing units (neurons) that are joined by 
directed communication paths (edges). Each edge is parametrized with a numeric value 
(weight) that specifies the strength of the connection between the connected neurons and 
thus the ability to pass signals. A so-called activation function is assigned to each neuron 
enabling it to calculate an output signal dependent on signals received over incoming 
edges. This output is then propagated to the neighboring neurons. A neural net can 
therefore be seen as a machine that computes a function characterized by a possibly large 
set of parameters (represented by the weights). There are learning algorithms that can fine 
tune the parameters of a given neural net such that the function computed by this net 
approximates a given function as well as possible. Neural nets are therefore especially 
suited to solve hard optimization problems. 

5.1 Representing the catchment 
We use a multilayer perceptron network (MLP) to represent the catchment. It possesses 
one neuron in the input layer and one neuron in the output layer. The catchment outlet is 
represented by the output neuron. The remaining neurons represent the catchment area in 
the following way: 

1. Each parcel is represented by a unique (parcel) neuron. 

2. For each hydraulic linkage between two parcels there is an edge between the 
neurons representing the parcels. 

3. For each hydraulic linkage between a parcel and the catchment there is an edge 
between the corresponding neurons. 

4. The input neuron is connected to all neurons except the output neuron. 

The following hydraulic linkages are represented by edges in the network: 

1. Surface runoff and interflow between parcels (class E1) 

2. Groundwater discharge of the parcels into the catchment outlet (class E2) 

3. Surface runoff and interflow from the parcels into the catchment outlet (class E3). 

The edges from the input neuron to parcel neurons represent external nitrogen inputs 
(fertilization etc.) that are dependent on the current land use management of the parcels 
(class E4).  

In order to determine the activation function of each parcel neuron sampling points of the 
nitrogen discharge function for the parcel are calculated by WASMOD. The discharge 
function has the following properties: 

1. It maps the amount of nitrogen that is applied to the parcel to the amount of 
nitrogen delivered from the parcel. 

2. It takes into account all further location-specific characteristics of the parcel that 
are modelled with WASMOD. 
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The sampling points form the basis for a linear regression that is used to approximate the 
activation function of the neuron representing the parcel. The input and output neuron are 
assigned the identity function as activation function since they just have to transmit 
incoming data. 

The weights at the outgoing edges of the input neuron (class E4) correspond to the 
nitrogen input that is supplied to the parcels (e.g. by fertilization). They are the parameters 
that will have to be optimized later. 

The weights of the outgoing edges of the remaining neurons are computed with the help of 
WASMOD. They reflect the relevance of the discharge components of the source parcel 
for the target and thus the proportions of the transmitted nitrogen quantities. 

Figure 1 shows a network that was computed from the data of a catchment area with 762 
parcels. In order to simplify the picture, only edges of the class E1 are shown. As can be 
seen, the spatial topology of the catchment is maintained in the net. 

5.2 Solving the optimisation problem 
The network representing the catchment area can be seen as a restriction of the WASMOD 
model. It can perform the same simulations of land use scenarios as WASMOD: after a 
value of 1 is applied to the input neuron and propagated through the net, the activation of 
the output neuron corresponds to the amount of nitrogen which is introduced into the 
catchment outlet from the entire catchment area. In this process the specific land use 
scenario is represented by the parameters of the edges connecting the input neuron to the 
parcel neurons, i.e. the fertilization prescriptions for the individual parcels. 

Contrary to WASMOD, our neural net representation of the catchment is able not only to 
simulate land use scenarios but also to systematically search for land use scenarios that 
have certain desired properties. This search is performed with a modified backpropagation 
procedure. Backpropagtion (RUMELHART et al. 1986) is a neural net learning method that 
attempts to determine the parameters of a neural net in such a way that a given (failure) 
function on the output neurons of the net is minimized. 

The failure function in our case is given as a function of the nitrogen input in the reservoir 
and of the costs involved by the restrictions that the TTV imposes on the land use (e.g. the 
compensation payments for fertilization reductions). This failure is then used to compute a 
change in the parameters of the neural net (in our case just the parameters that describe the 
connections from the input neuron to the parcel neurons, class E4), i.e. a change in the 
land use scenario the optimization was started with. This process is executed repeatedly 
until the failure is sufficiently small.  

The backpropagation procedure ensures that at the end of the optimization the external 
nitrogen inputs (i.e. the fertilization actions) are reduced especially on those parcels with a 
high relevance for the nitrogen load of the catchment outlet. Thus the financial means for 
the enforcement of fertilizations of irrelevant parcels can be used more purposefully.  
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6 Conclusion 
We have presented a new approach for the optimisation of a given land use scenario for a 
catchment nitrogen input. Our approach includes the transformation of a complex 
hydrological model into a neural network. This neural network is a computational model 
representing the relationship between the nitrogen input resulting from the land use 
scenario to the nitrogen output into the catchment outlet. Contrary to classical 
hydrological models this neural net can be used to tractably search for good land use 
scenarios. Early experiments indicate that a suitably designed neural network learning 
procedure will find near optimal solutions to the problem if the starting land use scenario 
is reasonable. We therefore expect the presented optimisation procedure to be an 
important step towards an integrated computer based decision support system for 
watershed management. 
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Fig. 1 Neural Network − derived from the topology of a catchment area 
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Abstract 

Individual hydrological processes are included in the 1-dimensional land-surface scheme 
SEWAB (Surface Energy and Water Balance) to simulate runoff generation on a range of 
spatial and temporal scales. For macroscale hydrological studies SEWAB is linked to a 
horizontal routing scheme that describes the transport of locally generated runoff into river 
systems and along the river channel network. The implementation of the macroscale 
hydrological model SEROS (SEWAB linked to a Routing Scheme) to the Odra drainage 
basin is described. The model is calibrated for a two year period. Simulated and observed 
streamflow at various gauging stations show a good agreement. The topographic 
homogeneity and small size of a catchment in Ireland allow a direct comparison of the 
simulated runoff with streamflow data. The hydrograph is characterized by an immediate 
response to individual rainfall events. This behaviour is simulated by explicitly including 
the ponding and infiltration process for surface runoff generation. 

1 Introduction 
The representation of individual hydrological processes is a common weakness of land-
surface schemes (LSS) in atmospheric models. Ponding and infiltration, 
evapotranspiration, drainage, soil water storage and runoff generation are non-linear, 
spatially variable processes that are difficult to parameterize for the wide range of grid-
scales of atmospheric models. From an analysis of the surface water balance of a number 
of LSS, KOSTER & MILLY (1997) conclude that even a complex description of the 
evapotranspiration process does not ensure realistic evaporation rates if the formulation of 
runoff in an LSS is poor. In atmospheric LSS evapotranspiration is usually parameterized 
with much more complexity than runoff generation.  

This paper reports on the inclusion of individual hydrological processes in the atmospheric 
LSS SEWAB (MENGELKAMP et al. 1999) with emphasis on runoff generation. Runoff is a 
relevant variable mainly for two reasons. First, its intensity and phasing in time and space 
are important for purposes such as flood forecasting and freshwater inflow into the oceans. 
Second, runoff forms streamflow that is accurately measured at gauging stations in river 
systems and can serve as a parameter to calibrate and verify the parameterization of 
hydrological processes in LSS.  
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2 Model concept 

2.1 The land-surface scheme SEWAB  
The one-dimensional land-surface scheme SEWAB solves the coupled system of the sur-
face energy and water balance Equations considering partly vegetated surfaces. It is based 
on the so-called one-layer concept for vegetation cover. Precipitation is partitioned into 
evapotranspiration, runoff and soil moisture storage. Within the soil column (Fig. 1) the 
vertical diffusion Equations for temperature and soil moisture are solved semi-implicitly at 
a variable number of layers. Surface runoff generation is alternatively described by the 
saturation excess runoff approach, the variable infiltration capacity approach (WOOD et al. 
1992) and the infiltration excess runoff approach including ponding (MAHRT & PAN 
1984). A linear increasing outflow from field capacity to saturation or the saturation ex-
cess approach is applied for subsurface layers. Linear groundwater storages with a slow 
and fast component are attached to account for the contribution of baseflow to runoff. 
These storages are filled by free drainage flow from the lowest soil layer. The infiltration 
is described separately for micro- and macropores. A depth dependent saturation hydraulic 
conductivity Kηs is included after BEVEN (1984) to account for varying soil density. The 
process of a water table rise may be accounted for when the groundwater level is close to 
the surface. All processes are optional and are subject to calibration according to the tem-
poral and spatial scale of the simulation area, the precipitation regime and soil charac-
teristics.  

2.2 The routing scheme 
When SEWAB is applied to 
larger catchments, they are 
overlaid by an equidistant grid, 
e.g. of an atmospheric model. 
Runoff calculated from each 
grid box is the input to the hyd-
rological model of LOHMANN 
et al. (1996) that consists of 
two parts. The first part des-
cribes the time for runoff to 
reach the outlet of a grid box 
and the water transport within 
the river network. The basic 
assumption is that all horizon-
tal routing processes are linear 
and time invariant. The time 
locally generated runoff needs 
to reach the outlet of a grid cell 
is characterized by an impulse 
response function. The second 
part is a river routing model 
based on the linearized St-Ven-
ant Equ. describing the trans-
port within a river network.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1 Hydrological components of the 

land-surface scheme SEWAB. 
The letters a, b and c represent 
overland surface runoff, sub-
surface runoff and baseflow, 
respectively 

baseflow
slow component

fast component

infiltration

KηS

precipitation evapotranspiration
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diffusion

water table
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3 Runoff from a small catchment in Ireland 
A one-year data set from a very small grassland catchment (14.5 ha) in Ireland was used to 
compare simulated runoff with streamflow in a creek that originates exclusively from the 
slightly sloped discharge area. The area is relatively homogeneous with regard to 
vegetation cover, soil type and atmospheric forcing. To compare simulated runoff and 
measured streamflow no routing scheme is required but the local runoff generation 
processes in the land-surface scheme need to be calibrated.  

The annual evapotranspiration is simulated to 388 kg m-2 that results in a total runoff of 
1208 kg m-2 given the precipitation of 1617 kg m-2 as input. The change in soil moisture 
storage amounts to 21 kg m-2. The observed total runoff is 1239 kg m-2. From the 
coincidence of the observed and simulated runoff it is concluded that the parameters for 
evapotranspiration are chosen reasonably. The temporal variation of the baseflow was 
calibrated by varying the delay constant for the slow and fast baseflow component 
storages and the partitioning between them. Delay times of 0.3 days and 4 days, 
respectively, and a partitioning factor of 0.5 describe the baseflow well. A particular 
characteristic of the hydrograph is the immediate response of surface runoff to single 
precipitation events (Fig. 2). This process is simulated by explicitly describing ponding 
and infiltration. The model performs well for most of the year with the peaks of stream 
runoff being modelled accurately. A period of less agreement in January 1998 is 
associated with very cold air masses and probably frozen ground. 

4 Distributed hydrological modelling over the Odra drainage 
basin 

The data set for calibrating the combined model system of SEWAB and the routing 
scheme for the Odra drainage basin comprises streamflow data from 26 gauging stations 
and precipitation from 350 rain gauges for the two-year period 1992 - 1993. The 
atmospheric forcing data are taken from 30 synoptic stations. Precipitation data and 
forcing variables are interpolated onto an equidistant grid of 18 km mesh size (Fig. 3). A 
river channel network is set up assuming that the water is transported unidirectionally in 
between the grid boxes. 

SEWAB is run on a half-hourly time step over the two year period for each grid box 
independently. A simple degree-day snowmelt approach accounted for snow processes. 
The routing scheme is applied on the daily sums of runoff in each grid box.  

Observed and simulated streamflow are shown for the gauging stations Gubin, 
representing a small catchment of 3974 km2 size, and Gozdowice for the entire Odra 
drainage basin (Fig. 4). Both hydrographs are dominated by peaks due to spring snowmelt 
processes. While there is good agreement between simulated and observed streamflow at 
the Gubin station, the peak values are overestimated for Gozdowice. Reservoir 
management influences the Odra discharge in large parts of the basin. Particularly during 
the spring snowmelt period retention of water in reservoirs reduces the natural streamflow. 
Three periods of heavier rainfall in the second half of 1993 are clearly reflected in the 
hydrograph for Gubin but show only a relatively minor effect for the whole drainage 
basin. 
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Fig. 3 The Odra drainage basin overlaid by an equidistant grid of 18 km mesh size. 

The dots indicate locations of gauging stations 
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Fig. 2 Time series of simulated and observed runoff and precipitation (top axis) 

for the period July 1, 1997 to June 30, 1998 from the Irish field site 
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Fig. 4 Daily averages of the observed (solid) and simulated (dotted) streamflow at 

the gauging stations Gubin (river Nysa Lucycka) and Gozdowice (river Odra) 
for the time period 1992-1993. Note the different scaling for streamflow 

5 Conclusions 
Inclusion of the ponding process for surface runoff generation into SEWAB was necessary 
to accurately simulate the discharge from a small catchment in Ireland that shows an 
immediate response to single precipitation events. For streamflow simulations in the entire 
Odra basin a gridded horizontal routing scheme was coupled to SEWAB in order to 
describe the flow inside the river channel system. The studies should be considered a first 
attempt to include land-surface hydrological processes in an atmospheric land-surface 
scheme for studies of the water and energy cycle in the climate system. Compared to 
operational hydrological models for river management purposes (GRAHAM et al. 2000) 
SEWAB is suitable for coupling to atmospheric circulation models. It includes all 
components of the surface energy and water balance and accounts for their non-linear 
feedback to the atmosphere. Corresponding to atmospheric models, it is applicable on a 
regular horizontal grid and allows time steps from minutes to days. 
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Abstract 

There is a great need to establish interoperable computing techniques for water quality 
management on a catchment scale by coupling sophisticated data management, 
Geographic Information Systems, and the capability of spatially distributed hydrologic 
models to understand, predict and present complex hydrologic and solute flow systems. In 
this study the client-server based database management system (DBMS) Oracle8, the GIS 
program Arc/Info and the solute model WASMOD were combined to explain and predict 
hydrochemical runoff generation in a typical middle altitude mountainous area in 
Germany.  

This modeling tool achieves the predictive simulation of regional process-oriented water 
and nutrient catchment response on the basis of spatially distributed chemical response 
units (CHRUs).  

1 Introduction and objectives 
Characterizing, analyzing and modeling these hydrochemical catchment dynamics implies 
dealing with the following challenges: 

(a) Upscaling point measurements to a regional, spatial distribution. 

(b) Determining the spatial dynamics of nonpoint sources, their relation to catchment 
management and their translocation processes to the catchment outlet. 

The importance of these different processes varies in time and space and is highly 
dependent on various physiographic factors such as precipitation, topography, soils, 
geology and land use (FLÜGEL 1995). 

The use of spatially distributed units as modeling entities for discretization and 
parameterization in hydrological science has been well introduced. The delineation 
process of these units is based on various procedures including geostatistical 
(hydroecotopes, e.g. BECKER 1995), rule based (FLABs, e.g. ZIMMERMANN et al. 2000) or 
knowledge and process-oriented (HRUs, e.g. FLÜGEL 1995) methods at different spatial 
scales.  
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In this study, the concept of model based, scale independent‚ Chemical Response Units 
(CHRUs), defined as process-oriented areas having a unique or similar hydrochemical 
dynamic by composing the three-dimensional catchment heterogeneity are used (this 
sentence is unclear): 

(a) To investigate factors controlling the hydrochemical outlet dynamics. 

(b) To comprehensively represent scale of regional water and nitrogen turnover dynamics 
in typical middle altitude mountain range areas. 

Thus field studies and interoperable computing techniques such as the DBMS Oracle, the 
GIS Arc/Info and the solute model WASMOD (REICHE 1991) were integrated. The 
approach was applied to the 2853 km² Sieg River basin, Germany. The Broel River 
subcatchment (A = 215 km²) was selected as a case study. Modeling results were used to 
delineate regional process-oriented spatially distributed Chemical Response Units 
(CHRUs) according to KERN & STEDNICK (1993) and BENDE (1997). 

2 Materials and methods 

2.1 Study area 
The macro scale catchment of the River Sieg (A = 2853 km2) is located on the northern 
boundary of the middle mountain range of the Rhenish Slatemountains, Germany, about 
50 km east of Bonn (Fig.1). The climate is oceanic with mean annual temperature of 8 °C 
and annual precipitation ranging from 950 mm to 1300 mm. Evapotranspiration adds up to 
about 60 % of the annual precipitation and the runoff is clearly dominated by interflow 
dynamics appearing as lateral flow along the bedrock of the shallow hillslopes. 

 
Fig. 1 Location of the Sieg River catchment 
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The catchment is underlain by impermeable Devonian shale. Therefore losses of water to 
deep percolation are negligible. Native soil-series developed with brown soils and soils 
lessivé on the hillslope (partially eroded) as well as on the upper peneplain. Gleysoils are 
found on plains and fluvisols on the valley floor. The soils are largely comprised (up to 90 
%) of homogeneous silty loam. 

Given the natural conditions, the predominant land use besides settlements and forests is 
pasture and mown grass and hay meadows. Arable production (corn, winter grain) is for 
fodder purposes only; thus the arable area is small. The annual average amount of 
fertilizer application adds up to 180 kg N ha-1. 

2.2 Database 
The study area was mapped into 17 subcatchments and instrumented with 16 atmospheric 
deposition stations. The database is composed of:  

(a) The hydrometeorological database including climate data such as precipitation, 
temperature, solar radiation and discharge during the water years 1970 – 1996. 

(b) The hydrochemical database containing two week intervaled analysis for major cations 
and anions of wet and dry atmospheric deposition as well as of water quality.  

(c) The spatial database which includes a 50 x 50 m2 DEM for terrain analyses, soils data 
from field studies within the catchment, and field mapping of land use in addition to 
remote sensing LANDSAT TM scene data and digitized maps of land use, soils and 
geology. 

2.3  Modeling  
The model WASMOD is expressed in detail by REICHE (1991). For spatial discretization 
of modeling entities preprocessing routines and GIS overlay facilities were used to create 
a topologic interlinked unique-condition layer according to the SSA-concept (smallest 
similar areas). The procedure includes the overlaying of GIS-derived information of flow 
direction and accumulation, slope and aspect, streamline, hillslope curvature, and land use 
and soils. As a result 7432 unique-condition SSA-units areas were distinguished and 
coupled with a set of DBMS sourced input parameters. Model preprocessing routines also 
included perennial foreruns to adjust stable carbon and nitrogendynamics. 

3 Results and conclusions 

3.1 Regionalization of water quality patterns 
It can be concluded that for water quality patterns (Fig. 2) in terms of regionalization: 

(a) The underlying geology is responsible for the dominant occurrence of alkali (Na) and 
alkali earth ions (Ca and Mg) following the natural solution of the catchment mineral 
composition (anhydrite, carbonate) and thereby  
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Fig. 2 Water quality patterns of the selected basins of the Sieg River catchment 
 

(b) showing a high affinity to the behaviour of neighbouring location and additionally 

(c) performing a good buffering function throughout the catchment while the dominance 
of the HCO3-carbonate species is typically expected in waters having pH ranging 
between 6,2 and 8,3 which is indicated in the study area. 

(d) Land use is responsible for 

- high nitrate release on agricultural lands (e.g. Broel, Pleisbach) and 

- high sulfate and chloride impacts from industrial sources (e.g. Weidenau). 

Station 
name: 

 Land use (%) Basin 
size 

Q Water-quality pH TDS NO3 

 Forest Pasture Arable Urban km² m³/s Type   mg/l 
Broel 41 42 7 10 216.4 6.00 

Ca-Na-HCO3-SO4-

NO3 

7.59 116.40 19.83 

Pleisbach 27 28 28 17 86.5 1.46 Ca-Mg-Na-HCO3-
SO4 

7.95 375.01 20.70 

Weidenau 66 18 5 11 131.3 4.09 Ca-Na-HCO3-Cl-
NO3 

7.68 197.99 11.05 

Geiersgrund 100 0 0 0 0.14 no 
data 

Mg-Ca-SO4-HCO3 6.98 40.94 3.69 

Agger 49 28 8 15 793.9 22.91 Ca-HCO3 7.64 200.27 17.50 
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(e) Catchment size affects 

- small scale headwater catchments (14 ha) reacting susceptible on acid deposition of 
pH ranging from 4,5 to 5,5 (e.g. Geiersgrundbach) while 

- the stream network is more important for larger scale catchments (~800 ha) diluting 
the hydrochemistry outlet towards major composition (Ca-HCO3) (e.g. Agger). 

3.2 Identification of Chemical Response Units (CHRUs) 
The delineation process was accomplished using GIS-query facilities on the base of each 
of the polygons of the SSA layer for the water years of 1992-1995. Accounting the 
catchments heterogeneity the delineation process included two steps: 

(a) Investigation of land use effects resulting in 5 main types of land use units (Fig. 3). 

(b) Consideration of topography, aspect and soil conditions resulting in 17 classes of 
CHRUs (Tab.1).  

Investigation of land use: concerning the water budget land use effects are found due to 
different evapotranspiration rates. Therefore forests produce a smaller amount of 
discharge due to higher transpiration rates, followed by mown grass, pasture, hay 
meadows and cornfields. The latter, however, is also characterized by a shorter duration of 
vegetation period. 

 
 

 
Fig. 3 Water and nitrogen turnover budgets (HY95) Broel River basin 
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Tab. 1 Properties of the CHRUs for the Broel River basin 
RU 
No. 

Area 
(km²) 

Area 
 (%) 

Landuse 
Units  

Land use managemen, 
N-fertilizer, export 

Soil types, 
depth 

Topography,  
Curvature 

Slope (%),     
Aspect  

1 25.0    11.6 Impervious No fertilizer all all all 
 
2 

 
1.7 

  
 0.80  

 
Winter grain 

- 130 kg N/ha*a 
S: 10 kg N/ha*a 

all all all 

 
3 

 
6.4 

   
2.98 

 
Corn 

- 180 kg N/ha*a 
S: 48 kg N/ha*a 

all all all 

 
4 

 
10.0 

 
4.95 

 
Pasture 

- 150 kg N/ha*a 
S: 20.1 g N/ha*a 

all all all 

 
5 

 
10.2 

  
4.75 

Mowed 
Meadow 

- 193.0 kg N/ha*a 
S: 37.9 kg N/ha*a 

Brown soil 
220 cm 

Slope 
- convex 

>10-20% 
N, NE, NW 

 
6 

 
12.5 

  
5.81 

Mowed 
Meadow 

- 193.0 kg N/ha*a 
S: 34.2 kg N/ha*a 

Brown soil 
160 cm 

Slope 
- concave 

>10-20% 
N, NE, NW 

 
7 

 
11.0 

  
5.12 

Mowed 
Meadow 

- 193.0 kg N/ha*a 
S: 31.7 kg N/ha*a 

Brown soil 
220 cm 

Slope 
- convex 

>10-20% 
W – E 

 
8 

 
10.0 

  
4.65 

Mowed 
Meadow 

- 193.0 kg N/ha*a 
S: 28.4 kg N/ha*a 

Brown soil 
160 cm 

Slope  
- concave 

>10-20% 
W - E 

 
9 

 
3.1 

   
1.43 

Mowed 
Meadow 

- 193.0 kg N/ha*a 
S: 26.9 kg N/ha*a 

 Fluvisoil 
250 cm 

Valleys 
- even 

0-10% 
all 

 
10 

 
7.7 

 
 3.59 

Mowed 
Meadow 

- 193.0 kg N/ha*a 
S: 32.9 kg N/ha*a 

Gleysoil 
60 cm 

Plains 
- even 

0-10% 
all 

 
11 

 
7.5 

  
 3.58 

 
Meadow 

- 210.0 kg N/ha*a 
S: 24.8 kg N/ha*a 

Brown soil 
220cm 

Slope 
- convex 

 >10-20% 
N, NE, NW 

 
12 

 
10.9 

  
 5.04 

 
Meadow 

- 210.0 kg N/ha*a 
S: 22.4 kg N/ha*a 

Brown soil 
160 cm 

Slope 
- concave 

 >10-20%  
N, NE, NW 

 
13 

 
8.3 

 
  3.86 

 
Meadow 

- 210.0 kg N/ha*a 
S: 21.7 kg N/ha*a 

Brown soil 
220 cm 

Slope 
-convex 

>10-20% 
W – E  

 
14 

 
7.8 

 
  3.63 

 
Meadow 

- 210.0 kg N/ha*a 
S: 19.3 kg N/ha*a 

Brown soil 

160 cm 

Slope 
-concave 

>10-20% 
W - E 

 
15 

 
2.9 

 
  1.37 

 
Meadow 

- 210.0 kg N/ha*a 
S: 18.6 kg N/ha*a 

Fluvisoil 
250 cm 

Valleys 
- even 

0-10% 
all 

 
16 

 
7.54 

 
  3.50 

 
Meadow 

- 210.0 kg N/ha*a 
S: 20.7 kg N/ha*a 

Gleysoil 
60 cm 

Plains 
- even 

0-10% 
all 

 
17 

 
72.0 

 
  33.45 

 
Forest 

No fertilizer 
S: 7.5 kg N/ha*a. 

 
all 

 
all 

 
all 

Abbreviations:  S= nitrogen surplus - export rate 

 
Regarding the nitrogen budget a high amount of nitrogen export rates is located on corn 
fields followed by mow meadows, hay meadows, pastures and forests - although farmers 
are willing to fertilize their arable lands in an more sustainable way. Hence the amount of 
fertilizer applied corresponds to, or is even lesser than, the amount of estimated plant 
uptake demands (e.g. corn, pasture). Nitrogen release accounts hereby primarily for 
mineralization processes as well as for atmospheric deposition.  

Nitrogen losses due to ammonia-votalisation rates are driven mainly by types of fertilizer 
application (mineral or manure) and climatic conditions. Highest rates are found on corn 
after mid-April manure application (rising temperatures) whereas lowest votalization rates 
are found on pasture. Here smaller amounts and different types of mineral fertilizer are 



 255 

used in the beginning of March (low temperatures). Denitrification rates are influenced by 
topography and soil conditions as arable land is located on even plains and valley floors, 
which have saturated conditions especially in hydrologic winter years.  

Considering topography, slope, aspect and soils, the variability of spatial related nitrogen 
export becomes more complex (Tab.1). 

As a result, 17 different CHRUs have been determined each reflecting local unique 
conditions of hydrochemically relevant parameters. The CHRUs Nos. 1-4 and 17 are 
distinguished according to their land use specific nitrogen export rate whereas other 
parameters are set equally. This covers impervious areas as well as forests and agricultural 
lands. 

One third of area coverage obtains brown soils and soils lessivé (CHRUs 5-8; 11-14). Due 
to their locations on slopes (> 10-20 %) they are related to interflow dynamics and the 
influence of aspect and soil depth becomes more apparent here. The higher temperature 
gradient is responsible for higher mineralization rates and higher plant uptake demands 
(comparing CHRU 5-7; 6-8; 11-13; 12-14). Therefore lower export rates are found on 
west-east exposed slopes. Furthermore, the soil depth regulates the duration of nitrogen 
turnover rates. For CHRUs 5,7,11,13 although receiving additional impact from adjacent 
slopes the nitrogen output is reduced by higher denitrification rates due to higher water 
contents (if comparing to CHRUs 6,8,12,14). Additionally denitrification conditions are 
found especially on valley floors. Hence CHRUs 9 and 15, which received percolation 
water from the slopes, and create a groundwater zone along the river stretch. Or temporary 
on peneplains for CHRUs 10, 16; building up wetting zones in the shallow soils along the 
bedrock where vertical flow dynamics and higher nitrogen impacts are found. 

Future research is dedicated to investigating the role of adjacent polygons for water and 
nitrogen release and to transferring the approach to the basin scale. 
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Abstract  

The application of distributed physically-based rainfall runoff models to catchment 
systems is questionable since it is known that the prediction reliability for these models is 
low. In order to improve the model performance, parameter estimation methodologies 
have to be applied that give information on the structure of the parameter set and on how 
well parameters can be identified. Calibration methodologies also must enable the 
modeller to define 'effective' parameter values at the scale of a grid element. The 
theoretical framework to achieve these goals is presented in this paper. For this study, a 
quasi three-dimensional physically-based runoff model is developed while automated 
parameter estimation is achieved by the 'Gauss-Marquart-Levenburg’ algorithm. In this 
algorithm, multiple parameters can be estimated by use of multiple state variables. 

1 Introduction 
For the modelling of runoff in a distributed manner, a number of physically-based rainfall-
runoff (PBRR) models, such as the Systèm Hydrologique Europe-en (SHE) (ABBOTT et al. 
1986) and Thales model (GRAYSON et al. 1992), have been developed. In general, the 
performance of such models was low despite the fact that model structures were (very) 
different. The low performance is mainly due to problems relating to the Parameterisation 
and calibration of these models. Nowadays, it is widely accepted that PBRR-models are 
over-parameterized and, consequently, cause that equally satisfactorily model calibrations 
can be achieved by use of multiple parameter sets. 

In order to improve the reliability of model calculations, (a) the model structure must be 
kept simple in order to achieve parameter reduction, (b) the calibration must be based on 
much more hydrological state information than only the, commonly used, runoff 
hydrograph and (c) the calibration procedures must be improved. 

In this article, a theoretical framework is discussed for improving the model performance 
by using multiple state variables as calibration targets and by using the automated 
Parameter ESTimation (PEST) programme (WATERMARK COMPUTING 1994). For the 
runoff modelling, the PBRR model Flowsim is developed that is less complex than e.g. the 
SHE and Thales models. First brief descriptions of the dynamics of rainfall runoff 
processes and the shortcomings of PBRR are presented. In this article, runoff refers to a 
discharge as observed in the channel system while the movement of water in a catchment 
is referred to as a flow process. 
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Fig. 1 Expansion of the saturation overland flow source area during a storm event 
and hydrograph generation (modified after DUNNE 1978) 

2 Rainfall-runoff dynamics 
In case of prolonged rainfall, runoff within a catchment is due to the combined effects of a 
number of flow processes such as Hortonian overland flow, saturation overland flow, 
stream flow, macro-pore flow, unsaturated subsurface flow, perched subsurface flow, 
delayed groundwater flow and rapid groundwater flow.  

Subject to a rainfall input and the antecedent precipitation conditions, the behaviour, the 
extent and the magnitude of each of these processes are primarily defined by catchment 
characteristics relating to the topography and subsurface physiography. In many 
catchments with gentle hill slopes, wide valley bottoms and a relatively shallow permeable 
soil matrix, catchment runoff is generated by groundwater flow and saturation overland 
flow. DUNNE (1978) described that saturation overland flow is generated when the 
subsurface becomes saturated due to the rise of the water table or by lateral or vertical 
percolation above an impeding horizon. The rise of the water table, and so the saturation 
of the soil, is due to the combined effect of a number of subsurface flow processes from 
up-slope areas. 

In Figure 1 it is schematically shown that the phenomenon of the (rapid) rise of the water 
table often is encountered in areas lying along streams and channels. Since the size of the 
saturated areas changes during a prolonged rainfall event, it is clear that the magnitude of 
the peak runoff rate and the shape of the runoff hydrograph also relates to the size of the 
saturated zones. 

3 Modelling efforts 
Well known PBRR-models that are developed to simulate the saturation overland flow 
process are Systèm Hydrologique European (SHE) (ABBOTT et al. 1986), Thales 
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(GRAYSON et al. 1992a), Institute of Hydrology Distributed Model (IHDM) (BEVEN et al. 
1987) and Distributed Basin Simulator (DBSIM) (CABRAL et al. 1990). 

Although these models apply distributed catchment data and physically-based flow 
Equations such as Darcy, Richards and Manning Equations, significant differences exist 
between the model structures. Review of the modelling efforts (RIENTJES 1999a) has 
provided information that model structures differ by:  

• The modelled flow processes; e.g. perched subsurface flow, Hortonian overland 
flow, saturation overland flow etc. 

• The schematisations of the flow processes; use of distributions of variables in 
space and time, use of boundary conditions and dimensionality of the mathe-
matical sub-models 1D, 2D or 3D. 

• The spatial catchment discretization; rectangular and non rectangular elements, 
number of model layers etc.. The Equations that describe the flow processes; to 
model a certain process different Equations are applied. 

• The effects these differences have on runoff simulation are not well studied; 
therefore one cannot be conclusive with regard to the modelling results. 

 

Soon after their introduction, these models were criticised by, among others, BEVEN 
(1989), GRAYSON et al. (1992b). The criticisms related to the ability of models to simulate 
the hydrological catchment behaviour. In particular these models have difficulties 
simulating the subsurface storm flow and saturation overland flow runoff mechanisms as 
described by DUNNE (1978). 

4 Catchment parameterisation 
The performance of PBRR-models is poor since model parameterisations must be 
associated with uncertainty for a number of reasons: 

(A) Models are very data demanding; for a real world catchment, a very large data set is 
needed to represent the catchment in the three-dimensional model space that, in 
general, is not available. Moreover, a catchment is heterogeneous in many aspects, 
such as elevation, land use, vegetation cover, soils, channel networks, etc. 

(B)  Scale related issues; the temporal and spatial scales at which processes are observed 
by field measurements and the scales at which processes evolve and modelled are 
dissimilar. Scale refers to a characteristic time or length of a process, an observation 
or a model (BLÖSCHL & SIVAPALAN 1995). Moreover, each flow process can be 
characterised by its own process scale. So when using data obtained at the point 
scale, uncertainty is introduced into the model. 

(C) Over-parameterisation; due to the large number of model parameters, over-
parameterisation is common. RIENTJES (1999a) describes that, subject to model, 16 
to 30 parameter types are used. This makes that equally satisfactory model 
calibrations can be obtained by different parameter sets and that effects of parameter 
changes become undefined when parameters are correlated. 
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Due to these three shortcomings it is difficult to define a parameter set that is unique and 
trustworthy and that enables the model to describe the real world catchment behaviour 
accurately. 

5 Model calibration 
With regard to the calibration of PBRR-models, the values of a number of parameters 
were adjusted in such a manner that the residual between the values of a measured and a 
calculated hydrograph is minimised. In PBRR modelling, it is common practice to achieve 
calibration by a manual ‘trial and error’ procedure and to express the accuracy of the 
calibration by an objective function value such as the mean error, the mean absolute error 
or the root mean squared error. 

In this paper we argue that the trial and error procedure for calibration of complex PBRR-
models is insufficient. Major arguments are as follows: 

(A) Equifinality of parameter sets: Due to the nature of the trial and error procedure no 
guarantee exists that calibration calculations will proceed in the direction that could 
lead to the best set of parameters. Also there is no practical way to determine how 
many other parameter sets could yield similar correspondence between measured 
and calculated hydrographs. These issues are discussed by COOLEY & NAFF (1990) 
for groundwater models. 

(B) Objective functions act as a filter: By minimizing the difference between all 
measured and calculated runoff discharges, effects of significant differences in, e.g., 
peak discharges are cancelled out by the large number of discharge figures as used in 
the model calibration. 

(C) The runoff hydrograph is an integral response function: For the calibration of a 
catchment model, multiple state variables have to be applied since the runoff 
hydrograph expresses the integral hydrological catchment response of all upstream 
flow processes. In order to calibrate a catchment model, also state variables must be 
applied in which the dynamics of the groundwater flow system and the unsaturated 
flow system are expressed. 

(D) Parameter structure and identifiability: The trial and error procedures provides no 
information on the geostatistical dependency of parameters in terms of, e.g., their 
covariance and/or correlation coefficient and on how well model parameters are 
identified. 

6 PBRR modelling and automated parameter estimation 
In the light of the complexity of the hydrological catchment behaviour and the comments 
on the catchment parameterisation and model calibration in Sections 4 and 5, the authors 
argue that the parameterisation of a three-dimensional distributed catchment model in a 
deterministic manner is (probably) not feasible. Therefore a stochastic modelling approach 
towards automated parameter estimation is advocated. 
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RIENTJES (1999a) has shown that that for any PBRR-model, there are too many parameters 
and parameter values so that they cannot be defined in a unique and trustworthy manner. 
Therefore, a small number of parameters must be selected for optimisation. These 
parameters are identified by model sensitivity analysis and by consideration of research 
results obtained from studies with SHE and IHDM. In those studies, however, the trial-
and-error procedure was applied and only the runoff discharge was considered as the only 
calibration variable. 

In our approach, we also select a few parameters for optimisation and fix others to a 
certain value by the available information. Since calibration by only the runoff hydrograph 
is insufficient, we also use the soil water content and the groundwater table as calibration 
variables. 

Calibration is achieved by means of the Parameter ESTimator (PEST) software 
(WATERMARK COMPUTING 1994) that has the ‘Gauss-Marquart-Levenburg’ algorithm at 
the core of the optimisation routine. This algorithm provides unbiased and weighted 
parameter estimations for non-linear relationships such as rainfall-runoff relations. Head 
residuals are minimised by an objective function that is based on least squares estimation: 

( )∑
=

−=ϑ
m

1i

2
scsoi hhw          (1) 

here ϑ, wi,, hso, hsc, m are the objective function value, weights, observed state variables, 
calculated state variables and the number of state variables respectively. 

The calculated state variable hsc is commonly expresses by  

Xphsc =           (2) 

where X is an n x m matrix of system characteristics and p is an n-column matrix of 
parameters. 

When parameter values have to be calculated by inverse modelling then the objective 
function value can be calculated by Equation (3) that is at the core of the ‘Gauss-
Marquart-Levenburg’ algorithm. 

( ) ( )( )XphQXph so
T

so −−=ϑ         (3) 

In Equation (3), Q represents the m dimensional diagonal matrix of the squares of the 
observation weights and acts as a co-variance matrix. These weights can be defined by 
various techniques. In this study, weights will be defined reflecting the accuracy of the 
measurements (after Hill 1998). For non-linear parameter estimation, the calculated state 
variables can be expressed by:  

( )1i
sc

i
sc

1i
sc

i
sc ppJhXph −− −+==         (4) 

where J is a Jacobian matrix and i is iteration index for non-linear optimisation. 

The Jacobian matrix J is composed of m rows of state observations and n columns of 
parameters. Elements of matrix J are the derivatives of each observation with respect to 
each of the n parameters and as such can be interpreted as a model sensitivity matrix. For 
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non-linear optimisation, the parameter values p can be defined by iterative procedures 
where the parameter values are upgraded by use of a parameter upgrade vector u: 

( ) ( )scsm
t1t hhQJQJJu −=

−         (5) 

During every iteration step, the model is run once for each adjustable parameter where a 
small increment is added to the parameter value prior to the run. As a result of iterations, 
the objective function is minimised and parameter values are estimated. The convergence 
towards the objective function minimum for two parameters is schematically presented in 
Figure 2. 

 

(P  P ) initial
parameter values

10 20

 
 

Fig. 2 Iterative improvement of initial parameter values towards the global 
objective function minimum for a two parameter (p1, p2) estimation 
problem (after WATERMARK 1994) 

7 Flowsim 
For the modelling of rainfall-runoff relations, the ‘Flowsim’ model (RIENTJES 1999b) is 
developed. In Flowsim, overland flow and channel flow are modelled by 2-D and 1-D 
Strickler-Manning Equations, respectively, unsaturated sub-surface flow is modelled by 
Richards Equation, while groundwater flow is modelled by the Darcy Equation. Equations 
of Strickler-Manning, Richards and Darcy are combined with conservation Equations of 
mass. In figure 3 the model structure of Flowsim is presented. Rainfall is modelled as a 
spatial- and temporal-varying process while interception and evapotranspiration are, at this 
stage of research, not modelled in the interest of reducing the number of parameters and 
model complexity. In the model, subsurface flow across the model boundary is not 
possible since it is assumed that the topographic watershed divide coincides with the 
groundwater divide. 
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8 Calibration and Flowsim 
In our approach, rainfall is considered to be a fixed input variable that doesn't need 
calibration. By the no-flow boundary at the model boundary of the subsurface, lateral 
inflow across the model boundary is not possible and as such doesn't need calibration. 

For the channel flow sub-model, the unsaturated zone sub-model, and the saturated zone 
sub-model, a state variable is selected as calibration variable while also for each of these 
sub-models one or two parameters are selected for optimisation. 

At this stage of research, this arbitrary selection is made in order to gain experiences with 
the 'Gauss-Marquart-Levenburg’ algorithm. This algorithm has not been applied before in 
PBRR-modelling. Successful applications of the 'Gauss-Marquart-Levenburg’ algorithm 
are primarily found in (quantitative) groundwater modelling (see e.g. OLSTHOORN 1998). 

The most important variable to be used in our model calibration remains the channel flow 
hydrograph, hch. The parameter to be optimised in the channel flow model is the Strickler-
Manning coefficient, Km. Other important parameters and variables effecting runoff 
processes relate to the (un)saturated subsurface.  

Due to the dynamics of rainfall-runoff processes, the magnitude and time lag of the peak 
runoff rate are closely related to the (varying) size of the saturation overland flow source 
areas. Accurate modelling of the subsurface water storage and the rise of the water table in 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3 Model structure of Flowsim Fig. 4     Selection of parameters and state  

    variables for inverse modelling 
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the unsaturated zones close to the channel system will result in the mapping of the 
saturation overland flow source areas. 

In the unsaturated zone model, the porosity is an important parameter (see CALVER 1988) 
while the soil water content serves as a calibration variable. The use of the soil water 
content is favourable since it is easily observable and since the unsaturated hydraulic 
conductivity and the pressure head are related to the soil water content. 

In the saturated domain, an important parameter is the hydraulic conductivity (see 
GRAYSON et al. 1992). The groundwater table elevation is selected as a calibration 
variable. Figure 3 presents the model structure of Flowsim and the selection of the state 
variables to be used in the parameter estimation. The optimum parameterisation is subject 
to minimising the objective function that is based on the channel flow hydrograph, the soil 
water content and the groundwater table depth as state variables and the Strickler Manning 
coefficient, the porosity and the saturated hydraulic conductivity as model parameters. 

Besides the hydrograph, the soil moisture distribution and the ground water table data as 
calculated by Flowsim, three characteristic matrices of the parameter estimation procedure 
are produced at the end of the parameter estimation procedure. These matrices are the 
parameter covariance matrix, the parameter correlation coefficient matrix and the 
eigenvalue-eigenvector matrix. 

From the covariance matrix and the correlation coefficient matrix, information on the 
spatial structure and dependency of parameters becomes available while by the 
eigenvalue-eigenvector matrix information on the identifiability of parameters becomes 
available.  

At this stage of research Flowsim is applied to the 2.5 ha large Troy catchment (Idaho, 
USA) where runoff is generated by the infiltration excess and saturation excess 
mechanisms (DUNNE 1978). The Troy catchment has been selected to serve as our pilot 
model area since detailed field research has been carried out over the years and as such has 
yielded an extensive data base suitable for the proposed calibration procedure. 

9 Conclusions 
PBRR models suffer from low performance as caused by a number of factors. In order to 
improve performance, an inverse modelling procedure is proposed in which a small 
number of parameters is selected for optimisation. 

Parameter optimisation is achieved by use of multiple state variables. Variables to be used 
are the channel flow hydrograph, the soil water content and the groundwater table 
elevation. From the estimation procedure, a number of matrices become available that 
gives information on parameter structure, dependency and identifiability. Following the 
principle of adding as much state information as possible to the calibration procedure and 
extracting information on parameter structures and identifiability it is believed that model 
performance of PBRR will improve. 
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Abstract 

A technique has been developed to calculate conceptual parameter sets of a semi-
distributed hydrological model using a soil hydrological classification in addition to 
topographic data. The method is tested in this paper by applying the model to a new 
catchment without calibration of the parameters. The simulations are successful in 
representing most features of the hydrograph, but under-predict the groundwater response 
of the catchment. Calibration of the groundwater recharge produces acceptable model 
results, that are comparable with the flow component from a hydrochemical mixing 
model. 

1 Introduction 
A major limitation in the application of conceptual hydrological models lies in the 
uncertainties associated with identification of parameter values for the models. When 
calibrated using a single objective function, typically observations of stream flow, 
multiple combinations of parameters can be identified that give an equally good fit to the 
observations (FREER et al. 1996). Methods of constraining parameter values have been 
investigated using additional objective functions, either to predict internal behaviour of a 
catchment such as saturated area (FRANKS et al. 1998), or hydrograph separation 
(GÜNTNER et al. 1999) or using additional methods of evaluating the hydrograph fit e.g. 
DUNN (1999). 

These approaches are all based on the identification of parameter values for a particular 
catchment; examples of more general, non-catchment specific, parameter identification for 
conceptual models are rarer. Yet, a technique that involves cross-catchment calibration 
potentially provides an alternative means of constraining parameter values, using 
similarity of physical characteristics, such as soil type, to link simulations. This has been 
recently investigated in DUNN & LILLY (submitted), using an application of DIY, a semi-
distributed catchment-scale model, to two catchments in Scotland that are partially 
contrasting and partially similar. The Hydrology of Soil Types (HOST) classification 
(BOORMAN et al. 1995) was used to spatially group areas of the catchment that could be 
expected to take similar values for several of the DIY model parameters that relate to the 
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soil. Other differences in hydrological behaviour, resulting from precipitation, 
evapotranspiration and topography, are accounted for in the model by their respective 
time-series inputs and the derived topographic parameters. An inverse modelling 
technique was used to derive relative values for the soil parameters to describe variability 
as a function of the HOST classes. By extrapolating the relative parameter values to other 
catchments, their robustness can be tested by examining how well the hydrological 
behaviour can be modelled without parameter calibration. 

In this paper, the results of the cross-catchment calibration from DUNN & LILLY 
(submitted) are tested by calculating a set of parameter values for a montane catchment in 
Scotland, the Allt a’ Mharcaidh, and evaluating how well the model predicts streamflow 
for this new catchment. The Allt a’ Mharcaidh is again partially contrasting and partially 
similar, in terms of its physical characteristics, to the two catchments used to derive the 
relative parameter values. The predictions of stream flow made using the extrapolated 
parameters are compared with calibrated results and measured values of total streamflow, 
as well as flow separations calculated using a mixing model technique (SOULSBY et al., 
this volume). 

2 Modelling Approach 

2.1 DIY Model 
The study reported here was carried out using the conceptual semi-distributed model DIY, 
the preliminary development of which is described in DUNN et al. (1998). The structure of 
the model version used in this paper is illustrated in Figure 1. 

The philosophy of the DIY model is to characterise the hydrological processes by 
analysing physical data at the highest resolution available. The model then scales up to the 
catchment by combining the hydrological responses from areas that are similar at the 
highest resolution. This is achieved by applying a disaggregated hillslope flow model to 
each characteristic cell in the catchment (typically defined at 50 x 50m2) and calculating 
the temporal contribution that each cell makes to stream flow, in this version using a 
three-phase response model. The characteristic cells are defined by: their spatial location 
in relation to the stream network, their topography in terms of the slope of the terrain, and 
categories to define heterogeneity of physical properties such as climatic inputs, soils or 
land use. 

The output from the hillslope flow model is a set of hydrological signatures that 
characterise the input to the stream from each location in the catchment. Catchment flows 
are calculated by combining the individual cell signatures according to their relative 
numbers. The model is encased within a Monte-Carlo framework that permits the analysis 
of multiple simulations, based on defined parameter ranges. The topographic parameters 
are determined by GIS analysis of a digital terrain model, but other parameter sets must be 
determined by calibration. 



 268 

Fig. 1 Structure and operation of the DIY model 

2.2 Hydrological classification of soils 
The HOST classification groups all soils of the UK into one of 29 classes based on the 
dominant pathways of water movement through both the soil and the substrate and, where 
present, on a notional depth to groundwater (BOORMAN et al. 1995). Eleven conceptual 
response models describe the pattern of flow through the soil. These flow patterns are 
influenced by the presence of slowly permeable layers that restrict downward movement 
of water and by seasonal saturation within the soil profile. Each of these eleven response 
models is allocated to one of three classes depending on the presence and likely depth to 
groundwater. The first group has groundwater present at depths > 2 m, the second has 
groundwater at depths < 2 m and reflects conditions found in riparian zones, while the 
third group has no significant aquifer or groundwater. Further subdivisions of the eleven 
conceptual response models based on such factors as the type and rate of flow or water 
storage capacity result in the final 29 class system. 

Although the HOST classification provides a convenient methodology for identifying 
hydrological similarity, it does not give quantitative information that would be of value in 
determining model parameters. These must be determined using another approach. 

2.3 Cross-catchment inverse modelling 
A first assessment of relative values for each of the HOST classes was carried out in 
DUNN & LILLY (submitted) using an inverse modelling approach applied to two Scottish 
catchments, the Ythan and Carron Valley. First, the best 10 sets of catchment averaged 
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parameters were identified for both catchments using homogenous soil parameters. Each 
HOST class was then assigned a value of ‘low’, ‘medium’ or ‘high’ for each of five soil-
related DIY parameters, on the basis of the conceptual interpretation of the parameter 
function within the model. Monte-Carlo simulations were performed using each set of the 
catchment averaged parameters in combination with the spatial distribution of relative 
parameter values, as determined by the distribution of HOST classes. The objective of this 
was to identify absolute values for ‘low’, medium’ and ‘high’ for each of the DIY 
parameters. The resulting figures enable the estimation of DIY parameter values for 
different catchments, using the HOST class distribution in addition to a topographic 
analysis. 

3 Study area 
The Allt a’ Mharcaidh catchment, in the Cairngorm Mountains of Scotland, was used 
within this study to test the cross-catchment parameter calibration. The catchment, a 
tributary of the River Feshie, drains an area of 10 km2, and ranges in elevation from 330 m 
to 1119 m. It has been the focus of many previous hydrological and hydrochemical 
studies, since it was first instrumented in the mid 1980s. The reader is referred to previous 
publications such as FERRIER et al. (1990) for details about the catchment. 

A map of the topography and distribution of HOST classes is shown in Figure 2. In 
contrast to the Ythan and Carron Valley catchments, used to derive the relative parameter 
values, the Allt a’ Mharcaidh is a montane environment where a significant proportion of 
the annual precipitation falls as snow. The influence of the snowfall on the hydrological 
response has been tested, and snow related parameters have been independently calibrated 
(DUNN et al. in press). The soils reflect their environment and can be split broadly into 
three groups. At the highest elevations shallow montane soils overlie weathered bedrock. 
The steep hillslopes below this are characterised by peaty podzols, whilst blanket peat is 
prevalent in the valley bottoms (NOLAN et al. 1985). Within the HOST classification these 
soils are represented by classes 17/22, 15, and 28/29 respectively. Table 1 gives the values 
for the relative parameters for the DIY model for these classes, as identified in DUNN & 
LILLY (submitted). 

 
Tab. 1  DIY relative parameter values for HOST classes in the Allt a’ Mharcaidh as 

identified from Ythan / Carron Valley simulations respectively 
HOST class Active zone 

conductivity 
(subsurface store) 

Threshold storage 
 
(subsurface store) 

Recharge fraction 
 
(to groundwater) 

Fast response 
distance 
(surface runoff) 

15 5.6 / 6.1 1 / 1 4.2 / 4.8 1 / 1 
17 1 / 1 5.9 / 6.5 1 / 1 7.1 / 16.1 
22 5.6 / 6.1 5.9 / 6.5 1 / 1 5.8 / 7.7 
28 5.6 / 6.1 1 / 1 1 / 1 1 / 1 
29 5.6 / 6.1 1 / 1 1 / 1 1 / 1 
 
These classes overlap to an extent with the HOST classes found in the Ythan and Carron 
Valley as demonstrated by the percentage areas given in Table 2. For this reason, the Allt 
a’ Mharcaidh is an appropriate area on which to test the transferability of parameter values 
for the conceptual model. 
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4 Results 

4.1 Simulations with extrapolated parameters 
Values for the Allt a’ Mharcaidh catchment parameters were calculated from the results of 
the analysis on the Ythan and Carron Valley catchments. The best catchment scale 
parameter sets from each of the Ythan and Carron Valley were converted into equivalent 
catchment parameter sets for the Allt a’ Mharcaidh using the HOST distributions and 
relative parameter values. The resulting catchment scale parameters are listed in Table 3. 

Simulations were performed for the Allt a’ Mharcaidh using both sets of parameters, and 
the predicted streamflow was compared with the measured streamflow (Fig. 3). The 
salient points from these results are: 

• There is little difference in predicted response using the parameter sets calculated 
either from the Ythan or Carron Valley base values. This confirms the 
‘equifinality’ of the two parameter sets. 

• From Figure 3 it can be seen that the general shape of the predicted response 
corresponds with the measured streamflow in terms of the point of rise of the 
hydrograph limb, the time to peak and the recession behaviour. 

 
 
 

 
Fig. 2 The Allt a’ Mharcaidh catchment showing topography and distribution of 

HOST classes 
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• High flow events are not very well predicted during the spring. The high spatial 
variability in precipitation (both rain and snow) in the Allt a’ Mharaciadh 
introduces significant errors to the simulation and is always likely to be a limiting 
factor in achieving a good prediction of flow. 

• There is a significant under-prediction of streamflow during the summer, 
suggesting the presence of a much more significant groundwater contribution than 
calculated. 

The overall annual water balance of the model is reasonable, with an over-prediction by 
the model of around 6 %. 

 
Tab. 2 Percentage areas of Allt a’ Mharcaidh HOST classes present in Ythan and 

Carron Valley catchments 
Catchment Class 15 Class 17 Class 22 Class 28 Class 29 
Mharcaidh 35 32 8 9 16 
Ythan 2 60 0 0 0 
Carron Valley 15 17 0 0 19 

 

Tab. 3 Catchment scale parameters calculated for the Allt a’ Mharcaidh from best 
Ythan and Carron Valley parameter sets 

Catchment Active zone 
conductivity 

(m/day) 

Threshold 
storage 

(m) 

Recharge 
fraction 

(-) 

Porosity 
 

(-) 

Fast response 
distance 

(m) 
Ythan 110 0.0082 0.001 0.63 19 
Mharcaidh equivalent 232 0.0060 0.001 0.67 14 
Carron 133 0.0052 0.003 0.27 3.4 
Mharcaidh equivalent 114 0.0067 0.002 0.26 5.2 

 

4.2 Re-calibration of groundwater recharge  
The apparent under-prediction of groundwater is an interesting result as it reinforces the 
findings of SOULSBY et al. (1998) that the influence of groundwater in the Allt a’ 
Mharcaidh catchment is significant. This is contrary to the common belief that surface 
flows tend to dominate in montane catchments of this type. Given that the overall water 
balance of the model predictions is reasonable, the error is unlikely to be caused by over-
prediction of summer evapotranspiration. To investigate the groundwater further with the 
modelling, a set of simulations was carried out using all of the parameters transferred from 
Carron Valley, with the exception of the recharge fraction. This was allowed to vary 
between 0 and 0.5. The influence of the recharge fraction on the sum of the total flow and 
baseflow efficiency of the simulations is illustrated in Figure 4. It is clear that a value of 
between 0.12 and 0.28 is necessary to achieve the best response and, within this range, 
Nash and Sutcliffe efficiencies for prediction of total streamflow > 0.6 and prediction of 
baseflow > 0.5 can be achieved. The apparent significance of the recharge fraction 
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contrasts with the Ythan and Carron Valley, where flows can be effectively modelled with 
a two-phase response, rather than the three-phase response necessary here. 

4.3 Separation of flow components 
The DIY flow predictions for the Allt a’ Mharcaidh can be separated into three 
contributions, corresponding to surface runoff, a sub-surface storm flow and a deeper 
groundwater discharge. The contributions from these three pathways were compared with 
results for the same pathways derived from a mixing model (SOULSBY et al. this volume). 
In Figure 5 the three components are shown in terms of bounds of prediction from the 
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Fig. 3 Flow predictions for the Allt a’ Mharcaidh using parameters calculated 
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simulations using a variable recharge fraction. From 1000 simulations, the most extreme 
values of each of the three phases were extracted for all cases where the total flow 
efficiency exceeded 0.6 and the baseflow efficiency exceeded 0.5. The measured flow 
falls within or close to the bounds of the predicted total flow throughout the simulation. 
Surface runoff contributes between 5 and 20 % of the total streamflow, whilst sub-surface 
storm flows account for between 35 and 60 % of the total and the deeper groundwater 
accounts for between 30 and 45 %. The equivalent figures for flow contributions 
calculated using the mixing model in SOULSBY et al. (this volume) are 20 % for surface 
runoff, 35 % for sub-surface storm flow and 45 % for groundwater. Thus, the edges of the 
DIY prediction bounds overlap with the mixing model results, at least in terms of total 
volume over the year. 

5 Discussion and conclusions 
The results of the simulations with extrapolated parameters indicate a degree of success in 
calculating parameter sets for a new catchment, using a soil hydrological classification in 
addition to topographic parameters. However, the significance of groundwater in the Allt 
a’ Mharcaidh was under-estimated. For all of the HOST classes present in the Allt a’ 
Mharcaidh, except class 15, a low value of the recharge fraction is assigned, on the basis 
that the substrate is either impermeable or raw peat and that no significant groundwater is 
present. In practice, the substrate at higher elevations in the catchment consists of 
fractured bedrock and it seems likely that runoff from these areas is transported via the 
fractures, to re-emerge from the springs in the areas of peaty podzols, lower down the hill-
slopes. Behaviour of this type, for the soils grouped under HOST class 17, is probably 
rather different to that of the soils grouped under class 17 in both the Ythan and Carron 
Valley catchments. Furthermore, the water storage within the deep peats of classes 28 and 
29 must be extremely high, and it seems likely that these too generate a slow continuous 
release of water that mimics the hydrological response of more classic groundwater 
sources. 

Further confidence in the model predictions is provided by the fact that the flow 
separation calculated by the DIY model is similar to that predicted using a three 
component hydrochemical mixing model. Hydrochemical and isotopic tracers can provide 
additional information about the behaviour of hydrological systems and hence offer a 
further opportunity for identifying model parameter values. In particular, they can provide 
information about mixing and residence times in the sub-surface (HOEG et al. 2000), 
which would be of particular value where hydrochemical rather than simply hydrological 
predictions are required. In this particular case, the predictions from the mixing model 
could be used to attempt to constrain the range of acceptable sets that could be used in the 
DIY model, by accepting or rejecting simulations on the basis of how well the flow 
separation matches the mixing model results.  

One of the objectives in attempting to model the Allt a’ Mharcaidh, using extrapolated 
parameter values, is to investigate appropriate modelling techniques for up-scaling. Under 
the National Infrastructure for Catchment Hydrology Experiments (NICHE), the 200 km2 
River Feshie catchment, into which the Allt a’ Mharcaidh drains, is to be instrumented 
with the purpose of elucidating some of the issues associated with scaling in hydrology. 
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Data from a network of mini and micro sub-catchments of the Feshie will provide further 
opportunities for development of the techniques explored within this paper. 
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Abstract  

A process-based, conceptual runoff model is developed and calibrated for the 40 km2 
Brugga catchment (Black Forest Mountains, south-west Germany) that explicitly takes 
into account different runoff generation processes and components. In addition, artificial 
neural network (ANN) models are applied using the same data set. Both approaches yield 
comparably good results, similar to three other applied process-based models. This 
provides evidence that the models were close to the optimum achievable with the given 
data set. Silica concentration in the catchment runoff is used to check the runoff 
components mixing approach of the conceptual model. Using modelled discharge values 
instead of measured data markedly deteriorates the silica predictions. On the other hand, 
the ANN model substantially improves prediction when hourly data is used instead of 
daily data, and the hourly data allows mapping the observed discharge-silica concentration 
hysteresis. Antecedent moisture conditions are crucial, since in the dryer summer season 
both the dependence of silica concentration on discharge and the hysteresis of this 
relationship is much more pronounced than in the wetter winter and spring seasons. 

1 Introduction 
Modelling is a common approach used to check our understanding of runoff generation 
processes. Facing the plethora of available models on one hand, and the considerable non-
uniqueness of model solutions (e.g. BEVEN 1993, ORESKES 1994) on the other, there is 
urgent need for a thorough analysis of successful models. The following topics are 
addressed in detail:  

• What is the maximum of model performance achievable with the given data set?  
• How far are single models from the modelling optimum?  
• To what degree is the differing performance of single models due to the underlying 

basic principles?  
• What is the simplest model needed to reproduce the observed dynamics? 
• How much information is provided by the given data set that can be used for 

process and parameter identification? 
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2 Site description 
The study was performed in the Brugga basin (40 km2), a mountainous catchment with 
elevation from 450 to 1500 m a.s.l. and a nival runoff regime, located in the southern 
Black Forest Mountains in southwestern Germany. The mean annual precipitation of 
1750 mm generates a mean annual discharge of approximately 1220 mm. The bedrock 
consists of gneiss and anatexites covered by soils and drift of varying depths (0.5 - 10 m). 
The basin is widely forested (75 %), with the remaining area as pasture; urban land use is 
less than 2 %. 

3 Models 

3.1 The process-based approach: the TAC model 
The tracer aided catchment model (TAC; for detailed description see UHLENBROOK 1999 
and UHLENBROOK & LEIBUNDGUT 1999) is a conceptual rainfall runoff model with a 
modular structure. The runoff generation module was developed for the Brugga basin 
based on results of tracer investigations, and additional snow and soil modules were 
adapted from the HBV model (BERGSTRÖM 1976). The spatial discretisation is based on a 
delineation of areas, each with characteristic dominant runoff generation processes and 
elevation ranges. The model uses a daily time step and simulates discharge and 
concentrations of examined natural tracers (e.g., dissolved H4SiO4) by using basin wide 
precipitation, temperature and potential evapotranspiration. 

3.2 The data-based approach: artificial neural networks (ANN) 
Complementary to the process-based modelling approach, a data-driven model is applied. 
To this end, a statistical tool able to map multi-variate and non-linear relationships in a 
self optimising way with a minimum of pre-defined mathematical structure is needed. 
Here artificial neural networks (ANN), which identify driving variables in a purely 
statistical way, are applied (HORNIK et al. 1989). The obtained regression hyperplanes can 
then be tested for consistency with the principles of the process-based approach. 

First, the continuous time series of discharge are analysed by Elman type networks with 
two hidden layers (ELMAN 1990). The same data set (daily precipitation, air temperature 
and potential transpiration) and periods are used for both ANN and TAC calibration 
(15.7.95 - 1.4.97) and testing (2.4.97 - 7.10.98).  

Second, feedforward perceptron type networks with one hidden layer are used for the 
silica model. Resilient propagation (RIEDMILLER & BRAUN 1993) is used as a learning 
algorithm. Following the common cross validation approach, the data set is divided 
randomly into a training, validation and test data set at a 2:1:1 ratio. This procedure is 
repeated ten times for each model. Additionally, random initialisation of the weight matrix 
is performed ten times for each model run, yielding 100 model runs in total. Identification 
of the driving input variables is performed by skeletonization (MOZER & SMOLENSKY 
1989). To account for the short term memory of the hydrological processes, discharge 
values of the preceding days are included (cf. LUK et al. 2000). The software package 
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SNNS (Stuttgart Neural Network Simulator) version 4.1 (ZELL et al. 1995) is used for the 
analysis. Further details are given by LISCHEID et al. (1998) and LISCHEID (2000). 

4 Results 

4.1 Runoff simulation 
In general, both models yield similarly good results. As measures of the goodness of fit 
the model efficiency Reff (NASH & SUTCLIFFE 1970) and the coefficient of determination r2 
are given (Tab. 1). According to these measures, the two models do not differ 
significantly. In spite of slightly superior performance, the ANN model is more likely to 
underestimate the highest discharge peaks (Fig. 1). In this case, the most striking failure of 
the ANN model is due to underestimation of the amount of precipitation stored in the 
snowpack in the beginning of 1996, where daily mean air temperature is slightly less than 
0 °C. Thus the discharge peak is predicted substantially too early. In contrast, the semi-
distributed TAC model that takes into account the dependency of snowpack depth on 
elevation predicts the onset of snowmelt more closely. 

4.2 Simulation of silica concentration 
In order to further test model performance, the TAC model calculated dissolved silica 
concentration of the catchment runoff as a mixture of the silica contents of different runoff 
components. These were measured directly in the field and used without further 
calibration. Although the model results correspond to the silica dynamics during single 
periods (UHLENBROOK 1999, UHLENBROOK & LEIBUNDGUT 1999), the model performance 
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Fig. 1 Observed and modelled hydrograph of the Brugga catchment runoff 
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for the total period is unsatisfactory. Based on the same silica data set, but using measured 
runoff data, the ANN tends slightly to underestimate silica dynamics, while the TAC tends 
to overestimate them (Fig. 2). In general, the ANN yields substantially better results (Tab. 
2). Besides discharge on the sampling day, discharge measured ten days before sampling 
and air temperature measured five days prior to sampling are identified as driving 
variables. However, a bivariate exponential fit between discharge and silica concentration 
yields only slightly worse results (Tab. 2).  

Both the ANN silica model and the exponential fit were calibrated with the measured 
runoff data and run with discharge data from the ANN runoff model to investigate the 
impact of the runoff model error on silica prediction. In spite of the good performance of 
the discharge model, the exponential fit fails, whereas the ANN model results are roughly 
in the range of the TAC results (Tab. 2). Training the ANN with the simulated runoff data 
improves silica prediction, but it is still less accurate than using measured runoff data.  

 
Tab. 1 Performance of different runoff models 

 TAC ANN 
 calibration 

15.7.95-1.4.97 
testing 

2.4.97-7.10.98 
calibration  

5.7.95-1.4.97 
testing 

2.4.97-7.10.98 
Reff 0.77 0.73 0.77 0.77 

r2 0.76 0.74 0.77 0.77 

 
 
 

 
Fig. 2 Observed and modelled time series of silica concentration in the Brugga 

catchment runoff 
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Tab. 2 Performance of different silica models  

qobs: measured runoff data; qsim: simulated runoff (respective runoff model given 
in brackets) 

 TAC ANN ANN ANN exp. fit exp. fit 
calibrated with qsim 

(TAC) 
qobs qobs qsim 

(ANN) 
qobs qobs 

applied to qsim 
(TAC) 

qobs qsim 

(ANN) 
qsim 

(ANN) 
qobs qsim 

(ANN) 
∆t = 1 day (Jul. 1995 - Oct. 1998): 

Reff 0.29 0.70 0.29 0.46 0.68 0.10 
r2 0.36 0.70 0.31 0.47 0.53 0.03 

∆t = 1 hour (Jan. 1998 - Jul. 1999): 
Reff - 0.87 - - 0.51 - 
r2 - 0.87 - - 0.53 - 

 

 

The empirical models were also used to analyse a corresponding data set with hourly time 
resolution. Due to some pronounced hysteresis loops, the performance of the bivariate 
exponential fit decreases, but the ANN yields substantially better results than with daily 
mean data (Tab. 2). Three driving variables were identified: instantaneous discharge, 
discharge measured 6 hours prior to sampling and discharge measured 5 days prior to 
sampling. Figure 3 shows the relationship revealed by the ANN model. In general, silica 
concentration decreases with increasing discharge. In addition, silica is substantially less 
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Fig. 3 Silica concentration in the Brugga runoff simulated by an ANN, depending 

on discharge during sampling ( )(tq ), discharge 6 hours prior sampling 
( )6( htq − ) and discharge 5 days prior sampling ( )5( dtq − ). Left panel for 
low flow (0.5 mm day-1 = 0.23 m3 s-1), and right panel for higher discharge 
(2.0 mm day-1 = 0.93 m3 s-1) five days prior Si sampling. Model predictions 
in subareas far from data points (given as dots) should not be interpreted. 
Discharge )(tq  and )6( htq −  is given in m3 s-1 
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for )6()( htqtq −>  compared to )6()( htqtq −< (hysteresis effect). Finally, these two 
effects are the most pronounced when )5( dtq −  is rather low (Fig. 3). 

5 Discussion 

5.1 Runoff simulation 
Numerous studies have shown that the information provided by the hydrograph is rather 
limited (cf. JAKEMAN & HORNBERGER 1993). This is confirmed by the ANN results. The 
performance of this simple empirical model is the same as that of the process-based TAC 
model, and three other applied conceptual models (HBV, PRMS and TOPMODEL, cf. 
UHLENBROOK 1999). The information provided by the input data sets is nearly completely 
utilised by the different models. Thus additional information needs to be taken into 
account if hydrological processes are to be investigated and modelled in more detail 
(multi-response validation).  

5.2 Simulation of silica concentration 
Comparing the performance of the ANN silica models and the bivariate regression model 
based on measured or simulated daily discharge values strongly suggests that slight 
failures of discharge prediction might have a substantial effect on silica prediction, 
especially during discharge peaks. This effect cannot be investigated directly for the TAC 
model. However, it is likely to be in the same range as the ANN model due to the non-
linear relationship between discharge and silica concentration. The ANN model is most 
accurate when hourly rather than daily data is used, although the size of the data sets does 
not differ substantially (263 input tuples for daily mean values and 329 for hourly data). 
As )6( htq −  is identified as the second most important input variable by the ANN, 
substantial evidence is added to the conclusion that the typical time scale of silica 
dynamics is more in the range of hours than of days. In spite of the large catchment area, 
the hydrograph is rather flashy. Visualisation of the effects of the three driving variables 
identified by the ANN based on hourly data (Fig. 3) suggests that the )6( htq −  value 
serves as an indicator to identify the rising and the falling limb of the hydrograph. This 
allows the ANN to take into account the hysteresis of the discharge-silica concentration 
relationship. Silica concentrations are substantially less for the rising limb 
( )6()( htqtq −> ) than for the falling limb ( )6()( htqtq −< ), confirming the assumption that 
quick flow phenomena with low silica concentrations predominate in the first phase of the 
runoff peak. 

There is clear evidence that antecedent soil moisture influences silica concentrations at the 
catchment outlet. The dependence on discharge and the hysteresis of the discharge - silica 
relationship is more pronounced during storms after extended base flow periods. However, 
this effect is less obvious in the data set with daily time resolution. It can be shown that 
this is at least partly due to the damping by aggregation of the hourly data. Consequently, 
the impact of antecedent moisture is underestimated by the process-based model with 
daily time resolution. 
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6 Conclusions 
The TAC discharge model is close to the modelling optimum achievable with the given 
data set. Considering the dependence of snow melt dynamics on elevation improves the 
model for single events compared to the lumped empirical model, but at the cost of 
slightly compromised performance for the remaining data.  

The information provided by the time series of Si concentration turned out to be highly 
redundant to discharge information. As a consequence, a very good discharge prediction is 
required as a prerequisite for a good Si model. On the other hand, the strong regression 
implies that the Si time series does not provide independent information to check the 
discharge model. However, additional information is provided by the shape of the 
regression hyperplanes that will be addressed in future work, i.e., the impact of antecedent 
soil moisture on the discharge - silica relationship. Last but not least, these processes will 
be simulated at hourly time resolution that seems to be the appropriate time resolution for 
the silica dynamics. 
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Abstract 

Hydrological models of river systems should consider river-groundwater correspondence. 
For this purpose it is necessary to understand the spatial distribution of water exchange 
due to water level variations. A method for estimating this has been developed. The main 
idea is to take statistical correlations between water table measurements in observation 
wells and the neighbouring part of the river and to strip these data from the dominating 
effect of distances between river and wells. A modelling example is also presented: a 
flood routing model based on Saint-Venant equations including a bank storage module. 
Runoff, water levels, exchange fluxes and groundwater levels are computed 
simultaneously. 

1 Introduction 
The exchange between river and groundwater induced by water level variations is a well-
known phenomenon that has not yet been sufficiently considered in hydrological 
modelling. Since this exchange plays a significant role in the hydrological behaviour of 
many rivers, this article presents two interesting parts of a Master’s thesis by CONRADT 
(2000): An approach to estimating the spatial distribution of the river-groundwater 
exchange intensity and the improvement of a classical flood routing approach with respect 
to this so-called bank storage. 

2 Spatial estimation of exchange intensity 
A suitable site for groundwater exchange studies is the Elbe River in the North German 
lowland. Here bank storage is generally significant due to several meters of water level 
variations and conductive aquifers consisting of sandy Quarternary sediments. The method 
described below was developed using data from the Elbe River between the junction with 
the Saale River near Barby and the railway crossing near Stendal, representing a channel 
length of about 100 km. Along this part of the river, daily water level records at six 
gauging stations and weekly observations from 132 wells could be examined; these data 
had been provided continuously for the past 28 years by the Wasser- und Schiffahrtsamt 
(Water and Shipping Authority) and the Staatliches Amt für Umweltschutz (State 
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Authority for Environmental Protection), both in Magdeburg. The investigated part of the 
River Elbe with locations of gauging stations and wells is shown in Figure 3. 

First, the correlation between river and groundwater table movements was determined for 
each observation well using the nearest gauging station as a reference. This was carried 
out by computing linear regressions for the numerous pairs of simultaneous water table 
observations. Two examples of these regressions are shown in Figure 1. The degree of 
correlation is given by two values: the steepness of the regression line (s) and the 
coefficient of determination (R2). Both types of correlation values depend primarily on the 
distance between river and well – this is of course trivial: river influences on groundwater 
decrease with increasing distance from the river. 

The major questions are: How intense is the bank storage effect along a certain part of the 
river? And how can the point values from well observations help to determine such 
information independent from their specific distances? The solution is to quantify the 
dominating effect of distance between wells and river and to strip it off the data. Then the 
existence of spatial patterns along the river should be illustrated. 

The relationship between water table correlations and distance can be described by 
logarithmic regressions. Figure 2 shows that for the s-values of all linear regressions, for 
R2 a similar diagram had been obtained. The relationship is not very strong; there are wells 
without considerable river influence only 200 m apart, but there are obviously no data 
points exceeding the regression function f multiplied by 2.5. So this function multiplied by 
0.5 and 1.5 (lines indicated 1/2 f and 3/2 f in Fig. 2) was used to divide the cloud of points 
into four classes named A to D. The resulting classification provides at least a qualitative 
description of bank storage intensities between river and wells. 

The two separate classifications had to be merged for the general classification indicated 
by different well symbols in Figure 3. If they differed by one class, the steepness class was 
taken, if the difference was two classes, the intermediate class was used. For 59% of the 
wells the two classifications were the same, one class difference occurred at 36%, only 5% 
had two classes difference and there was no A-D combination. 

The expected spatial patterns can be found in Figure 3: For example, there are groups of 
wells indicating high bank storage intensity in the north of the map, and a clear difference 
between the two river banks is revealed in the urban area of Magdeburg. For comparison 
and verification, transmissivity information was derived from aquifer extent and 
conductivity data given by the Hydrogeological Map 1 : 50 000 (HK 50). The background 
tints indicate transmissivity classification. The area with high bank storage in the north 
does correspond with high transmissivity, but other effects dominate around Magdeburg. 
High groundwater levels on the western riverbank hinder any exchange despite moderate 
transmission values here, and a bypass canal influences some wells. 

Although the method is not quantitative and contains some systematic errors (e.g. wells 
exceeding a certain distance become automatically A-classified), it helps to explore the 
spatial distribution of bank storage intensity that is important for the calibration of models 
such as the one presented below. 
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3 Modelling the Elbe River between Barby and Stendal 
It is necessary to model the process dynamically to quantitatively determine bank storage 
capacity , i.e. how much water is being exchanged. An useful method is to refine a 
conventional flood routing model by integrating bank storage. BUSCH et al. (1999) discuss 
SOBEK, a professional model used by the German Bundesanstalt für Gewässerkunde 
(Federal Agency for Hydrology) working with a single stage storage module and 
achieving good results for the lower Rhine. 

The model FLOWJOB presented here is not at all complete; it doesn’t contain any 
features for floodplain discharge, wind effects or sediment transport. As a study developed 
in the framework of a Master’s thesis (CONRADT 2000), it was constructed primarily to 
investigate the cross-effects between runoff and groundwater exchange. 

The flood routing of FLOWJOB is done by the classical Saint-Venant equations, but the 
extension by a storage module consisting of three stages requires some modifications. For 
example, the term for ∂A/∂t contains the factor B/(B+B0) where B indicates stream width 
and B0 the storage width of still water zones directly connected to the stream with instant 
water level equalization, cf. equation (1). Further modifications occur due to the 
representation of the two remaining storage stages coupled by leakage factors. The 
complete system Equations read as follows: 
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where A indicates the stream cross section area; v the mean stream velocity; L the leakage 
factors; and w the water levels. Index numbers 1 and 2 refer to the respecting storage 
stages; index R to boundary conditions and no index at letters indexed elsewhere refers to 
the stream. According to this scheme Bs1 and Bs2 mean storage widths. The letter g denotes 
inertia; S0 the riverbed gradient; and Sf the friction term after MANNING & STRICKLER. 
Figure 4 shows a cross section illustrating the model structure. 

For the numerical solution a Rosenbrock-Wanner algorithm with variable time step size as 
proposed by STEINEBACH (1995) was successfully used. With the variable time steps the 
spatial discretization works with fixed nodes having an equidistance of 200 m.   
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Fig. 1 Linear regressions between piezometric head and stream water level 

observations 
 

 
Fig. 2 Logarithmic relationship between steepness and distance and resulting 

classification 
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Fig. 3 Investigated part of the River Elbe 
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Fig. 4 Model cross section with storage elements 
 
 

 
Fig. 5 Water table movements near Stendal computed by FLOWJOB 
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For practical experience the model FLOWJOB was applied to the case of the Elbe River 
presented above using data from the Barby gage station as the upper boundary condition. 
Major difficulties occurred in the model representation of the channel geometry since 
much data was unavailable, e.g. any cross section profiles. This problem became a 
challenge: to run a Saint-Venant based flood routing model on estimated cross sections. 
Special estimation functions needed to be developed using only stream and still water 
zone widths measured from topographical maps as input data. This inaccuracy led to 
modelling errors exceeding 0.3 m for the stream water level during periods with dynamic 
discharge. 

 

 
Fig. 6 Groundwater fluxes near Stendal computed by FLOWJOB 
 

4 Conclusion 
Nevertheless, the output data obtained by FLOWJOB (cf. Figs 5 and 6) makes it clear that 
it is technically possible to compute flood routing and corresponding groundwater 
dynamics in a coupled model. The authors’ conclusion is that the approach is rather 
efficient compared to any separated modelling of flood routing and bank storage but was 
definitely too ambitious in this case due to a lack of input data. On the other hand, this 
seems to be the only reason why the primary aim of quantifying the influences of bank 
storage on river discharge and water levels by such a model could not be achieved in this 
study. 
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Abstract 

Distributed hydrological models are a key issue in water resources management. They 
serve as tools for applied hydrological decision making. Since they are based to a large 
extent on areal data, remote sensing data is a powerful technique for supplying models 
with actual areal input. The number of hydrologically important parameters derived from 
remote sensing data is large and ranges from precipitation estimates, evapotranspiration 
over land use and Digital Elevation Models (DEMs) to soil moisture and vegetation 
parameters. A major drawback of these high resolution satellite systems in the 
hydrological sense is the limited time resolution. The application of hydrological systems 
analyses to data derived from remote sensing and the possibilities of remote sensing for 
the parameterization of hydrological models (MMS/PRMS, ACRU, etc.) are the major 
objectives of this paper. This is realized within the methodological chain of optical, 
microwave backscatter, microwave phase (interferometry) and multifrequent and 
multipolarimetric SAR data evaluation. The use of remote sensing data enables the 
extrapolation and regionalisation of hydrologic models. 

1 Introduction 
Remote sensing has the ability to provide actual and areal input for hydrological model 
parameterization (ENGMAN & GURNEY 1991, BAUMGARTNER et al. 1997, SCHULTZ & 
ENGMAN 2000). It contributes to the estimation of hydrological processes and enables the 
assessment of storage elements of the hydrological cycle, although for several applications 
the time resolution is limited (MAUSER et al. 1997). Many parameters can be derived 
through the evaluation of optical data, but an appreciable information gain is achieved 
through the use of microwave data. The four different components (land cover, vegetation 
parameters, soil moisture and topography) mentioned in this paper are irreplaceable parts 
of hydrological catchment modelling systems, and new approaches and findings of their 
derivation through remote sensing data are presented. 

2 Parameterization with remote sensing data 
Components of the hydrological cycle can be distinguished into structural elements, 
processes and storage elements (ESA 1997). The task of remote sensing is to detect these 
structural elements such as topography and drainage network, soil type and geology, 
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climate or land cover. Additionally, the hydrological processes of precipitation, 
interception, infiltration, evapotranspiration, runoff, erosion and sedimentation, soil 
moisture fluxes, groundwater movement or storage elements such as snow cover, surface 
water, soil moisture or groundwater are subject to remote sensing detection. 

The methods of remote sensing enable direct estimations of single processes 
(precipitation) as well as indirect interpretations of single parameters (evapotranspiration, 
Fig. 1). Convective rainfall could be derived from METEOSAT data from the surface 
temperature of clouds. Evapotranspiration is indirectly interpreted from remote sensing 
parameters: The surface temperature could be derived from Thermal Infrared (TIR), the 
soil moisture from microwave data, the albedo and the vegetation cover from optical 
sensors and the received radiation could be modelled through the cloud coverage from 
weather satellites. 

The runoff cannot be derived directly, but important information about runoff direction 
and runoff generation could be gained from Digital Elevation Terrain Models (DEM, 
generated from scanned aerial photography, stereo satellite imagery or interferometry). 
Land use mapping through multispectral classifications provides runoff relevant 
information of different land cover types. 

 

 
 
 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1 Remote sensing possibilities to determine hydrological components 

The Water Cycle 

Soil moisture 
Direct estimation: TM, ERS-2 
Methods: gamma-radiation 
 VIS, TIR, microwaves 
- change detection 
- only relative alterations 

Evapotranspiration 
Indirect interpr.: RS parameter 
- surface temperature (TIR) 
- soil moisture 
- albedo (VIS, NIR) 
- vegetation cover (NIR) 
- received radiation (cloud cov.) 

Precipitation 
Direct estimation: METEOSAT 
(30 min, 2,5 km, VIS/TIR) 
Indirect interpr.: NOAA 
(12 hours, 1 km, VIS/IR) 
- vegetation distribution 

Snow 
Direct estimation: NOAA, TM 
ERS-2 (1-35 days, 1 km/30 m) 
- different types of snow 
- water equivalent 

Water quality 
Direct estimation: TM (VIS, NIR, 
TIR) 
Only water surface 
Parameter: suspended sediment, 
chlorophyll, eutrophication, 
temperature, visibility depth 

Groundwater 
Indirect interpr.: 
Aerial photography, TM, SPOT, 
IRS-1C, ERS-2 (16-35 days, 30 m) 
- vegetation cover 
- fault lines 

Runoff 
Indirect interpr.: DTM generation 
Scanned aerial photography, stereo SPOT 
- calculation of coeffcients 
(runoff direction, cummulative runoff) 
Indirect interpr.: land cover mapping 
- multispectral classification (TM, SPOT, IRS) 
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3 Information gain using different sensors 
The evaluation of optical data is done by standard image processing methods. The land 
cover classifications have been enhanced in hydrological terms. The addition of 
microwave data (SAR intensity) enables a further discrimination based on physical 
characteristics like surface roughness, moisture or dielectricial constant. Further 
hydrologically relavant information (separation between forest and non-forest, height 
variations due to ploughing or swelling clay minerals) could be gained through 
evaluations of interferometric data (SAR phase). The hydrologically important soil 
moisture distribution is derived reliably only by using multifrequent and multipolarimetric 
SAR data. The L-Band (23 cm wavelength) is especially sensitive to soil moisture (HH- 
and VV-polarisation), while the L-Band cross-polarization yields biomass information. 
This clarifies that the addition of several sensors enables the areal derivation of more 
hydrologically relevant parameters. 

4 Remote sensing evaluations 

4.1 Mesoscale land cover classification 
Land cover controls the hydrological storage and has an impact on above ground 
processes such as interception or evapotranspiration, ground processes like erosion or 
infiltration and below ground processes such as the water consumption of plant roots. It 
must be realised that land use changes affect every event in which precipitation is 
transformed into the measurable products of a catchment, i.e. water, sediment or 
vegetation growth (SCHULZE 1980). 

At the moment much effort is undertaken to derive land cover information as accurately as 
possible from optical and microwave data. Enhancement of land cover legends in 
hydrological terms means to distinguish between planted alien and indigenous forests, to 
distinguish settlements according to their imperviousness instead of classes of income or 
to assess agricultural areas according to their site preparation and their above surface 
layers (litter, mulch, etc.). The legends follow a level approach, providing a suitable 
degree of detail according to the model input requirements. Hydrological precipitation-
runoff models work with 5 to 9 land cover classes meanwhile solute transport models 
require more classes (sometimes 22 or more). 

The use of interferometric coherence images in combination with the SAR-backscatter for 
land cover information extraction enables detailed classification results similar to optical 
evaluations with the advantages of independence from weather conditions and 
incorporation of other surface parameters like height variations. The coherence 
information can be used for precise forest/non-forest discriminations according to the 
large amount of volume scattering and the unstable geometry of trees, resulting in 
typically low coherence values of the forested areas. 
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4.2 Vegetation parameters 
Vegetation parameters such as the Leaf Area Index (LAI) or the Fractional Vegetation 
Cover are important for the modelling of interception as well as for the energy balance 
(transmission) on the earth surface. They are important for hydrological modelling since 
they provide information on plant conditions and system losses through harvesting. The 
LAI could be derived from the Normalized Difference Vegetation Index (NOAA, TM) 
with the following empirical formula (MAAS & DORAISWAMY 1996): 

 

LAI = 4.147 * NDVI – 0.276        (1) 

 

Problems are encountered since this LAI is dependent on the photoactive vital vegetation, 
while dead vegetation also has a hydrological impact on the soil surface. The use of 
multifrequent and multipolarimetric SAR data enables the derivation of biomass and plant 
water content. 

4.3 DEM generation  
The topography is hydrologically relevant since the geomorphological shape of the relief 
determines the drainage pattern, while slope and slope length determine the amount of 
runoff. 

Official DEMs with a grid size of 400 and 200 m are not sufficiently accurate for detailed 
hydrological modelling and process studies. Digital Elevation Models generated from 
different remote sensing sources such as photogrammetry, interferometry or laser 
altimetry provide DEMs with satisfying spatial resolutions. The achieved vertical 
accuracies vary between 10 m for SPOT and 1 m for aerial photography. Another major 
advantage of remote sensing DEMs is the consistency of the data, crossing also 
administrative borders. 

On the subcatchment scale, DEMs should be derived either from stereo satellite imagery 
or with interferometry from microwave data, and on the more detailed process study scale 
from scanned aerial photography using digital photogrammetric software (HOCHSCHILD 
1998). The DEMs are used to delineate modelling entities like hydrological response units 
or to derive important intermediate products for hydrological modelling such as runoff 
direction or cumulative runoff. 

4.4 Determination of soil moisture  
The soil moisture distribution determines whether surplus precipitation water will 
infiltrate or contribute to surface runoff. It therefore also has impact on evapotranspiration, 
plant growth and groundwater recharge. 

Analysis of multifrequent and multipolarimetric airborne E-SAR (Experimental SAR) data 
was carried out for a 3 x 10 km2 strip in Germany. The data has had a spatial resolution of 
2.5 m in X-HH, C-HH, L-VV, L-HH and L-HV. It enabled the derivation of a high 
resolution land cover classification similar to an optical one and the derivation of an areal 
soil moisture map. Since there are several spaceborne systems launching in the near future 
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(ALOS or TerraSAR), the derivation of soil moisture from remote sensing data seems to 
be a promising new possibility . 

4.5 Water quality (estimation of sediment transport) 
Water quality is land cover dependent. From optical remote sensing data derived levels of 
land degradation and estimations of the sediment budget of catchments are possible. 
Identification of the main erosional features (source areas of sediment transport) is done 
by multitemporal interpretation of large scale aerial photography (stereophotogrammetric 
aerial photo interpretation) in combination with high resolution DEMs (ground survey) in 
order to evaluate the amount of soil losses, producing the volume of sediments reaching 
the fluvial system from the most degraded slopes. Combination of air photo DEMs of 
several acquisition dates and ground survey DEM enables the erosion simulation of a 
gully system over 15 years. 

5 Conclusion 
Catchment-based integrated water resources management can be described as decision 
making based on physiographic data of the catchment (obtainable through remote 
sensing), socio-economic conditions (also partly available by earth observation 
techniques), hydrological knowledge (implemented in hydrological models and rule-based 
expert systems, defining the constraints for the models) and "What-if" scenarios (analysed 
by hydrological models). Water quantity and quality at a certain location and time can be 
assessed by means of hydrological models. However, if one wants to describe 
hydrological processes at a detailed level, a sound physically based hydrological model is 
necessary. Such complex models require much up-to-date physiographic data, such as soil 
properties, land use, vegetation cover and topography, normally not readily available, 
particularly in developing countries. The only way, therefore, is to obtain routine job data 
delivered from satellites. 
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Abstract  

A complex SVAT-scheme is applied at 20 different lysimeter sites. The results show that 
the model is able to simulate groundwater recharge for flat alluvial aquifers under 
different conditions on a monthly basis. Furthermore, a method is described to account for 
additional losses by fast runoff components in more complex terrain (mountainous 
regions). This method uses a baseflow separation in a dynamic sense and relates baseflow 
to total runoff. To obtain a statistical model that estimates this ratio (baseflow/total runoff) 
for ungaged catchments, a multiple linear regression analysis is performed. The resulting 
model estimates the ratio in dependence on physiographic catchment characteristics that 
are known to influence runoff generation with a satisfying accuracy.  

1 Introduction 
Spatially detailed long term groundwater recharge data from precipitation is needed for 
sustainable management of groundwater resources. In addition, monthly groundwater 
recharge data is needed as boundary conditions for transient groundwater models. One 
method of simulating groundwater recharge is the balancing of the active soil layer. There 
are different levels of complexity to modeling the involved processes of 
evapotranspiration and vertical soil water movement (WEGEHENKEL 1997). The first part 
of this paper presents results of the groundwater recharge simulation in alluvial aquifers, 
using a detailed balancing of the active soil layer by the SVAT-scheme TRAIN (MENZEL 
1997a). In complex terrain (mountains with underlying bedrock) the SVAT-scheme has 
the potential to simulate total runoff. Lateral flow processes on the surface or in the 
unsaturated zone are responsible for different runoff components. The second part of this 
paper addresses the spatially detailed separation of long term total runoff (determined by 
the SVAT-scheme) for the study area (state of Baden-Württemberg: 35 000 km2) into 
baseflow that can be interpreted as groundwater (defined in a dynamic sense), and fast 
lateral flow components. 
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2 Model description 
Groundwater recharge from precipitation (GWR) is determined by the simple water 
balance equation: 

( )
t

b

Q
Q

ETPGWR *−=
        (1) 

Loss from evapotranspiration (ET), which is determined by a complex SVAT-scheme, is 
subtracted from precipitation (P), resulting in total runoff (P – ET). Losses by fast flow 
components are accounted for by multiplying total runoff with the ratio baseflow to total 
runoff (Qb / Qt), which is regionalized by a statistical model. 

2.1 SVAT-model 
The SVAT-scheme TRAIN (MENZEL 1997a, 1997b) describes the soil, vegetation, and 
atmosphere continuum and its influences on evapotranspiration. In this study, the model 
runs on a daily time-step and requires input data of precipitation, temperature, humidity, 
wind speed and sunshine duration. Relevant modeled processes include: radiation 
calculation, snow accumulation and snow melt (temperature index method), interception 
and evaporation of intercepted water (MENZEL 1997a, 1997b), transpiration based on the 
Penman-Monteith relationship, soil water storage and percolation according to the soil 
model of the rainfall runoff model HBV (BERGSTRÖM 1992). The soil model is a simple 
conceptual two-parameter model that accounts for water percolation during each time step 
when water infiltrates into the soil (no Horton overland flow). The percolating water is a 
part of the input water, depending on the actual soil water content, according to the 
following equation: 

BETA

PAW
SWC

INPUT
PERC









=

∆
∆

        (2) 

where ∆PERC = percolation during the time step; ∆INPUT = input water from 
precipitation/snowmelt during the time step; SWC = soil water content; PAW = plant 
available water in the effective root zone; and BETA = shape parameter of the curve. 

The concept accounts for percolation out of the soil before the actual soil water content 
reaches its maximum value (PAW), which would correspond to field capacity in the field. 
This accounts for possible macropore flow when applied at point locations, and especially 
for spatial heterogeneity of soil properties within a pixel, when applied on a grid basis. 
The SVAT-scheme is one-dimensional and does not account for lateral flow. Lateral flow 
processes change the spatial distribution of soil water and influence the local 
evapotranspiration (FAMIGLIETTI & WOOD 1994). 
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2.2 Separation of baseflow 
Fast runoff components and evapotranspiration are important losses to groundwater 
recharge in mountainous terrain. In this study, they are considered by the long term ratio 
baseflow/total runoff (Qb / Qt). Runoff components can be defined in different ways and can 
thus be determined with different methods. Isotope tracers provide information on the 
residence time of water in a catchment (event vs. pre-event water) and allow, as do 
geochemical tracers, conclusions on the sources and pathways of the water (BUTTLE 1994, 
BONELL 1998). In contrast to this process oriented definition, runoff components can also be 
defined in a dynamic sense. In this sense baseflow is defined as discharge, which is 
exclusively active during low flow conditions. It is not possible to directly associate 
baseflow to process oriented runoff components. To separate the long term baseflow 
component (dynamic sense) from discharge data, a modified Wundt/Kille method (KILLE 
1970, DEMUTH 1993, SCHREIBER 1996), often applied in Germany, was used. Unlike in the 
baseflow hydrograph separations discussed e.g. in NATHAN & MCMAHON (1990), long 
term baseflow is determined by this method using monthly lowest discharges during a 
thirty year reference period (1961 to 1990). It is considered to represent mean long term 
groundwater recharge of the catchment. 

3 Calibration of the soil parameter BETA and application of the 
SVAT-model at lysimeter sites 

The SVAT model was applied at 20 different lysimeter sites in southwest Germany to 
evaluate the model performance and to derive an estimation function for BETA, which is a 
measure for the effect of soil macropores. 

3.1 Method and data 
The site conditions of the non-weighable lysimeters varied widely with respect to soil 
depth and substrate (sand – silt), land use (grassland, agriculture), altitude (105 – 560 m 
a.m.s.l.), and climatic conditions (mean annual precipitation 650 – 1000 mm). In a first 
step the parameter BETA was calibrated on measured percolation water (aggregated to 
four week sums) from a four year calibration period from April 1987 to March 1991 
(measure of goodness of fit: relative difference of measured and simulated groundwater 
recharge of the whole period and the NASH & SUTCLIFFE (1970) model efficiency Reff). 
Groundwater recharge is assumed to be percolation with a certain time lag. An estimation 
function of the parameter BETA was derived. In a second step the modeling of the 
lysimeters (same period) was conducted with estimated parameters BETA and the results 
were evaluated. 

3.2 Results 
The optimized BETA ranges within the whole pre set range from one to seven and 
increases (decreasing importance of macropores) with increasing PAW of the lysimeter 
site (Fig. 1). An estimation function of BETA in dependence on PAW was derived. The 
percolation simulation of the 20 lysimeter sites with estimated BETA resulted in a mean 
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relative difference of 1.3 % (between -14 % and +24 %) and a mean absolute relative 
difference of 8.5 %. There is no systematic under-/overestimation and as a mean an under-
/overestimation of 8.5 % is found. The mean Reff is 0.72 (0.36 – 0.92). At about half of the 
lysimeter sites, the percolation shows an under-/overestimation of less than 5 %. 

 

Fig. 1 Parameter BETA in dependence on PAW (estimation function of BETA) 
 
 
Groundwater recharge time series (simulated and measured four week sums) show the 
range of the results (Fig. 2). At a very deep silt site with agricultural land use and a mean 
annual precipitation of 870 mm (Fig. 2a), one of the best simulation results of all 
lysimeters was obtained (Reff: 0.92, relative difference: +7 %). At a 0.5 m deep loam site 
with agricultural conditions and a mean annual precipitation of 630 mm (Fig. 2b), one of 
the worst simulation results (Reff: 0.41, relative difference: +24 %) was obtained. 

The overall results lead to the conclusion that the model is suitable for describing 
percolation (groundwater recharge) on a monthly basis for alluvial aquifers. Only one 
parameter (PAW) needs to be derived from soil and vegetation data sets for the conceptual 
soil model; the second parameter (BETA) is directly dependent on the first. The low soil 
data requirements are important for model applications on the macro scale.  

4 Development of a statistical model to estimate the ratio (Qb / Qt) 
A multiple linear regression method was used to develop a statistical model to estimate 
Qb/Qt in mountainous ungaged catchments. An improved knowledge of runoff generation 
processes from the micro scale could be used to determine catchment characteristics that 
are important for runoff generation processes in larger scales and might be statistically 
significant. 
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Fig. 2 Simulated and measured time series of groundwater recharge for  
a) one of the best simulation results  
b) one of the worst simulation results 

4.1 Method and data 
Procedure: 

• Selection of 105 catchments with fast runoff generation processes (mountainous 
with only minor alluvial aquifers) and daily discharge data for the reference period 
1961 to 1990 

• Determination of baseflow (modified Wundt/Kille) and the resulting ratio Qb / Qt 

• Data splitting into calibration data set (n = 70) and validation data set (n = 35) 

• Determination of catchment characteristics with a GIS 

• Verification of the requirements of the multiple linear regression method 

• Application of a multiple linear regression analysis to develop a statistical model 
to estimate the ratio Qb / Qt using catchment characteristics (calibration data set) 

• Validation of the model (validation data set) 

4.2 Results 
The ratio Qb / Qt is not considerably variable over the time period (different five year 
periods within the 30 year period), indicating that the concept represents a stable, long 
term ‘average’ catchment response. This suggests the possibility of applying the ratio on a 
shorter time scale (in terms of few years). The parameters used to predict the ratio are also 
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time invariant. An important difference from other investigations to regionalize baseflow 
by using the multiple linear regression method (DEMUTH 1993, SCHREIBER 1996) is that 
the estimated ratio shows no correlation to the catchment size (Fig. 3). In other words, it is 
less dependent on spatial scale. 

Fig. 3 Ratio Qb / Qt vs. respective catchment size for 105 selected catchments 
 
 
The multiple linear regression analysis resulted in the following model (other models with 
comparable accuracy could also be derived): 
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37.013.012.02.019.0

12.099.41715.018.05.055.0

 (3) 

where Qb / Qt = estimated ratio; PAWhigh = portion of soils with high plant available water 
in the effective root-zone (> 180 mm); soilinlow = portion of low infiltrating soils over 
impermeable bedrock; DD = drainage density; hgconmean = mean conductivity of 
hydrogeological units; Alow = portion of altitudes between 300 and 450 m a.m.s.l.; 
hgconhigh = portion of hydrogeological units (hard rocks) with high conductivity (5*10-5 – 
10-6 m/s); jura = portion of geological unit jura; soilconlow = portion of soils with low 
vertical conductivity (< 10 cm/d); soilretlow = portion of soils with low retention capacity; 
and soilinhigh = portion of high infiltrating soils. The model satisfies the statistical 
requirements (model significance, significance of predictor variables, no problematic 
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colinearity between predictor variables, no overfitting, residuals are approximately 
normally distributed) and yields an R2 of 0.75 for the calibration data set and an R2 of 0.66 
for the independent validation data set. The model is based on ten catchment 
characteristics, describing mainly soils and hydrogeology and including drainage network, 
geology and topography. It has the capacity to spatially estimate Qb / Qt detailed on the 
basis of small catchments in areas with lateral flow components, independent of discharge 
data. 

5 Conclusions 
The combination of long term total runoff calculated by a SVAT model on daily time 
steps, with an empirical long term runoff component separation is an alternative to 
existing hydrological models that describe long term groundwater recharge. In areas 
without fast flow components groundwater recharge is modelled exclusively by the 
SVAT-scheme, while in mountainous areas it is complemented by the component 
separation. The used component separation has the advantage of being based on many 
different catchment characteristics known to be relevant to runoff generation.  

However, it does not describe the inter-annual or event-based variation of component 
contributions. The component separation in a dynamic sense could be regionalized, as it is 
based on widely available discharge data. Future work will apply this approach in the state 
of Baden-Württemberg (35 000 km2) to determine spatially distributed long term 
groundwater recharge. Total runoff will be determined based on a grid (500 m x 500 m) 
and combined with a component separation based on small catchments.  
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Abstract  

The water balance model LARSIM was applied to the Neckar catchment in south-west 
Germany (area approx. 14000 km²). The model was set up with a raster-based discre-
tisation of 1 km². It was calibrated and verified using a ten-year series of hydrometeo-
rological input data and measured discharges on daily time steps. Currently it is used in a 
test phase at the State Institute for Environmental Protection of Baden-Wuerttemberg as a 
real-time forecast model for low and mean flow with hourly time steps. Input data is the 
forecasted hydrometeorological data by the German Weather Service over a time period of 
48 hours and the currently measured data. 

The model can also be applied e.g. to simulate climatic change scenarios, to study the 
effects of land use modifications, to examine different storage basin control mechanisms, 
to plan flood protection, to supply basic data for groundwater and water quality models, to 
analyse the runoff components or to provide areal information of the water cycle 
components.  

1 Introduction 
A water balance model was applied to the Neckar catchment to examine the effects of a 
possible climatic change on the water resources (LFU 2000). This model can be used for 
different objectives such as the real-time low flow and mean flow forecast using measured 
and forecasted data for a time period of 48 hours. 

2  The hydrological model LARSIM 
The water balance model LARSIM (Large Area Runoff Simulation Model) is a mesoscale 
model developed to continuously simulate the water balance of large river basins 
(BREMICKER 2000). LARSIM is a further development of the river basin model FGMOD 
(LUDWIG 1982), which is used as a reliable tool for flood forecasting in several flood 
forecast centers in Germany. It incorporates not only the runoff generation in the area and 
the translation and retention in river channels, but also the processes of interception, 
evapotranspiration and water storage in soils and aquifers. Snow accumulation and 
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snowmelt can be taken into account as well as artificial influences (e.g. storage basins, 
diversions or water transfer between different basins). 

LARSIM combines proven deterministic hydrological model components that are 
generally applicable as far as possible and are based on accessible system data for the land 
surface. Emphasis is placed upon the reliable determination of evapotranspiration by using 
the Penman-Monteith-equations (THOMPSON et al. 1979). Evapotranspiration and the soil 
water budget are calculated separately for the different land uses and the field capacities of 
the soils. Figure 1 shows a schematic diagram of the model LARSIM. 

Runoff calculation is based on a separation of the precipitation into three different runoff 
components (base flow, interflow, surface runoff). These runoff components can also be 
calculated for parts of the basin where runoff was already modified by translation and 
retention in river channels and by superposition of discharge of several subbasins (Fig. 5). 
The calculation of the runoff components is based on the Xinanjiang model (ZHAO 1977), 
a soil moisture balance model that was applied in the modified version of DÜMENIL & 
TODINI (1992). One of the basic assumptions of the model is that an increase in soil 
moisture of the model cell correlates with an increase of the saturated areas of the model 
cell. Thus, runoff formation depends on filling of storage and the percentage of saturated 
areas in the model is considered to be variable in time. Precipitation falling on the 
saturated areas leads to surface runoff. The runoff components of interflow and baseflow 
are also calculated dependent on the current soil moisture content of the model element as 
lateral drainage or vertical percolation.  

The suitability of the water balance model LARSIM has already been proven by model 
applications for a broad range of catchment sizes (280 km² to 1700000 km²) and different 
spatial resolutions (subbasin sizes from 1 km² to 325 km²) in European and African river 
basins (BREMICKER et al. 1998, GATHENYA 1999, GERLINGER & TUCCI 1999).  

3  Operational application of LARSIM in the Neckar basin 
A model was set up based on raster cells (square grid 1 km²) for the Neckar basin. The 
model structure arrangement was computer-aided on the basis of digital system data using 
a geographic information system. System data necessary for the model is: elevation 
model, vectored river network, land use (in the case of the Neckar basin a satellite 
classification was used) and field capacities of soils. Figure 1 shows the schematic 
reproduction of the river network in the Neckar model. For each raster cell, up to 16 land 
use classes are considered separately. Necessary meteorological input data for the model is 
the time series for precipitation, the air temperature, vapour pressure, hours of sunshine, 
wind velocity and air pressure. Also included is the data of large distance water transfer 
systems that are important in the Neckar basin. 

Seven model parameters were calibrated based on daily values of the time series 1988 - 
1991 and verified for the time series 1992 - 1996. To judge model performance, the 
measured and calculated discharges for the 54 gages were compared by both statistical 
criteria (e.g. the coefficient of determination) and visual comparison. A high agreement 
between measured and calculated discharges both in the calibration and the verification 
time period is noticed particularly for gages with catchment areas of several hundred km² 
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Fig. 1 Schematic diagram of the LARSIM model 
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Fig. 2 Schematic river network of the Neckar basin 
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and for low and mean flow (Fig. 3, Fig. 4). Larger catchments are more precisely 
simulated because the heterogeneities in the catchment due to specific natural 
characteristics and the influence of single hydrometeorological stations are rather leveled 
out. At the moment the model is used in a test mode operation for the low and mean flow 
forecast of the Neckar at the State Institute for Environmental Protection of Baden-
Wuerttemberg. Input data for the continuous adjusting of the model to the current status is 
the currently measured data from the hydrometeorological stations. This model operates 
with a time discretisation of one hour. Using the 48-hour precipitation forecasts of the 
German Weather Service, the expected discharges at the forecast gages in the Neckar 
basin are calculated in real-time.  

The results of the water balance model for the Neckar basin provide a variety of detailed 
areal and time dependent information of individual components of the water cycle. As an 
example for model results, the calculated mean yearly evapotranspiration for the time 
period 1987 - 1996 is shown in Figure 5. 

Due to the high resolution, the heterogeneous structure of the evapotranspiration can be 
seen in Figure 5 which is the result of the different land uses, field capacities of the soils 
and the meteorological input data. 

Beyond that it is also intended to apply the model to the estimation of the effects of 
environmental changes, e.g. the effects of possible climatic modifications or land use 
modifications on the water regime (such as discharge, infiltration, evaporation).  

 

 
Fig. 3 Measured and calculated discharges for the gage Rockenau/Neckar 

(catchment area 12.676 km2), verification time period 

4 Further improvement of the model-internal process description  
Currently, since the gages reflect the hydrologic behaviour of the catchment area as a 
whole, the model is calibrated on the basis of measured discharges at gages. However, 
several model-internal process descriptions can be adjusted only summarily to the real 
conditions.  
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Fig. 4 Statistical criteria (coefficients of determination) for the simulation results 
for 54 gages in the Neckar catchment (calibration and verification period)  

 

Fig. 5 Calculated runoff components for the gage Wendlingen/Neckar (catchment 
area 3.269 km²) 
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Therefore it would be desirable to further improve the internal process description, e.g. by 
the inclusion of additional information of the individual runoff components or by ad-
vancing the model components. In addition, the methods for interpolating the hydrometeo-
rological input data will be improved. 
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Abstract 

Flooding, with its heavy economic damages has forced hydrologists to study ways to 
decrease its impacts. In a current research project the effects of different forest 
management and hydrologic measures on water dynamics are examined and subsequently 
modelled by the physically based precipitation-runoff model CATFLOW (MAURER 
1997a,b, ZEHE 1999). The objective is to derive a tool that will predict surface runoff as a 
function of land use changes in forests. Two different forest sites were chosen to yield 
survey input and calibration data for the simulation model. First results show a dominant 
influence of soil hydraulic parameters. Accordingly, changes in these parameters (e.g. by 
forestry management) also have a major impact on model results. In addition, there is a 
distinct dependence of water dynamics within the ecosystem on field morphology, canopy 
cover and climate, and especially on precipitation. 

Introduction 
The high water retention potential of forest ecosystems is of major significance (e.g. DE 
HAAR & HOFFMANN 1982, MITSCHERLICH 1971). Rhineland-Palatinate is the state with 
the largest forest coverage (41 %) in Germany (LEONHARD 1999). However, there are 
frequent floods resulting in high economic damages at the major rivers Rhine, Mosel and 
Nahe. To counteract these risks of flood events it is necessary to understand and improve 
water retention capabilities in forest sites. In a current research project, the improvement 
of water retention potential at two forest sites with different hydrologic properties under 
the influence of forestry and hydraulic measures is examined in Rhineland-Palatinate. 
Research is focused on the effect of different wood types, plant density, road construction, 
soil degradation, and drainage network on the runoff. For that purpose the forest 
ecosystem is described by CATFLOW, a physically based hydrological model for 
continuous simulation of catchment water dynamics (MAURER 1997a,b, ZEHE 1999). 
Modelling of water transport is realised by an assignment of distinct parameters at vertical 
sections along an idealised hillslope line (Fig. 1). Each discrete point along the hillslope 
line is connected to a set of parameters. 

These are time series of climatic data including precipitation, temperature, global 
radiation, humidity, wind velocity and wind direction. There is also the option to include 
land use distribution data. Soil hydraulic parameters that describe the water retention 
curve are estimated with two different approaches. The first simple way is to determine 
grain size distribution and to use pedo-transfer functions. The work of TIETJE & 
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TAPKENHINRICHS (1993) gives a survey of most used functions. The other approach is 
laboratory measurements of undisturbed soil samples. In our investigation, the model of 
VAN GENUCHTEN (1980) and MUALEM (1976) was used together with the pedo-transfer 

function of CARSEL 
& PARRISH (1988). 
Further on the model 
considers parameters 
that describe vegeta-
tion cover data such 
as plant height, root 
depth, soil cover rate 
and leaf area index. 
The drainage net-
work is incorporated 
by combination of 
more than one 
different hillslope 

and information on channel geometry and determination of the stream order after 
STRAHLER (1964). This makes it possible to calculate the multivarious processes of water 
transport (Fig. 2), such as fluxes in the saturated and unsaturated soil matrix, infiltration 
into matrix and macro-pores, surface and subsurface runoff, interflow, channel flow, 
evapotranspiration, interception and change in soil water content. A detailed description of 
the mathematical approach in CATFLOW is given in the work of MAURER (1997b). 

 

Fig. 2 Processes of water transport on a hillslope (modified after BRONSTERT 1994) 

Fig. 1 Example of discretisation along a hillslope line 
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2 Test site description 
The first site is a hillside of about 500 
ha in the eastern Soonwald in the 
Hunsrueck, Germany. The loamy clay 
soil has developed from quaternary 
solifluction debris over-laying a 
tertiary weathered surface layer con-
sisting of Palaeozoic schist and 
quartzite. The forest is composed of 
deciduous trees and conifers of all 
ages. The annual mean temperature is 
about 8.5 °C and the precipitation has 
a value of 700 mm/a. The second area, 
also about 500 ha, is situated in the 
Pfälzer Wald (Germany), consisting 
geologically of Mesozoic sandstone. 
The substratum is a sandy loam soil. 
The forest stand is mainly composed 
of old deciduous trees with some 
conifers. Mean annual temperature 
ranges from 7.5 to 8 °C and precipi-
tation is about 950 mm/a. Figure 3 
shows an overview map of Rhineland-
Palatinate with the two test sites and 
the associated geological units. 

3 First results 
First results verify the obvious difference in water dynamics of the two test sites. The 
simulations indicate high infiltration rates for the Pfälzer Wald. Surface runoff does not 
occur. In the Soonwald interflow dominates at the clay loam substrates. Complete soil 
moisture storage, and particularly saturation, is often reached and leads to surface runoff. 
Simulation results for the decrease of saturated permeability (KS) are given for the Pfälzer-
Wald (Fig. 4a + b) and for the Soonwald (Fig. 5a + b). The decrease in one order of 
magnitude is thought to be realistic because of soil degradation by heavy machines used in 
forest cultivation (HILDEBRAND 1983). Each illustration represents a period of 10 days 
with an intensive rainfall event at the third day. Precipitation P reaches more than 20 
mm/h. Resulting changes in soil moisture dΘ, evapotranspiration ET, groundwater 
recharge GR and surface runoff SR are shown cumulatively. Simulations of different 
vegetation canopies (grassland, deciduous trees, conifers) for the Soonwald test site (Fig. 
6) show that under grassland surface runoff is higher and evapotranspiration is lower than 
under forest. In the forests, conifers evaporate more water than do deciduous trees. Hence, 
surface runoff is lower. Compared to the non-forestry land use, the difference in the two 
forest types is much smaller. Thus, the first simulations indicated strong relationships 
between changes in land use patterns and soil hydraulic parameters and surface runoff. 

Fig. 3  Overview of Rhineland-Palatinate 
indicating the test sites and the 
associated geological units 
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Fig. 4 Simulation Pfälzer Wald: heavy summer rain, sandy loam soils  
(Θinitial = 28 %) 
left:  Ks = 10 m/d 
right: Ks = 1 m/d 

 
 

 
Fig. 5 Simulation Soonwald: heavy summer rain, sandy loam soils 

left:   Ks = 0,5 m/d  
right: Ks = 0,05 m/d, Θinitial = 30 %  

 
Fig. 6 Simulation results of 

modelling three different 
vegetation canopies 
(grassland G, deciduous D 
and conifer forest C) at 
Soonwald test site 
precipitation = P, changes in 
soil moisture = dΘ, surface 
runoff = SR, evapotrans-
piration = ET, Ks = 0,5 m/s; 
Θinitial = 30 % 
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5 Perspectives and discussion 
The initial modelling results reflect the different hydrological settings of the two 
investigated areas. A dominance of pedological parameters as compared to other values, 
e.g. vegetation canopy, was demonstrated. Planned tracer experiments together with 
hydrograph analysis and measured soil moisture values will help to calibrate the model. 
These first simulation results are very encouraging and show that modelling surface runoff 
in dependence of forestry and hydrological measures is successful. Factors controlling the 
soil hydraulic parameters obviously have the highest impact on water dynamics at forest 
sites. Thus, in the future model predictions of surface runoff based on measured input 
parameters are possible and will contribute to sustainable catchment area management. 
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Abstract 

Preliminary modeling results for a new version of the rainfall-runoff model TOPMODEL, 
Dynamic TOPMODEL are compared to those of the Original TOPMODEL formulation 
for predicting streamflow at the Panola Mountain Research Watershed, Georgia. Dynamic 
TOPMODEL uses a kinematic wave routing of subsurface flow, which allows for 
dynamically variable upslope contributing areas. The performance of each model was 
assessed using a 30-minute time step for each of three water years (October through 
September: 1993, 1994, and 1998) and results were compiled for wetting up, wet, drying 
out, and dry periods within each year. A likelihood measure of predicted streamflow was 
similar for Original TOPMODEL and Dynamic TOPMODEL and depending on the year 
and the sub-period, the r2 of the best models ranged from 0.5 to 0.7. Each model 
underpredicted the peak streamflow, and during recession generally overpredicted 
streamflow in wet periods and underpredicted in dry periods. During recession, however, 
the difference between the observed streamflow and Dynamic TOPMODEL predicted 
streamflow was generally less than that for the Original TOPMODEL. The distribution of 
transmissivity for the Dynamic TOPMODEL simulations generally is more stable, except 
during dry periods, than for the Original TOPMODEL simulations, i.e., a clearly defined 
relation exists between sum of absolute errors and mean effective lateral saturated 
transmissivity having a narrow band of transmissivities for minimum SAE simulations. 
The Dynamic TOPMODEL prediction bounds were broader, and the lower bound more 
closely follows recession streamflow than that of the Original TOPMODEL. 

1 Introduction 
TOPMODEL is a rainfall-runoff model in which distributed predictions of catchment 
response are made based on hydrological similarity of points in a catchment. The index of 
hydrological similarity is based on the topographic index, ln(a/tanβ) (KIRKBY 1975), for 
which a is the area draining through a point from upslope and tanβ is the local slope angle. 
The index identifies areas with greater upslope contributing area, a, and lower gradients, 
β, as being more likely to be saturated than areas with lower a and higher β. Implicit in 
this form of the index is an assumption of quasi-steady state configuration of the water 
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table, which is parallel to the surface topography, and a spatially constant downslope 
transmissivity function, for which transmissivity decreases exponentially with depth. The 
quasi-steady state assumption implies that downslope flow occurs throughout the hillslope 
and is equal to averaged cumulative upslope recharge rate at each point. These quasi-
steady state dynamics have been criticised (BARLING et al. 1994, BEVEN 1997, WIGMOSTA 
& LETTENMAIER 1999) because, where a hillslope is seasonally dry, the effective upslope 
contributing areas do not extend to the catchment divide. This problem, endemic to most 
hydrological models, causes difficulties in modeling changes in wetness, i.e., wetting up 
or drying out periods. 

The steady state assumption of Original TOPMODEL, however, is a convenient way of 
simplifying the model structure, parameterization, and calculations. It is debatable if 
modeling results will be greatly improved in humid catchments by a more dynamic 
approach. The dynamics of the effective contributing area, however, may be an important 
control on the response in catchments where dry seasons and wetting up periods are long. 
Likewise, a more dynamic approach may improve runoff prediction and more accurately 
reflect the processes of runoff generation even in the short term in catchments in which the 
hydraulic characteristics change rapidly while drying out or wetting up. 

Dynamic TOPMODEL, a new version of TOPMODEL, extends the Original TOP-
MODEL quasi-steady state assumptions in that the hydrological flux is individually 
accounted and routed spatially between areas of defined hydrological similarity. In its 
simplest form, the basic concept of a spatial index (i.e., that which defines the 
hydrological similarity), derived from upslope contributing areas and local slope angle, is 
maintained. The flux between hydrologically representative (or similar) units (HRUs) is 
calculated individually using kinematic wave equations (BEVEN & FREER, in press). This 
allowance for local accounting of soil moisture status and fluxes enables the modelled 
catchment areas to be flexible in their dynamic response. There is no longer a need to 
identify a global function of hydrological fluxes for each HRU as was required within the 
Original TOPMODEL form. Furthermore, local accounting and routing introduces the 
possibility of a dynamic subsurface contributing area, in that downslope flux needs only to 
be maintained where recharge is sufficient to induce downslope saturated flow during a 
time step. 

The objectives of this paper are to evaluate the results of Dynamic TOPMODEL and 
compare them with those of the Original TOPMODEL on a forested, seasonally dry 
catchment, the Panola Mountain Research Watershed, Georgia, USA. 

1.1 Study site 
The Panola Mountain Research Watershed (PMRW) is a 41-ha forested catchment, 25-km 
southeast of Atlanta, Georgia, USA Atlanta (84°10'W, 33°37'N). The watershed is 93 % 
forested, consisting of hickory, oak, tulip poplar, and loblolly pine, and 7 % partially 
vegetated (lichens and mosses) bedrock outcrops, of which a 3-ha outcrop in the 
southwest part of the watershed is the largest outcrop. Relief is 56 m and hillslopes 
average 18%. Soils are predominantly ultisols developed in colluvium and residuum 
intergrading to inceptisols developed in colluvium, recent alluvium, or in highly eroded 
landscape positions. Typical soil profiles are 0.6 to 1.6 m thick grading into saprolite. The 
regolith typically is 0 to 5 m thick, which thins from the valley bottoms to the ridge tops. 
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A long growing season, warm temperatures, and a high percentage of possible sunshine 
result in a high evapotranspiration demand. From 1984 to 1999, average annual runoff was 
33 % of average annual precipitation (1,225 mm with less than 1 % snow). During the 
summer from May through September, rainstorms are convective, whereas during the 
remainder of the year precipitation is dominated by synoptic weather systems. Streamflow 
is flashy and is attributable to runoff generated from bedrock outcrops in the headwaters. 
Although streamflow decreases rapidly during recession, baseflow is sustained throughout 
the year, even during droughts. 

 

 
Fig. 1 Observed and the mean predicted model streamflow (runoff) for TOP-

MODEL and Dynamic TOPMODEL from the Panola Mountain Research 
Watershed, Georgia. The mean was determined from the weighted mean 
predicted values for models having likelihood measures greater than 0.6 for 
WY1993 and WY1998 and 0.5 for WY1994 
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2 Methods 
The catchment was divided into approximately 80 HRUs based on the topographic index 
(a 2-dimensional matrix of upslope accumulated area and local slope angle was used to 
define HRUs) for the model comparison. Also for the analysis herein, the HRUs were not 
further subdivided based on other PMRW characteristics that may define hydrologic (or 
hydrochemical) variability.  

Model performance was assessed using the Generalised Likelihood Uncertainty 
Estimation (GLUE) procedure (BEVEN & BINLEY 1992, FREER et al. 1996, BEVEN & 
FREER in press). The GLUE procedure is a Monte Carlo based technique that allows for 
the concept of equifinality of parameter sets in the evaluation of modeling uncertainty 
(BEVEN 1993). The predictions of different parameter sets were evaluated with respect to 
predictions of the PMRW streamflow time series using the likelihood measure. For both 
the Original TOPMODEL and Dynamic TOPMODEL, parameter values within the range 
listed in Table 1 were randomly selected using uniform sampling distributions for 100,000 
simulations for each of three annual periods, water years (WY: October through 
September) 1993, 1994, and 1998. Each period cycles through high and low soil-moisture 
deficits, during which the effective upslope contributing areas were expected to vary 
significantly from those suggested by the steady-state assumptions of the original model. 
The timing of the cycles varied among the periods (Fig. 1). 

Evaporation estimates were calculated from automatic weather station data using a 
Penman-Monteith equation. Both models used the same root zone and unsaturated zone 
model structures, requiring minimal additional parameters, as described in BEVEN et al. 
(1995). The dynamics of the saturated zone stores for both models assumed an exponential 
decline in hydraulic conductivity with depth.  

 

Tab. 1 Parameter ranges for Original TOPMODEL and Dynamic TOPMODEL 

Parameter Description Model*
 Range 

SZM [m] Form of the exponential decline in conductivity 1,2 0.01 - 0.08 

ln(T0) [m
2 h-1] Effective lateral saturated transmissivity  1,2 -7 - 1 

SRmax [m] Maximum root zone storage 1,2 0.015 - 0.1 

SRinit [m] Initial root zone deficit 1,2 0.0 - 0.05 

CHV [m h-1] Channel routing velocity 1,2 1000 - 5000 

Td [m h-1] Unsaturated zone time delay per unit deficit 1,2 0.1 - 120 

Smax * [m] Maximum effective deficit of subsurface 
saturated zone 

2 0.2 - 2 

*1:  Original TOPMODEL 

  2: Dynamic TOPMODEL 
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3 Results and discussion 
According to the likelihood measure, the models performed similarly (Fig. 1 and Tab. 2). 
The number of simulations exceeding the threshold likelihood measure of 0.6 for WY1993 
and WY 1998 and 0.5 for WY1994 for Original TOPMODEL were significantly greater 
than for the Dynamic TOPMODEL, particularly for WY1993 and WY1998. These 
numbers are skewed, however, due to difficulties in adequately sampling the parameter 
values in Dynamic TOPMODEL. In particular, the skew is due to the interaction of the 
Smax in relation to the water table initialization and dynamics expressed by parameters 
ln(T0) and SZM. Using uniform uncorrelated sampling strategies results in a significant 
percentage of model simulations with near zero discharge dynamics as the water table 
dynamics rarely develop above the Smax threshold. Therefore, these statistics are not 
strictly comparable for assessing model performance.  

The models, on average, overpredicted the winter wet-period recession streamflow, and 
underpredicted the summer dry-period recession streamflow for WY1993 and WY1998 
(Fig. 1). In WY1994, summer streamflow was atypical, in that the wettest month of record 
occurred during July 1994, resulting from Tropical Storm Alberto. Precipitation during 
July 1994 was greater than 450 mm and runoff was greater than 120 mm, which exceeds 
the total summer runoff (June through September) for any year since monitoring began in 
1985. The models generally predicted the correct timing of the stormflow response, but 
underpredicted the peak streamflow. The Original TOPMODEL predictions of the peak 
streamflow are generally higher than those of Dynamic TOPMODEL and closer to the 
observed; Original TOPMODEL recession flows also are higher but deviate more from 
the observed flows than those of Dynamic TOPMODEL (note the logarithmic scale). 

 
Tab. 2 Summary characteristics of 100,000 simulations for Original TOPMODEL 

and Dynamic TOPMODEL 
Measure Original TOPMODEL Dynamic TOPMODEL 

 WY1993 WY1994 WY1998 WY1993 WY1994 WY1998 

Likelihood of best model fit  0.69 0.57 0.67 0.69 0.65 0.67 

Number of model simulations 
used for extracting the mean 
and uncertainty in streamflow1 

2380 173 1164 436 142 102 

1 Likelihood threshold of 0.6 for WY1993 and WY1998; 0.5 for WY1994 
 
The likelihood measure, sum of absolute error (SAE), and simulation bias versus 
parameter value for a sampling (8,000 of the best models of the 100,000 simulations) 
indicated several distinct relations, particularly for ln(To) between models and among 
water years and wetness periods. Behavioural simulations, however, exist throughout the 
parameter ranges, which is consistent with the equifinality concept that underlies the 
GLUE methodology (Tab. 1). In addition to separating the relations between SAE and 
ln(To) by period and wetness type (wet and dry periods), the relations also were separated 
by hydrograph characteristic with respect to the timing of the predicted streamflow as 
occurring on either the rising or the falling limb. The relation between SAE and ln(To) for 
the Original TOPMODEL simulations indicates that the best models for recessional flows 
are associated with very low transmissivity, which are higher and less distinct for the 
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rising limb. The optimum fit, therefore, falls somewhere between these extremes as 
reflected by the mean predicted streamflows (Tab. 2 and Fig. 1) for which Original 
TOPMODEL underpredicts rising limb streamflow and overpredicts recession streamflow. 
The Original TOPMODEL and Dynamic TOPMODEL relations for the wet period of 
each year are similar to those for the entire year. The best simulations of the Dynamic 
TOPMODEL have lower transmissivities than that of Original TOPMODEL, reflecting 
the suggestions of BEVEN (1997) and WIGMOSTA & LETTENMAIER (1999) that the explicit 
incorporation of the dynamics should result in lower effective transmissivities.  

The relation between SAE and ln(To) for Dynamic TOPMODEL during the wet period is 
very distinct, with a pronounced minimum SAE for each period and each year. The 
Dynamic TOPMODEL relation for the dry period, however, does not show a distinct 
minimum; this is consistent with the types of responses observed in the watershed. During 
the dry period, soils that are clay rich can crack with the size of the cracks varying 
markedly spatially. Furthermore, soil cracks can swell rapidly during storm events, which 
affects the infiltration rates temporally both during individual rainstorms and among 
rainstorms. Analyses of short-term hydrometric measurements, solute concentrations of 
precipitation, throughfall, soil water, groundwater and streamwater, and associated 
temperature variations (RATCLIFFE et al. 1996, PETERS & RATCLIFFE 1998) show that 
water and solutes can be rapidly transported through the soil, particularly during dry 
periods. After stormflow recedes, streamflow, which contains high concentrations of 
solutes derived from weathering, is sustained. Also, a laboratory experiment, which 
included the use of tracers on large, nearly undisturbed soil cores under antecedent wet 
conditions, shows that preferential flow occurs in the soils, and that water and solute 
transport is faster from more clay-rich ridge-top soils than from hillslope soils (MCINTOSH 
et al. 1999). 

The uncertainty bounds, which were derived from the best models (Tab. 2), differ between 
the Original TOPMODEL and the Dynamic TOPMODEL (Fig. 2). In general, the 
prediction bounds for Dynamic TOPMODEL are broader and span the observed data more 
effectively than those of the Original TOPMODEL, possibly as a consequence of the 
subsurface saturated zone dynamics being better reproduced. The lower Dynamic 
TOPMODEL prediction bound for streamflow recessions are the most similar to the actual 
recession streamflows primarily during the winter wet periods than is the lower Original 
TOPMODEL prediction bound, which likewise suggests a better representation of the 
subsurface dynamics than in the Original TOPMODEL. Additional analysis of the 
Dynamic TOPMODEL spatial predictions, with respect to the conceptualization of 
hydrological processes at PMRW, is required to determine if the Dynamic TOPMODEL 
structure is a better representation than that of Original TOPMODEL. Even if Dynamic 
TOPMODEL is a more physically representative model, additional analysis and model 
development in a more distributed manner will probably be required to better predict 
streamflow at PMRW. It is apparent from the analysis herein that the simple model 
structures of Original TOPMODEL and the basic form of the Dynamic TOPMODEL are 
not sufficient to predict flow with only one group of HRUs. This result is consistent with 
the field observations of rapid flow generated from the bedrock outcrop, the highly 
variable ephemeral flow from the shallow soils on the hillslope, and the sustained ground-
water discharge from the riparian zone. A more distributed approach using two and 
possibly three groups of HRUs having different functional responses (e.g., bedrock 
outcrop, shallow hillslope, and deeper riparian zone) will probably be required to produce 
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a better predictive model of streamflow. In particular, the model should accurately 
reproduce the rapid streamflow response associated with runoff from the bedrock outcrops 
and the variable recession response due to changing soil hydraulic characteristics 
associated with the wetting and drying of the soils and hydrological linkages with the 
hillslopes. 

 
 
 
Fig. 2 Observed and the lower (5 %) and upper (95 %) uncertainty bounds of 

predicted 6-hour runoff from the best (Tab. 2) TOPMODEL and Dynamic 
TOPMODEL simulations for a wet period, December through January 
1992, and a dry period, July through September 1994 
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Abstract 

In order to understand the effects of the variations of groundwater levels on the 
temporal variation of streamwater chemistry, intensive water sampling with 
hydrological observations was conducted during rainstorms at a small headwater 
catchment, Japan. The three end-members contributed to the stormflow were: 

(a) the groundwater in the saturated zone that prescribes the chemistry of the 
baseflow  

(b) the throughfall that dilutes the streamwater and  

(c) the groundwater in the transient saturated zone prescribed which was 
dependent on the groundwater level.  

When the groundwater level was lower, only the two components, groundwater in the 
saturated zone and throughfall, affected the streamwater chemistry. When the 
groundwater level rose and saturated zone spread, the groundwater in the transient 
saturated zone became the third component. When the third component contributed to 
the discharge, this component became the dominant source.  

1 Introduction 
To clarify how the mechanisms controlling streamwater chemistry behave and how they 
may change during stormflow, the mixing models have been used that considers the 
hydrological pathways, the sources of solutes and contributions of each component. 
HOOPER et al. (1990) and CHRISTOPHERSEN et al. (1990) considered that the streamwater 
chemistry is determined by the mixing of spatially different soilwater components, and 
called this technique EMMA, end-members mixing analysis. KATSUYAMA et al. (2000) 
observed the stormflow chemistry at three small headwater catchments where the 
dominant flow pathway are different in each and showed using EMMA that the 
differences in which the dominant flow pathway is the matrix flow or the preferential flow 
affect the hydrochemical processes of the catchments. The purpose of this study is to 
clarify the change of flow pathways and hydrochemical processes with changes in the 
saturated zone. 
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2 Study site and methods 
The experiments were conducted in a small forest catchment (0.68 ha, the Matsuzawa 
catchment) at the Kiryu experimental site (5.99 ha) located in the southern part of Shiga 
Prefecture, Japan. The annual precipitation, evapotranspiration and runoff are 1672, 740, 
and 936 mm, respectively (FUKUSHIMA 1988). The topography of the Matsuzawa 
catchment and the locations of the observation facilities are shown in Figure 1. The 
vegetation of the Matsuzawa catchment consists of mixed stands of Chamaecyparis 
obtusa Sieb. et Zucc. and Pinus densiflora Sieb. et Zucc.. In recent years, the Pinus 
densiflora stands have declined due to pine wilt disease. The Matsuzawa Catchment is a 
headwater catchment, and the section from point SP to point W (about 12 m) is channeled 
(see Fig. 1). The entire area consists of weathered granitic rock. The Matsuzawa 
catchment has gentle slope (the mean slope is 20.3°) and deep soils (the mean soil depth is 
1.03 m). Detailed descriptions about the topographical characteristics of the catchment are 
given by KIM (1990), and descriptions of the soil chemical characteristics are given by 
OHTE et al. (1997) and ASANO et al. (1998).  

The rainfall was measured using a tipping bucket and runoff from the Matsuzawa 
catchment was continuously measured at a 30° V notch weir. Groundwater levels were 
monitored using auto-recording tensiometers.  

Throughfall were collected at four points within the catchment. Saturation overland flow 
samples were collected near GA. Streamwater samples were collected at the ST. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1 The topography and observation facilities of the Matsuzawa catchment 
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Groundwater samples were collected before and after the rainstorms from the observation 
wells. The observation wells were grouped into three types depending on response the 
groundwater level to rainstorms and the general groundwater condition (OHTE et al. 1995).  

(a) Saturated zone (Type S). This zone is saturated throughout the year. G1, GE, GF, 
G15 and G34 belong to this zone.  

(b) Unsaturated zone (Type U). This zone is not continuously saturated, but rather 
temporarily saturated during rainstorms. The saturated condition disappears 
immediately. G10 and G11 belong to this zone.  

(c) Transient saturated zone (Type T). This zone is located at the edge of the saturated 
zone. The saturated zone spreads toward the slope side during rainstorms, where a 
certain saturated condition occurs. The saturated condition continues even after the 
rainstorms. GA, GB, GC and GD belong to this zone.  

More detailed descriptions about the study area, sampling and sample handling methods 
are given by KATSUYAMA et al. (2001). 

3 Results and Discussion 

3.1 Hydrologic responses of groundwater levels  
The rainstorm characteristics analyzed in this study are summarized in Table 1. The 
contour maps of groundwater levels at the peak discharge rate of each rainstorm and 
temporal variations of rainfall, discharge rate and groundwater levels at points G1, GC and 
G10 are shown in Figure 2. Points G1, GC and G10 represent type S, type T and type U, 
respectively. The starting point of groundwater levels is the spring at SP. During Event 1, 
the duration of the saturated condition was short at G10, and the variations of groundwater 
levels at G1 and GC were small relative to the other rainstorms. The contour map showed 
that only the groundwater in type S zone around SP discharged to the stream, and the 
groundwater in type T zone flowed into type S zone. During Event 2, saturation overland 
flow started consequent by at around 11:00 on 12 July and continued even after the 
rainfall ceased, Event 2 was divided into two parts before and on or after 12 July. In 
before 12 July, the saturated condition continued at G10 and the groundwater level at GC 
rose sharply. These facts implied that the unsaturated zone on the hillslope was saturated 
and the saturated lateral flow discharged down into type T zone, causing the groundwater 
levels to sharply rise in type T zone. The contour map further showed that the 
groundwater levels of type T zone rose and the fluxes increased toward type S zone. On or 
after 12 July, the groundwater levels of type T zone rose even more, the fluxes toward 
type S zone also increased, and the fluxes toward SP also occurred. Saturation overland 
flow occurred at the peak of the discharge and continued to contribute to streamflow.  
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Fig. 2 Contour maps of groundwater levels at the peak of discharge rate of each 
rainstorm. The interval of contour is 50 cm 



 330 

Tab. 1 Rainstorm characteristics 
 Event 1 Event 2 (the first 

half) 
(the second 

half) 
Observed period 28.-29.6. 

1997 
9.-16.7. 1997 9.-11.7. 1997 12.-16.7. 1997 

Total rainfall [mm] 37 249.5 135 114.5 
Max. rainfall intensity 
(mm/10min) 

4.5 14 14 13.5 

Total discharge (mm) 3.62 111.01 19.99 91.02 
Max. discharge intensity 
(mm/10min) 

0.087 0.39 0.39 0.29 

3.2 Analysis of the end-members 
EMMA was applied to each event to quantitatively evaluate the contribution of each water 
component. The concentrations of Na+ and SO4

2- were selected for the analysis because 
these solutes provide the best separation of sources. Three-component mixing diagrams 
are shown in Figure 3. A large saturated zone exists on the gentle slope in the lower area 
of this catchment, and baseflow chemistry is similar to that of groundwater (OHTE et al. 
1995). Therefore, the groundwater in the saturated zone (S-GW) was chosen as the first 
end-member as represented by groundwater sampled from the G2 well before each 
rainstorm. The throughfall (TF) was chosen as the second end-member because the 
throughfall contributed directly to the stream. According to KIM (1990), the spatial extent 
of the saturated zone and the variations of groundwater levels are mainly caused by 
subsurface stormflow and are the main factors regulating streamflow during and after the 
rainfall. In addition, the groundwater level displays two different responses to rainfall: 

(1) when the rainfall is low and the soil is dry, only the saturated zone near the stream 
channel contributes to streamflow 

(2) when the rainfall is high, the contribution of subsurface stormflow to streamflow 
increases.  

Thus, the subsurface stormflow was chosen as the third end-member. The groundwater in 
type T zone (T-GW) represents subsurface stormflow depending on response the 
groundwater level to rainstorms. The concentrations at GC well sampled before each 
rainstorm was used in analysis. 

In Event 1, since the rainfall was low and short in duration compared with Event 2, 
subsurface stormflow did not contribute to the streamflow. During Event 2, T-GW 
component corresponding to subsurface stormflow contributed to streamflow. In both the 
first half and the second half of Event 2, the end-members were the same, but variations in 
the subsurface stormflow contribution varied markedly. The T-GW component fluctuated 
markedly and this fluctuation was reflected in the stormflow chemistry. In addition, the 
chemistry of the saturation overland flow, which occurred in the second half of Event 2, 
was similar to that of T-GW, because the saturation overland flow was produced when the 
groundwater level of the transient saturated zone intersected the ground surface.  
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The contributions of each end-member were calculated by solving the mass balance 
Equations. In Event 1, in which the groundwater level is low, the S-GW component 
accounted for more than 90 % throughout most of the period, except at the peak of rainfall 
when the throughfall component accounted for about 35 %. During Event 2, the ratio of T-
GW component increased as the saturated zone expanded during the first part of the 
Event, and after the occurrence of the saturation overland flow (the second half), this 
component became dominant, accounting for about 80 % after rainfall ceased.  

 

3.3 Runoff generation and the hydrochemical processes of streamwater 
During these consecutive rainstorms, the saturated zone expanded with the continuation of 
rainfall. In Event 1, the rainfall was low and groundwater discharge near the stream 
channel contributed most of the streamflow. In the first half of Event 2, the rainfall 
increased and the subsurface stormflow from the transient saturated zone contributed to 
the streamwater discharge. In the second half of Event 2, the rainfall increased more and 
water table intersected the ground surface and saturation overland flow contributed to 
streamflow. The rise of groundwater levels and the spread of the saturated zone determine 
whether T-GW component contributes to streamflow, and whether this component 
discharge as subsurface flow or as overland flow. The results of EMMA imply the 
importance of the contributions of T-GW component to streamflow and the streamwater 
chemistry in this catchment.  

4 Conclusions 
The groundwater contribution to streamflow varies markedly depending on the variations 
in the groundwater levels and the spread of the saturated zone during rainstorms as shown 
for the Kiryu Matsuzawa catchment. The incremental changes of runoff components are 
unique to such a catchment where the slope is gentle and the soil is deep. Relative 

 

 
Fig. 3 Three-component mixing diagram  

TF: Throughfall, S-GW: Groundwater in the saturated zone, T-GW: Groundwater 
in the transient saturated zone, SOF: Saturation overland flow 
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contributions of throughfall, transient groundwater and deep groundwater regulate 
streamwater hydrochemistry. 
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Abstract 

The hydrograph separation technique using natural tracers, where different runoff 
components are quantified in dependence of their chemical or isotopic signature, is a 
suitable method to investigate runoff generation processes. First objective of this study is 
to demonstrate equations for separating three and five runoff components using 18O and 
dissolved silica as tracers. The second is, to describe the uncertainties of the hydrograph 
separations with Gaussian error estimators. 

The study took place in the mountainous Zastler catchment (18.4 km², southern Black 
Forest, Germany). During several storm events an interaction of three main runoff 
components having distinct silica concentrations was evident:  

(1) The low silica component from riparian zones and impermeable areas. 

(2) The medium silica component from periglacial and glacial debris and drift cover.  

(3) The high silica component from crystalline detritus and crystalline hard rock. The 
first two components could be separated into their event and pre-event water 
fractions, so that five components are considered in all. 

It is demonstrated that large relative uncertainties must be considered for the 
quantification of runoff components. These are caused primarily by analytical errors, 
elevation effects and the spatial variability of end member concentrations. Minor errors 
are obtained for the intra-storm variability of 18O and the solution of minerals during 
surface runoff. 

1 Introduction 
The hydrograph separation technique is often used to investigate runoff generation 
processes (e.g. SKLASH & FARVOLDEN 1979, many others since then). For this method the 
chemical or isotopic signatures of different runoff components are used to quantify the 
contribution of each component to total runoff. However, the determination of the tracer 
concentrations for the different components is often problematic and it has been even 
shown that tracer concentrations for each component may exhibit high temporal and 
spatial variability (e.g. HOOPER et al. 1990, JENKINS et al. 1994, LUNDQUIST et al. 1990, 
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MCDONNELL et al. 1991a, RICE & HORNBERGER 1998). Therefore, the (un-)certainty of the 
hydrograph separations must be determined. GENEREUX (1998) suggested Gaussian error 
estimators for two and three component separations, considering the analytical error of the 
tracer measurement. In this study, an extended analysis of the error structure with respect 
to various sources of errors is presented. 

2  Material and methods 

2.1 Test site 
The Zastler catchment (18.4 km2) is located in the southern Black Forest, Germany. It is a 
mountainous catchment with an elevation range from 584 to 1493 m a.s.l.. Steep slopes 
(up to 54°), hilly uplands and relatively narrow valleys dominate the topography. The 
mean annual precipitation is about 1700 mm, generating a mean annual runoff of about 
1080 mm. The underlying gneiss is covered to varying depths (0-10 m) by soils and 
debris. The catchment is widely forested (ca. 75 % of the catchment area), and valley 
floors and uplands are mainly used as pasture. Human settlements cover less than 2 %. A 
more detailed description of the test site is given by UHLENBROOK (1999). 

2.2 Hydrograph separations 

Two-component hydrograph separation 
Hydrograph separations can be derived from the steady state mass balance equations for 
water and tracer fluxes within a catchment. Their application is based on certain 
assumptions, which are discussed by SKLASH & FARVOLDEN (1979) or BUTTLE (1994). 

According to the general theory, the contribution of event water EQ  and pre-event water 

PQ  to total runoff TQ  can be estimated using 
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where O18

Κc  is the isotopic ratio of O18  for the respective runoff component Κ . The event 
component is defined as that part of total runoff that entered the hydrologic system during 
the rainfall event, whereas the pre-event component is defined as that part of total runoff 
that was already stored in the catchment. Before the hydrograph rises, the influence of 
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event water on the isotopic concentration in total runoff is negligible. Therefore, it is 

appropriate to assign the pre-event concentration O18

Pc  to the concentration O18

Tc  at this 
moment (e.g. HOOPER & SHOEMAKER 1986). 

While the isotopic concentration of total runoff is primarily formed by mixing processes in 
the catchment, the hydrochemical composition of water is changed through its interactions 
with organic and inorganic material during passage through the unsaturated and saturated 
zones. Therefore hydrochemical tracers can be used to determine the sources and flow 
pathways of water rather than its age (e.g. WELS et al. 1991, HINTON et al. 1994, PETERS & 
RATCLIFFE 1998). 

Silicate minerals are subject to the complex chemical reaction mechanisms of weathering. 
These reactions are very slow, compared to for instance carbonate weathering (WOLLAST 
& CHOU 1988). Therefore, in most natural environments the concentrations of weathering 
products do not reach thermodynamic equilibrium, i.e. the dissolution of silica in the soil 
goes on continuously. As a result, the contact time of water with the silicate minerals is an 
important factor for its concentration of dissolved silica. This is particularly the case for 
porous and fissured media with long residence times (up to many years) of the water in the 
system (HAINES & LLOYD 1985, WHITE 1995, PETERS et al. 1998, STONESTROM et al. 
1998).  

Assuming that the runoff components from the saturated riparian zones SQ  are similar to 

rainfall in their silica concentrations ( 0Si ≈Sc ), the contribution of SQ  and the subsurface 
component GQ  can be estimated using (HOOPER & SHOEMAKER 1986, HINTON et al. 
1994): 
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Before the hydrograph rises, the influence of water contributed by direct runoff generating 
zones (e.g. saturated riparian or impermeable zones) on the concentration of the 
hydrochemical tracer in total runoff is assumed to be negligible. Therefore it is appropriate 
to assign the subsurface tracer concentration Si

Gc  to the concentration Si
Tc  at this moment. 

 

Three-component hydrograph separation 
Based on the results of a previous study (HOEG et al. 2000) and the results from studies in 
the neighbouring Brugga basin (UHLENBROOK 1999), we can assume that the total runoff 

TQ  is formed by three runoff components: SQ  ( S , surface runoff), UQ  (U , runoff from 
the upper debris and drift cover) and LQ  ( L , runoff from the lower (deeper) debris and 
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drift cover and the crystalline hard rock aquifer). These runoff components are distinct in 
terms of their silica concentrations ( )SiSiSi

LUS ccc << .  

 

Thus: 

LUST QQQQ ++=        (5) 

SiSiSiSi
LLUUSSTT cQcQcQcQ ++=      (6) 

SiSiSiSiSi
LLUUSSGGSS cQcQcQcQcQ ++=+    (7) 

 

Setting 0Si ≈Sc  and solving the algebraic Equation system (5) - (7) yields Equation (3) 
and 
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It can be shown that this solution is equivalent to the four case-dependent sets of 
separation equations presented in HOEG et al. (2000). Note that the sum of Equations (8) 
and (9) yields Equation (4). 

 

Five-component hydrograph separation 
We may further assume that the source and flow path oriented components SQ , UQ  and LQ  
consist of both event and pre-event water fractions: 

PLELLPUEUUPSESS QQQQQQQQQ ∩∩∩∩∩∩ +=+=+= ,,    (10) 

ESQ ∩  is the portion of event water of SQ , and PSQ ∩  is the portion of pre-event water of 

SQ . The components EUQ ∩ , PUQ ∩ , ELQ ∩  and PLQ ∩  are interpreted respectively. It is 
useful to define 

ELEUESE QQQQ ∩∩∩ ++=  
and PLPUPSP QQQQ ∩∩∩ ++=     (11) 
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We know that 
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and recall the Equations (5), (6) and (7). If we assume 0Si ≈Sc , 0≈∩ELQ  and 
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because this is physically realistic, then we get finally: 
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Note that the sum of Equations (15) and (17) yields Equation (1) and that the sum of 
Equations (16), (18) and (19) gives Equation (2). The addition of Equations (15) and (16) 
yields Equation (3), the addition of Equations (17) and (18) yields Equation (8). Equation 
(19) is equivalent to Equation (9). 

2.3 Reasons for and ranges of uncertainties for the hydrograph separation 
An overview of the uncertainties for the tracer concentrations of the different components 
is given in Table 1. 

3 Results and discussion 
Nine rainfall-runoff events were observed between 4th July and 15th August 1997. Four of 
them (no. 3, 4, 5, 6) were analysed in detail. Results and discussion for the tracer 
behaviour, the two and three component hydrograph separation and the respective error 
and sensitivity analysis can be found in HOEG et al. (2000). A single three component 
separation for particular concentrations Si

Uc  and Si
Lc  is presented in Figure 1. On the one 

hand, on a larger inter-storm time scale the non-equilibrium behaviour of the silica 
weathering is used. Thus it is possible to separate the total runoff in source and flow 
pathway oriented components, as different residence times of the water cause distinct 
silica concentrations. On the other hand, this non-equilibrium behaviour, i.e. the slow 
dissolution reactions, may question the application of the steady state mass balance 
Equations (5), (6) and (7), since on the smaller intrastorm time scale silica concentrations 
decrease in the subsurface reservoirs and increase in the surface reservoir, due to the 
movement of the water, with time. Nevertheless, analysis of the error structure (Tab. 2) 
yields for the solution of minerals during surface runoff comparatively small relative 
errors.  
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Tab. 1 Overview of the assumed uncertainties of each runoff component 
Number Effect Runoff 

component 
Uncertainty 

in m3/s, ‰ or mg/l-Si 
(standard deviation) 

1 Error of the analysis 
TQ  0.1 

   O18

Ec  0.2 
  O18

Pc  0.2 
  O18

Tc  0.2 
  Si

Sc  0.06 
  Si

Gc  0.06 
  Si

Uc  0.06 
  Si

Lc  0.06 
  Si

Tc  0.06 
2 Intra storm variability of 18O O18

Ec  0.5 1) 
3 Elevation effect of 18O O18

Ec  0.2 2) 
 " O18

Pc  0 
 Elevation/temperature effect of 

silica 
Si

Sc  0 

 " Si
Gc  0.2 3) 

 " Si
Uc  0.2 3) 

 " Si
Lc  0.2 3) 

4 Solution of minerals during 
surface runoff 

Si
Sc  0.2 4) 

5 General spatial heterogenity of 
the concentration 

O18

Ec  0.5 5) 

  O18

Pc  0.3 6) 
  Si

Sc  0.1 7) 
  Si

Gc  0.5 7) 
  Si

Uc  0.5 7) 
  Si

Lc  0.5 7) 
1) difficult to estimate; in the neighbouring Brugga basin of minor importance (error < 5%, UHLENBROOK 1999) 
2) uncertain mean altitude of the rain fall input; elevation effect during the investigated period was 0.14 ‰ pro 100 m;  
   assumed elevation error: approx. 150 m 
3) concentration depends on temperature, thus on elevation (see UHLENBROOK 1999); assumed elevation error: approx.    
   150 m 
4) little solution of silica during direct runoff formation (see e.g. WELS et al. 1991) 
5) due to storm heterogenity 
6) due to groundwater heterogenity 
7) due to different lithology 
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The temporal decrease of the silica concentrations in the subsurface causes principally an 
underestimation of the subsurface contributions to total runoff, however in Table 2 this 
error has not been evaluated and calculated yet. Furthermore, large relative errors are 
obtained for the elevation (temperature) effect and the spatial heterogenity, which are 
presumably influenced by the long-term impact of silica weathering processes. 

All of the tracer concentrations except Si
Uc  and Si

Lc  were measured directly. Values for 
Si

Uc and Si
Lc are estimated, approximations of their magnitudes are given by spring 

samples and by the local maxima of Si
Tc . 

In general the dominant contribution of water from the upper debris and drift cover 
(medium silica concentration) during floods and low flows, as well as the important 
episodic contribution of near surface runoff during events are demonstrated. Even if the 
specification of concrete portions of flow components is, in consideration of the 
uncertainties, not possible. The five component separation (Fig. 2) shows, especially for 
events 4 and 5, the interplay of event and pre-event portions of SQ  and UQ  during the 
rising and falling limb of the hydrograph. The results suggest that for events 4 and 5 the 
main volume of event water contributing from riparian zones occurs earlier at the 
catchment outlet than the main volume of event water contributed by periglacial debris. 
The later can be interpreted as return flow. Notable fractions of pre-event water 
contributing from riparian zones only seem to play a role during the peak of event 5, the 
one with the highest antecedent moisture conditions. Note that the calculation of ESQ ∩ , 

EUQ ∩  and PSQ ∩  depends only on directly measured concentrations (see equations (15)-
(17)). However, they also have the highest uncertainties (Tab. 2). Large mean values of 
relative Gaussian standard errors are obtained for the analytical errors (effect no. 1, Table 
1), the altitude effect (no. 3) and the spatial heterogenities (no. 5). Minor errors are 
calculated for the intra-storm variability of 18O (no. 2) and the solution of minerals during 
surface runoff (no. 4) (Tab. 2). Relative errors above 100 % occur only for components 
with little runoff volume. The uncertainty of a specific component increases if different 
effects occur simultaneously. It should be mentioned that the uncertainties due to 
analytical errors for the two component separations are higher than the approach of 
GENEREUX (1998) suggests. This is caused by the additional consideration of the discharge 
measurement error of 0.1 m3/s (see Table 1), which enlarges principally the uncertainty of 
runoff components with a high runoff volume. The uncertainties for UQ , PUQ ∩  and LQ  

vary with increasing or decreasing concentrations Si
Uc  and Si

Lc  (Tab. 3). Strong 
variations are caused by effects 1, 3 and 5. 
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Tab. 2 Mean uncertainty values of relative Gaussian standard errors (based on 1st 
order derivatives) for each component, caused by the effects described in  
Table 1 

Mean relative error of 1st order [ ]% , 
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f K  

No. SQ∆  GQ∆  EQ∆  PQ∆  ESQ ∩∆  PSQ ∩∆  UQ∆  EUQ ∩∆  PUQ ∩∆  LQ∆  

1 55.08 12.38 114.90 15.96 87.84 296.50 14.30 264.72 18.80 17.58 

2 0.00 0.00 16.43 1.75 3.09 26.13 0.00 37.53 2.40 0.00 

3 123.62 5.00 6.57 0.70 112.58 131.04 23.57 140.14 21.31 39.42 

4 5.02 0.23 0.00 0.00 4.08 8.60 0.23 6.08 0.17 0.23 

5 309.05 12.51 117.40 10.32 318.36 448.41 58.93 437.55 54.81 98.55 

 

 

Tab. 3 Mean uncertainty values of relative Gaussian standard errors (based on 2nd 
order derivatives) for each component, caused by the effects described in 
Table 1 
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U

L

c
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∆∂
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L

L

c
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∂
∆∂

 

1 8.11 4.34 8.86 4.74 17.66 9.17 

2 0.00 0.00 0.00 0.00 0.00 0.00 

3 15.75 9.22 17.28 10.12 35.62 20.51 

4 0.12 0.05 0.13 0.06 0.31 0.12 

5 39.38 23.04 43.20 25.30 89.04 51.25 
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Fig. 2 Five-component hydrograph separation for the event no. 3-6 between 

14.07.97 (15:30) and 25.07.97 (23:40), assuming Si
Uc = 3.4 mg/l-Si and 

Si
Lc = 5.3 mg/l-Si 

total runoff ( TQ ), event portion of low silica ( ESQ ∩ ), pre-event portion of low 
silica ( PSQ ∩ ), event portion of medium silica ( EUQ ∩ ), pre-event portion of 
medium silica ( PUQ ∩ ) and high silica ( LQ ) runoff component [m3/s] 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1 Three-component hydrograph separation for the events no. 3-6 between 

14.07.97 (15:30) and 25.07.97 (23:40), assuming Si
Uc = 3.4 mg/l-Si and Si

Lc = 
5.3 mg/l-Si  
total runoff ( TQ ), low silica ( SQ ), medium silica ( UQ ) and high silica ( LQ ) 
runoff component [m3/s] 
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4 Conclusions 
During several storm events an interaction of three main runoff components having 
distinct silica concentrations was shown for the mountainous Zastler catchment. Along 
with the event and pre-event water fractions of two components, five runoff components 
are considered in all. Equations for separating the different runoff components using 18O 
and dissolved silica as tracers were presented. In addition, the uncertainties of the 
hydrograph separations, calculating two, three and five runoff components, were described 
with Gaussian error estimators. It is demonstrated that large relative uncertainties must be 
considered for the quantification of the runoff components. They are caused mainly by 
analytical errors, elevation (temperature) effects and the spatial variability of end member 
concentrations. Thus the importance of reducing these errors is clearly demonstrated. 
Nevertheless, the dominant contribution of water from the upper debris and drift cover 
(medium silica concentration) during floods and low flows, as well as the episodic 
important contribution of near surface runoff during events are demonstrated. The 
specification of concrete portions of flow components is in consideration of the 
uncertainties not possible.  
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Abstract 

Water flow in soils is influenced by macropores, by the heterogeneity of the soil matrix, 
and by the exchange of water between macropores and the soil matrix (interaction). The 
degree of interaction influences the runoff generation process in soils with macropores 
during extreme rainfall events. Despite a well developed macropore network, rapid 
overland flow can be generated due to low interaction in combination with low 
permeability in the subsoil. Low interaction in combination with permeable lateral flow 
pathways in the subsoil, however, results in bypassing of the topsoil and the generation of 
rapid subsurface flow. The water movement during infiltration and the resulting flow 
paths were studied with sprinkling experiments and dye tracing under different rainfall 
intensities and soil moisture conditions. The dye tracer was continuously applied with the 
sprinkling water on 1 m2 plots. After the sprinkling, cross-sections of the soil were 
prepared for surveying horizontal and vertical dye patterns, thus displaying the cumulated 
flow path in the soils. These experiments were carried out on sites where different runoff 
generation processes were expected. The experimental results illustrate the influence of 
the water exchange between macropores and the soil matrix on runoff generation. The 
observed flow processes in macroporous soils depended on the water content of the soil 
matrix, the soil structure, the rainfall intensity and the water repellence near the soil 
surface. The verification of flow processes in the field was improved with combined 
sprinkling and dye tracer experiments. 

1 Introduction 
Infiltration into natural soils takes place either through the soil matrix or through 
preferential flow paths called macropores. Macropores, which are voids formed, for 
example, by soil fauna, decay of plant roots, wetting and drying processes, freeze-thaw 
cycles, or the erosive action of subsurface flow (BEVEN & GERMANN 1982), can 
significantly influence the infiltration rate and storage capacity of soils. In recent years, 
macropore flow processes have been studied with intact soil columns (HEATHMAN et al. 
1995, BOOTLINK et al. 1993) or with artificial macropores in the laboratory (PHILLIPS et al. 
1989, GHODRATI et al. 1999). Little is known, however, about how macropore flow on 
field sites is initiated (water supply to the macropores) and how water transfer between 
macropores and the surrounding soil matrix (interaction) takes place. This relationship 
controls the degree of macropore flow and thus infiltration into natural soils (BEVEN & 
GERMANN 1982, BUTTLE & HOUSE 1998, FAEH et al. 1997). 
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Macropore flow is initiated either at the soil surface or within the soil. Flow in macropores 
that extend to the soil surface is initiated when the hydraulic conductivity of the soil 
matrix is less than the rainfall intensity or when the soil near the surface is saturated. In 
macropores not open to the soil surface, flow can be initiated at a near-surface saturated 
horizon (WEILER et al. 1998, LI & GHODRATI 1997). The amount of water that flows into 
each macropore is different, because the surface topography determines macropore flow 
initiation at the soil surface and the density and distribution of macropores determine 
initiation in the soil. 

Different types of macropores have different lining material that can modify the water 
exchange between macropores and the soil matrix. Earthworm deposits produce a lining 
material high in clay and silt contents (BANSE & GRAFF 1968). Macropore lining in holes 
formed by root decay is created from bark material or translocated clays and oxides 
(SCHOENBERGER & AMOOZEGAR 1990). A lining material of clay, silt or humus particles is 
created by deposition of downward moving particles from the soil surface in 
hydrologically active macropores, such as cracks.  

The hydraulic conductivity of the interface between the macropores and the soil matrix 
controls the water exchange between the two domains. Interaction has been measured in 
single artificial or natural macropores in the laboratory (SMETTEM 1986, GHODRATI et al. 
1999). VAN STIPHOUT et al. (1987) carried out field experiments with dye tracers and soil 
water measurements under dry and wet initial soil moisture conditions and determined the 
water exchange between macropores and the soil matrix at various depths. Their method 
seems to be at the appropriate hydrological scale to investigate the interaction process. 
Dye tracers were also used successfully in field experiments to visualise the continuity and 
the hydrological effectiveness of macropores (BOUMA & DEKKER 1978, FLURY et al. 
1994).  

In addition to soil properties, there are other factors that influence macropore flow. Water 
can also flow through macropores when the soil matrix is unsaturated (PHILLIPS et al. 
1989). Rainfall intensity and initial soil moisture content can influence the infiltration in 
soils containing macropores (VAN STIPHOUT et al. 1987, BOUMA 1990, TROJAN & LINDEN 
1992). Therefore, macropore infiltration studies should be performed with different 
rainfall intensities and initial soil moisture conditions (BEVEN & GERMANN 1982, BOUMA 
1990). 

In hydrological models, soil is often considered as a continuous porous media, where the 
water flow depends on the hydraulic conductivity and the water content of the soil. Some 
models take into account macropore flow and define a higher conductivity and a possible 
bypassing of the soil when a threshold of the rainfall intensity is exceeded. However, the 
role of the initiation of macropore flow and the role of the interaction between the 
macropores and the soil matrix are only implemented in some special models (e.g. FAEH et 
al. 1997). 

The objective of this study is to observe and analyse flow processes in soils containing 
macropores with combined sprinkling and dye tracer experiments. Different rainfall 
intensities and initial soil moisture conditions are investigated on four sites with different 
soil and macropore properties. Specifically, the effects of the initiation of macropore flow 
and the water transfer between macropores and the surrounding soil matrix on the 
resulting flow processes are discussed. 
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2 Field experiments 
The experiments presented here were designed to study macropore flow and factors 
influencing it at the field scale. We used combined tracer and sprinkling experiments with 
different rainfall intensities and initial soil moisture conditions. The four sites selected for 
the experiments shared three features: 

1) They were located in catchments where some unexpected large floods have 
occurred.  

2) They were covered by pasture, where an undisturbed development of a macropore 
system by earthworms was possible.  

3) They were situated on slopes to make overland flow possible.  

The soil properties, the parent material and macropore properties of the sites are 
summarised in Table 1.  

The experiments were performed with a sprinkler device covering an area of 1.5 m2. TDR 
probes, tensiometers and facilities to measure overland flow were installed (Fig. 1). At 
each site, four experiments were carried out. Two different rainfall intensities were applied 
on four plots with two different initial soil moisture conditions. We chose a high rainfall 
intensity of 72 mm h-1 for 1 hour (corresponding to a 100 year rainfall in northern 
Switzerland) and a low rainfall intensity of 12 mm h-1 for 6 hours (corresponding to a 25 
year rainfall). The initial dry soil had not seen any rainfall for at least 2 weeks and the 
initial wet soil had received an intense rainfall one day before the experiment. 

During the sprinkling experiments, the dye tracer Brilliant Blue FCF (C.I. 42090) in a 
concentration of 4 mg l-1 was continuously applied to produce a cumulative flow pattern 
of the infiltrating water in the soil (GHODRATI & JURY 1990, FLURY et al. 1994). Brilliant 
Blue FCF provides a good compromise between mobility, visibility and toxicity (FLURY & 
FLÜHLER 1995). One day after sprinkling, four to five vertical cross-sections 5-10 cm apart 
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Fig. 1 Set up of the experimental plot 
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and four to five horizontal cross-sections at 5 to 70 cm depth were prepared and 
photographed, yielding 8 to 10 images per experiment. The vertical profiles covered an 
area of 100 by 100 cm, and the horizontal profiles an area of 100 by 50 cm.  

The soil water content and the matrix potential were measured at different depths. 
Diagonally installed segmented TDR probes monitored the soil water content (Fig. 1). 
Tensiometers, installed horizontally to prevent vertical preferential flow along the 
tensiometer tubes, measured the water potential in the soil matrix or in the macropores, 
depending on the position and the size of the porous cups (BOUMA 1990). 

The photographs of the cross-sections were evaluated as described by FORRER et al. 
(1999). The pictures were taken by daylight under a light tent to diffuse the light and avoid 
direct radiation. A grey frame with a ruler and Kodak grey and colour scales were attached 
to frame the soil profile. A standard colour slide film (Kodak Ektachrome Elite 200) 
without optical filters was used. The pictures were scanned with a resolution of 3072 to 
2048 pixels and corrected for geometric distortion using nearest neighbour resampling to 
yield a real resolution of 1 mm2 for the vertical profiles and 0.5 mm2 for the horizontal 
profiles. Because of the daylight conditions, the lower region of the vertical profiles and 
the corners of the horizontal profiles were darker than the other regions. This was 
compensated for using background subtraction based on the grey frame. Finally, the 
images were classified into stained, unstained and macropore areas using a conditional 
segmentation algorithm in the HSV colour space. The stained areas were further divided 
into three different concentration classes.  

 

Tab. 1 Properties of the soils of the four sites 
Site Soil Classifi-

cation 1) 
Geological parent 
material 

Average values at 30-80 cm depth 

   Density 

(gcm-3) 

Soil texture 2) Macro-
porosity  
(%) 3) 

Number of 
macropores 
per m2 

Rietholzbach Mollic    
Cambisol 

Conglomerates 
(molasse) 

1.30 loam / clay 
loam 

0.35 228 

Heitersberg Umbric   
Cambisol 

Moraine 1.65 loam 0.41 357 

Koblenz Eutric     
Cambisol 

Moraine 1.50 silt loam / loam 0.58 698 

Niederweningen Eutric     
Cambisol 

Sandstone 
(molasse) 

1.45 sandy clay 
loam / sandy 
loam 

0.77 623 

1) Food and Agricultural Organization (1974) 
2) Soil Survey Staff (1951) 
3) Determination using the classified macropores larger 1mm2 of the horizontal cross-sections 

3 Results 
Sprinkling experiments on the four different sites were used to illustrate the variety of 
flow processes in natural soils. The evaluation of the flow processes in the soil was based 
on observed and classified dye patterns and the measurements of water content and matric 
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potential in the soil. Because the interpretation of all results of the experiments would go 
beyond the scope of this paper, only one experiment at each site was selected. 

3.1 Site Rietholzbach 
At the Rietholzbach site, the experiment with a high rainfall intensity on a dry soil resulted 
in 23 % overland flow of the total rainfall amount. Overland flow was observed 5 minutes 
after sprinkling had started, peaked after 10 minutes, and then slowly decreased. The dry 
soil near the surface (matric potential around 65 kPa) in combination with the water 
repellency of the organic material (verified with drop test) limited the infiltration into the 
soil matrix and therefore overland flow was produced. The non-wetting of the soil matrix 
near the surface can also be seen in the classified dye pattern (Fig. 2) of a vertical cross-
section. Only a thin layer near the surface is stained in addition to the larger areas between 
25-70 cm. Thus, the soil matrix was bypassed in the upper soil horizon by preferential 
flow paths and then partly wetted below 25 cm. This behaviour was supported by soil 
water content measurements, which showed a fast increase of the water content between 
25-55 cm after 10-20 min, and matric potential measurements, which showed a sharp rise 
at 85 cm depth after 15 min. 

Based on all observations, the flow processes during this experiment were evaluated 
(Fig. 3). The infiltration into the soil matrix was reduced due to its low permeability near 
the soil surface. Thus macropore flow was activated near the soil surface and controlled by 
the capacity of the macropore system and the interaction. The interaction was high due to 
a permeable matrix in the deeper soil layer.  

3.2 Site Heitersberg 
Some results of the experiment with high 
rainfall intensity on a wet soil at the 
Heitersberg site are shown in Figure 4. The 
soil in the entire profile was nearly satu-
rated prior to the experiment, with a matric 
potential of 1-4 kPa (Fig. 4a). After 20 
minutes of sprinkling, the upper soil layer 
(0-30 cm) was saturated. As soon as the up-
per soil layer was saturated, surface runoff 
began and levelled off at a runoff coef-
ficient of 15%. Thereafter, the matric 
potential in the soil below increased rapidly 
until the soil was saturated. Three classified 
dye patterns of horizontal cross-sections in 
different depths show that flow was 
restricted to a small percentage of the soil 
(Fig. 4b). The amount of staining decreased 
from the soil surface to deeper sections. 
The staining occurred mainly around 
visible macropores, in particular at the 
deepest cross-section. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2 Classified vertical dye pattern 
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The combination of the results of dye 
tracer experiments and soil water 
measurements allows an evaluation of 
the flow processes. Because the soil 
matrix was saturated quite rapidly, 
macropore flow determined the flow 
process in this experiment. The 
permeability of the soil in the upper 
30 cm (A-horizon) was higher than the 
rainfall intensity, and the horizon could 
store the water during the first 20 
minutes. After the top soil layer was 
saturated, macropore flow was initiated 
from this saturated horizon (Fig. 5). 
Because interaction was limited due to 
the saturation of the soil matrix, the 
drainage of the macropores into the 
geological bedrock material and into the 
macropore system controlled the 
infiltration rate and thereby the surface 
runoff.  

3.3 Site Koblenz 
The experiment with low rainfall intensity under dry soil moisture conditions showed a 
dye pattern like that observed at the Heitersberg site (Fig. 6a). The upper soil layer was 
nearly completely stained, whereas the soil below 30-40 cm was only stained near visible 
macropores. The matric potential of the upper soil layer increased rapidly, and the layer 
was saturated after 3 hours of sprinkling. However, the matric potential in the subsoil 
increased very slowly. The initial matric potential in the lower layer was 1-5 kPa and the 
soil was not saturated at the end of the experiment. However, the coloured water, which 
percolated from the macropores into the saturated bedrock, stained a creek, which was 
110 m away from the site, within seven hours after the beginning of the experiment. An 
additional tracer experiment using NaCl was performed to measure the flow velocity of 
the fast subsurface flow pathways. The ion tracer was applied with three infiltrometer 
rings at the site in 70 cm depth to activate macropore flow directly. The conductance of 
the water in the creek was measured. The solute velocity was determined by fitting the 
transfer function model (JURY 1982) to the breakthrough curve (Fig. 6b). The calculated 
velocity of 0.08 m s-1 showed that the water flowed preferentially in the saturated bedrock. 

The evaluated flow processes of this experiment are summarised in Figure 7. After 
saturation of the upper soil layer, macropore flow was initiated at the soil surface and from 
the saturated upper soil layer. Despite a slightly unsaturated soil matrix, macropore flow 
dominated below 40 cm. The low permeability of the soil matrix limited the interaction 
between the macropores and the soil matrix. However, the water in the macropore drained 
rapidly into the underlying saturated bedrock by efficient lateral subsurface flow 
pathways. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3 Flow processes during the experi-

ment at site Rietholzbach 
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Fig. 4 a) Surface runoff and matric potential during sprinkling  

b) Classified horizontal dye patterns in three depths at site Heitersberg (for 
legend see Fig. 2) 

3.4 Site Niederweningen 
Some results of the experiment with the low rainfall intensity under wet soil moisture 
conditions at the Niederweningen site are illustrated in Figure 8. The water content 
increased rapidly near the soil surface (Fig. 8a) followed by an increase of the water 
content below 40 cm. Water content between 20-40 cm remained stable. The matric 
potential measurements showed a saturated upper soil layer and unsaturated conditions (3-
12 kPa) between 20-40 cm. A classified vertical dye pattern illustrates the measurements 
(Fig. 8b). The upper soil layer is nearly completely stained. The layer between 20-40 cm 
shows only narrow linear features, which connect the upper soil layer with the layer below 
40 cm. The soil layer below 40 cm shows an expansion of the staining. 

The flow processes were more multifaceted at this site (Fig. 9). Initiation of macropore 
flow occurred in the saturated upper soil layer. Between 20-40 cm the interaction was low 
and the water in the macropore was forced to flow to deeper soil layers. Because the soil 
texture changed at 40 cm (increase of sand, decrease of clay fraction), the interaction 
increased and the water flowed in the permeable soil matrix. Despite a poorly permeable 
soil matrix near the soil surface, infiltrating water bypassed this range in macropores and 
was stored in the subsoil. Because of these macropores, no overland flow was initiated.  
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4 Conclusion 
Flow processes in natural soils were observed and analysed with combined sprinkling and 
dye tracer experiments in the field. The results of the dye tracer experiments in 
combination with soil water measurements allowed a detailed evaluation of the flow 
processes that occurred during simulated extreme rainfall events. The flow processes, 
which were observed on the sites with similar soils, were quite different. The results imply 
that initiation of macropore flow and the water exchange between macropores and the soil 
matrix has a marked influence on the resulting flow processes. However, the processes of 
macropore flow initiation and interaction are not yet well enough understood to be 
correctly implemented into infiltration models. This study showed that water content of 
the soil matrix, soil structure, rainfall intensity, and water repellence near the soil surface 
influenced the flow processes in soils. Additionally, the study showed that macropore flow 
in natural soils dominates the flow processes. This study serves as an example to improve 
the understanding of macropore flow and to enable the more correct modelling of 
macropore flow processes in the future. 

 

 

Fig. 5 Flow processes during the experiment at site Heitersberg (for legend see 
Fig. 3) 

 

 

Fig. 6 a) Classified vertical dye pattern  
b) Breakthrough curve of NaCl at site Koblenz (for legend see Fig. 2) 
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Fig. 7 Flow processes during the experiment at site Niederweningen (for legend see Fig. 3) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 8 a) Water content change during sprinkling  

b) Classified vertical dye pattern at site Niederweningen (for legend see Fig. 2) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 9 Flow processes during the experiment at site Niederweningen (for legend see Fig. 3) 
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Abstract 

Knowledge of runoff generating processes is fundamental for testing and improving 
predictive rainfall runoff models. In this study, the different types of runoff from a 
mountainous catchment in the northern Black Forest were explored. The observed runoff 
was caused by rainfall events with different volumes and intensities occurring with 
different pre-event catchment conditions. The runoff generation was explored by methods 
which were adjusted to the expected time scale of the underlying processes.  

(a) Slow processes: long term water balance and ground water export, baseflow from 
springs (recession analysis), mean residence times of spring and soil water (3-H, 
18O). 

(b) Fast processes: saturation excess flow and the interaction of processes on 
catchment scale (hydrograph separation using 18O, DOC and hydrochemical data). 

1 Introduction 
Rainfall-runoff models are usually calibrated by measured data on the catchment scale. 
Expected changes in climate or land use require models able to predict the resulting 
changes in runoff and/or storage. Therefore the knowledge of the runoff generation 
processes and their interactions is important in order to prove a model's applicability for 
these purposes (BONELL 1998, BUTTLE 1994, MEHLHORN et al. 1998). The goal of this 
research carried out in the Dürreychbach catchment, is to develop a database, which 
allows the testing and improvement of existing modelling concepts. Different processes 
leading to runoff from a mountainous sandstone catchment are described. Events which 
differed in volume and intensity and by different pre-event conditions of the catchment 
were analysed. The temporal resolution of the measurements and the analysis methods 
were adjusted to the expected time scale of the underlying processes (BLÖSCHL 1996). 
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2 Site description 
The Dürreychbach catchment (600-950 m a.s.l.) is a 7 km² V-shaped forested catchment in 
the northern Black Forest, SW-Germany. The mean annual precipitation sums to 1530 
mm/y and the mean temperature is 6-7°C. The steep slopes are carved by corries and 
topped with humid plateaux. The base material is Triassic sandstone covered by deep 
blocky periglacial regolith; soils are mostly podzols, stagnic gleysols and degraded peat. 
The catchment has been subdivided into four gaged subcatchments of 0.16 to 1.56 km² 
(Fig. 1). 

3 Data 
Hydrological (a), meteorological (b) and geographical (c) data were collected for about 
four years (1997-2000) and are stored in a GIS-linked database: 

(a) Discharge, pH, temperature, hydrochemical composition (measured by high 
resolution ICP-MS), electrical conductivity, dissolved organic carbon (DOC, 
measured as TOC after filtering) and delta 18-O (VSMOW) (in the following 
referred to as 18O, measured by the Isotope Lab at the University of Karlsruhe) 

(b) Precipitation, temperature, wind, humidity, soil moisture and soil tension 

(c) Soil properties, indicator plants, erosion and relief properties 

 
 

Fig. 1 Hydrologic testsite Duerreychbachtal: subcatchments 
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4 Methods 

4.1 Catchment scale 

Groundwater export 
To estimate the mean annual groundwater export from the research catchment a simplified 
water balance (P = R + ET) was applied to a larger area and adjusted by means of the 
runoff measured at the outlet of the research catchment. 

Residence time 
Seasonal trends in 18O values in precipitation and spring water were modelled using sine 
functions of appropriate amplitude and frequency. Assuming a simple model for well-
mixed groundwater flow the mean residence time can be calculated by comparing the 
amplitudes of both, input and output signal (SOULSBY et al. 2000). 

Baseflow separation 
The separation of slow baseflow from deep springs was accomplished by measuring 
discharge of a representative spring. 

Hydrograph separation using DOC as a tracer 
Since runoff from the plateau area showed a stable (only +/-10% variation during event) 
and very high concentration of DOC, we used DOC similarly to 18O: for the catchment 
outlet we calculated the instantaneous portion X(t) of runoff which originates from those 
areas: 

X(t) = [DOCconc(t) -DOCconc(t=0)]/DOCconc(Plateau) [-]   (1) 

where:  

DOCconc(t): DOC concentration at catchment outlet 

DOCconc(t=0): DOC background concentration at catchment outlet 

DOCconc(Plateau): constant DOC concentration from export area 

Hydrograph separation using DOC and hydrochemical data 
Using Aluminium, Silica, Calcium and DOC as hydrochemical tracers, we defined five 
distinct reservoirs within the catchment. Using a mass balance for each tracer and the 
continuity equation we are able to separate the measured runoff at the catchment outlet 
(BROWN et al. 1999, CHRISTOPHERSEN et al. 1992, HOEG et al. 2000). 

4.2 Subcatchment scale 

Delineation of subcatchments 
Using a GIS (Arc/Info) and a high resolution DEM (10 meters grid size) subwatersheds 
were delineated by defining the corresponding source points. Field survey has been made 
to prove the results. 



 359 

Hydrograph analysis 
For each subcatchment hydrographs were analysed in order to obtain characteristic data 
(e.g. non-linear behaviour, storage capacity, recession constants, percentage runoff). 

 

Hydrograph separation by 18O and DOC 
To estimate the portion of pre-event water, both isotope and DOC data were analysed. For 
areas with only temporal saturation excess flow, the two end members "soil water" and 
"rain water" explained sufficiently the observed composition of runoff water because 
plotting all measurements in a bivariate DOC/18O diagram always resulted in a straight 
line (example in Fig. 2). To determine the unknown end member "soil water", we 
incorporated additional information. First we applied 18O data from a soil profile nearby. 
Second we used the last pre-event measurement of low flow DOC concentration to 
estimate the actual DOC concentration of the soil water. By fitting these values to the 
mixing line (Fig. 2), we were able to determine the 18O content of soil water. Finally the 
application of the simple mixing equation allowed us to estimate the portion of pre-event 
water (BISHOP 1991, BUTTLE 1994, VOLKMANN 2000). 

4.3 Plot scale 

Estimation of residence time from 18O variations of soil water 
Variations in 18O composition were measured on a hillslope plot by weekly sampling of 
soil water (8, 28, 70 cm depth) and precipitation water. The residence times are calculated 
using the same assumption and methodology as used for the springs. 

 

 
 
Fig. 2 Adjustment of one end-member for a sample event, headwater LE (0.27 

km²) 
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Salt tracer experiment 
In addition, a salt tracer experiment on a 2 m² plot was carried out to prove the existence 
and determine the velocity of lateral flow processes under saturated conditions. 

5 Results 

5.1 Groundwater export 
The long term water balance for the research catchment P = R + ET, could not be 
calculated because R does not include all groundwater runoff (P = 1540 mm/a, R = 553 
mm/a for a period of 16 years). The measured runoff of the larger 30.2 km² catchment (of 
which the research catchment is a part) included this groundwater part. As a result we had 
to add approximately 400 mm/a of groundwater export to the observed runoff (P = R + ET 
+ 400 mm/a groundwater export). 

5.2 Baseflow from springs 
The slow baseflow of the research catchment originates from three major perennial 
springs for which the annual fluctuations in conductivity, temperature and 18O content are 
very small. In combination with available tritium data (BAUER, personal communication), 
the mean residence time of the groundwater was estimated from 1.8 to 2.9 years (Tab. 1). 
Two major aquifer systems with recession constants of k1 = 50 d and k2 = 250 d were 
identified from recession curves. The corresponding storage volumes of the aquifers were 
V1 = 68 mm and V2 = 170 mm. The baseflow increased after a heavy rainfall with a time 
delay of 1 week. These results can be explained by an extended shallow aquifer at the 
interface of the thick (5-15m) drift/till layer and the bedrock causing a good lateral mixing 
of water. 

5.3 Hydrograph separation at the outlet of the research catchment using 
DOC 

Figure 3 shows a hydrograph separated into 4 components using DOC and hydrometric 
data. The runoff was caused by a heavy thunderstorm on intermediate moisture conditions. 
DOC originates exclusively from the plateau region of our catchment because all other 
DOC-rich soils had no connection to the drainage system. This conclusion was verified by 
the comparison of the net DOC export at the catchment outlet (approx. 409 kg for the 
entire event) and at the gage draining the plateau region (407 kg). 

5.4 Hydrograph separation using DOC and other hydrochemical data 
Figure 4 shows a hydrograph separated into 5 components using DOC and hydrochemical 
data (Al, Si, Ca). Table 2 shows the hydrochemical composition of each reservoir. All 
end-members are well defined: aluminium and DOC allow to distinguish between soil 
water and ground water, silica content increases significantly with contact time and 
calcium is abundant either in deep ground water or shallow soil water (after liming of the 
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forest soils). The maximum recovery error for the different tracers ranged from +/-1 % 
(for silica) to -13 % (for calcium). Nevertheless the error induced by the determination of 
the end-members might be much higher. 

5.5 Subcatchments 
Using relief and soil information we can subdivide our catchment into four topographic 
types:  

(a) Flat plateaux on mountain tops 

(b) Hillslope as the main structure of the valley 

(c) Corries draining very steep hillslopes  

(d) Alluvial plain at the valley bottom. 

Figure 5 shows their runoff characteristics for an advective rain and wet pre-event 
conditions. 

 

(a) Plateau area 

During the sample event in Figure 5 the two nested headwaters (LE: 0.27 km² and SH: 
1.56 km²) produced fast and intensive runoff. This is partially due to the artificial drainage 
system enhancing the connectivity to the main stream, but is primarily due to the soils 
which are dominated by stagnic gleysols, degraded peat and podzols. During a rainfall 
event all these show saturation caused by low hydraulic conductivity in deeper soil layers. 

Hydrograph analysis also yielded fast recession constants between 0.2 and 2 days. The 
percentage of runoff ranged from 0 % to 50 % depending on pre-event conditions and 
event characteristics (Tab. 3). DOC content, temporal patterns of DOC export can help us 
to understand the underlying processes (VOLKMANN 1999 & 2000). For the small 
headwater LE (0.27 km²) we calculated the portion of event water for a number of events 
combining 18O and DOC data (Tab. 4). A Thunderstorm on dry soil produced sharp 
discharge peaks with high portion of event water (50-60 %). A Thunderstorm on 
intermediate conditions resulted in higher discharge volumes but lower portions of event 
water, indicating that more soil water can be exchanged during the event. An advective 
rain on wet soils produced high discharge volumes containing up to 1/3 event water. For 
intermediate conditions, the portion of event water was reduced because less surface 
runoff was produced. The higher portion of pre-event water from the upper soil layer was 
also verified by a higher DOC-concentration (Tab. 4). Thus it can be concluded that the 
dominating flow process is saturation excess flow (surface and shallow subsurface runoff) 
with a high degree of soil water exchange during events (also indicated by a high 
aluminium concentration which is closely related to the low pH in the podsolic and peaty 
soils). 

(b) Hillslope 

The hillslope subcatchment consisted of a single hillslope and exhibited the lowest 
percentage runoff (Fig. 5). In addition it showed a very high water retention capacity 
and/or infiltration capacity. This is a result of the soil structure of these hillslopes: A thick 
sandy till layer (up to 15 m) allows high infiltration rates. Podzolation processes formed a 
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relatively impervious Ortstein layer in a depth between 50 to 100 cm. This causes a slow 
interflow component which cannot contribute very much to the observed runoff. Only 
high rainfall intensities causing saturation up to the upper soil layer lead to faster runoff 
components: pipe flow could be observed in the thick humus layer. The drainage flow 
velocity reached up to 4 m/h (value taken from a plot scale tracer experiment). Draining 
by the natural channel system or runoff from tracks caused a rapid response of river 
discharge (component "soil water hillslope" in Fig. 4). Due to lateral mixing processes the 
isotope signature of the drained water differed substantially from that of the rain water. In 
one observed soil profile we calculated from 18O data a mean residence time of about 1 
year in the permanently wet horizon above the ortstein layer (at 70 cm depth). At a depth 
of 28 cm the input signal was already significantly damped due to mixing processes within 
the upper soil layers (mean residence time of 3 months, see Table 1). 

(c) Corrie with steep hillslope 

Corries act as reservoirs by damping the input from their contributing area (Fig. 4). 
Degraded peat as the dominant soil causes high DOC concentration in the discharged 
water. The 3 corries of our catchment (with a surface of about 0.4 km² = 6 % of the 
catchment) explain partly the tailing of the hydrograph at the outlet of the research 
catchment and also the long tailing in DOC export. 

(d) Alluvial plains 

Hydrograph separation for the catchment outlet showed always a high percentage of pre-
event water (85-95 %). This runoff was mainly generated by different processes such as 
enhanced groundwater flux (component "deep groundwater" in Figure 4), displacement of 
vadose water from the bottom of the hillslope (component "soil water hillslope" in Figure 
4), return flow and similar processes (BUTTLE 1994). Since the alluvial plain is very 
narrow, direct precipitation onto saturated or impervious areas close to the stream is of 
little importance for runoff generation except for short rains with very high intensity (e.g. 
thunderstorms, Fig. 3).  
 

Tab. 1 Mean 18O levels, modelled amplitude and estimated mean residence time 

Location Mean 
(promille) 

Amplitude  
(promille) 

Residence time 
(years) 

Number of 
samples 

Precipitation -9.00 2.6 - 57 

Baseflow (580 m a.s.l.) -9.24 0.17 2.7 86 
Spring 1 (600 m a.s.l.) -9.31 0.16 2.9 86 
Spring 2 (750 m a.s.l.) -9.33 0.25 1.8 56 
Spring 3 (800 m a.s.l.) -9.36 0.17 2.7 73 
Soil water (8cm) -7.93 2.10 0.1 33 
Soil water (28cm) -8.61 1.30 0.3 35 
Soil water (70cm) -9.19 0.45 1.0 36 

6 Discussion and conclusions 
Our investigations showed a highly non-linear behaviour of the catchment. The runoff 
production of the catchment depended from antecedent soil moisture and event 
characteristics (volume and intensity). The runoff from the plateau area was closely 
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related to soil saturation (causing saturation excess flow). The appropriate modelling 
concept is a simple reservoir equation.  

 

 
 

 
Fig. 3 Hydrograph separation using DOC at main gage (7.0 km²) 
 

 
 
Fig. 4 Five component hydrograph separation at main gage (7.0 km²) 
 

 
 
Fig. 5 Hydrographs of all gages for an advective rain and wet pre-event conditions 
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Tab. 2  Hydrochemical data of the reservoirs [mg/l] (values used for separation) 

Location Sodium 
(Na) 

Silica  
(Si) 

Calcium  
(Ca) 

Aluminum 
(Al) 

DOC pH Number of 
samples 

Main gage 0.5-1.5 2-2.5 3.0-6-0 0.0-1.0 0.5-40.0 5.5-6.9 21 
Shallow 
groundwater 

0.75-1.4 2.1-2.8 
(2.3) 

1.5-4.5 
(3.5) 

0.0-0.25 
(0.0) 

0.0 4.5-5.5 10 

Deep  
groundwater 

0.7-1.5 4.8-5.8 
(5.25) 

3-8.8 
(6.0) 

0.0 
(0.0) 

0.0 5.8-6.0 6 

Soil water 
(hillslope) 

0.3-1.3 0.1-0.6 
(0.5) 

0.5-3 
(3.0) 

1.4-1.9 
(1.9) 

10.0-35.0 
(30.0) 

3.7-4.2 11 

Soil water 
(saturation area) 

0.3-0.9 1.3-1.9 
(1.7) 

3.0-12.0 
(8.5) 

0.8-1.2 
(1.2) 

40.0-80.0 
(70.0) 

3.9-5.0 44 

Rain water 0-0.8 0.0 0-1.0 (1.0) 0.0 0.0 5-7 8 

 

Tab. 3   Runoff generation on the flat plateau area (headwaters LE / SH)  

Date Precip. sum 
[mm] 

Max. intensity 
[mm/h] 

Pre-event 
condition 

Percentage runoff 
(0.27 km²) 

Percentage runoff 
(1.56 km²) 

5.5.1999 8 2 dry 0 0 
7.5.1999 34 5 intermediate 12 3.5 
11.5.1999 60 6 wet 26 15 
15.10.1999 43 5.5 wet 31 13 
4.8.1999 42 30 dry 6 1.5 
7.8.1999 20 15 wet 10 2 
16.9.2000 100 14 intermediate 32 19 
28.10.1998 168 17 very wet N/A 46 

 

Tab. 4 Portion of event water calculated from 18O and DOC data (headwater LE)  

Date Precip. 
sum [mm] 

Max. intensity 
[mm/h] 

Pre-event 
condition 

Percentage 
runoff (0.27 km²) 

Percentage 
event water  

Max. DOC 
conc. 

22.9.1999 8 2 dry 0 0 0 
3.10.1999 17 4 intermediate 8 min. 15 76.2 
11.5.1999 60 6 wet 26 30 51.7 
15.10.1998 28 5 very wet 33 25-32 60.5 
4.8.1999 42 30 dry 6 50-60 42.7 
7.7.1999 27 13 intermediate 10 25 58.7 
 

Significant runoff from the steep hillslopes was only observed for intensive rains on wet 
soils. For these events also deep groundwater contributed remarkably to runoff (Fig. 4). 
During dry weather conditions mainly the shallow aquifers of the area were controlling the 
runoff, since deep ground was exported without being captured at the gauging station. 

Since runoff from the plateau area was dominated by saturation excess flow, hydrograph 
separation using 18O (and DOC) as a tracer for pre-event water yielded to good results. A 
two-component mixing model explained sufficiently the underlying processes (good 
lateral mixing of soil and rain water). However, the runoff generation within the entire 
research catchment is too complex to fit such a simple assumption. In this case the use of 
DOC and hydrochemical data yielded to reasonable results. This is because DOC and the 
selected cations aluminium, silica and calcium are closely related in concentration to the 
different runoff contributing reservoirs. Especially aluminium seems to be a good tracer 
for water from acid forest soils. In addition silica content is closely correlated to contact 
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time. But all solutes showed a large variation within time. Therefore permanent sampling 
is necessary for the application of the presented method. Taking additional tracers into 
consideration (such as 18O or chloride) might help to prove or falsify our assumptions 
made for the five contributing reservoirs. Especially the processes delivering the deep 
groundwater component could not be sufficiently clarified. Further investigations are 
necessary. 
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Abstract 

In the unsaturated zone, bypass-flow and its feedback with both matrix and interflow 
significantly influence groundwater recharge and the export of solute and particle matter 
from subsurface to surface water. At the FAM Research Station (Bavaria) overland flow is 
negligible and it was observed that both interflow and the concentration of agrochemicals 
increased proportionally by the amount of storm discharge whenever rain events exceeded 
2 - 4 mm/day. This also documents respective elevated concentrations of DOC leached 
from the effective root zone (0 to 100 cm below surface). In the study area DOC export 
from forested areas is higher as compared to agricultural areas; DOC leaching clearly is 
either more pronounced in agricultural lands, or DOC production is higher in forest lands. 
Since DOC increases during storm events parallel to the export of hardly soluble 
agrochemicals such as phosphates and pesticides, a significant particle-favoured export 
linked to DOC must occur. Thus the solute and particle favoured export of agrochemicals 
via storm events provides a significant contribution to groundwater protection, but also 
favours pulse impacts to surface waters and causes unproductive income losses to farmers. 

1 Introduction 
In humid and tropical areas, flow in the unsaturated zone consists of:  

a) Matrix-flow (HILLEL 1971, FEDDES et al. 1988) with seepage velocities of less than 
a few meters per year, occurring all over the unsaturated zone, and  

b) Bypass-flow (BEVEN & GERMAN, 1982 WHITE 1985, GERMAN 1990; VAN GE-
NUCHTEN 1994), which significantly exceeds flow velocities of decimetres per day 
and restricts to depth of several meters close to the surface. 

The interaction between bypass and matrix flow and its relationship to interflow as a fast 
lateral discharge component, as well as the contribution of infiltrating precipitation to 
groundwater recharge in the FAM Research Station Scheyern have been described in 
SEILER et al. (2000). 

High contaminant and nutrient concentrations in rivers fed by areas with intensive 
agricultural land use have been reported by BROWN et al. (1995) and HARIA et al. (1994). 
As these processes and their interrelations were better understood and better attributed to 
discharge components, it was possible to contribute to the development of mathematically 
based strategies for soil cultivation and agrochemical application practices in order to: 

a) minimise the export of contaminants from landscapes to surface and groundwater,  
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b) take more advantage of the efficiency of applied pesticides in agricultural lands, 

c) safeguard the microbial degradation capacity of the subsurface,  

d) enhance the nutrient uptake of plants.  

The present study aims to report some preliminary results on the export of agrochemicals 
through bypass flow and interflow. 

2 DOC in the unsaturated zone 
DOC (dissolved organic carbon) and DOM (dissolved organic matter) are fractions of 
TOC (total organic carbon); TOC comprises all organic particle sizes in subsurface water, 
DOC or DOM only those smaller than 0.45 µm. They all originate under natural 
conditions primarily from disintegrating humic substances, and to a lesser extent from 
metabolisms of organisms or from fossil organics (wood, petrol) imbedded in sediments.  

For many years, DOC was neglected in hydrogeology studies. For the past 15 years, 
however, it has experienced increasingly focused scientific interest. DEGENS et al. (1985) 
provided a general worldwide survey on DOC in rivers. In between process-oriented 
research, present attention has mostly been drawn (FREITAG 1997) to:  

• Chemistry and disintegration of DOC 

• Processes of DOC-mobilisation 

• DOC-co-transport of contaminants 

• Groundwater dating 

In this paper, the role of the co-transport of agrochemicals through DOC is a main 
emphasis. 

MCCARTHY & ZACHARA (1989) suggest that DOC sorption on the solid phase is quite 
unimportant; in contrast, JARDIN et al. (1990) and DAVID & VANCE (1991) consider a 
selective sorption of DOC. KLOTZ et al. (1995) demonstrate for some pesticides a 
significantly higher mobility in connection with elevated DOC concentrations. Field 
experiments of SEILER (1997) proved a retarded propagation of DOC in sands and gravels 
of southern Germany, a co-precipitation of manganese with sorbing DOC and a favoured 
transport of sorbed heavy metals through DOC. To improve knowledge of the role of 
DOC for a particle favoured transport, a reconnaissance study on the DOC distribution in 
soils and the role of DOC and less soluble agrochemicals in the discharge components of 
Scheyern was executed. 

3 Results from the Scheyern test site 
In the Scheyern experimental site seasonal variations of DOC in soil solutions have been 
observed by sampling with conditioned suction cups in natural lysimeters (Fig. 1). 
Sampling at each depth has been performed by three replicates. The results of these 
studies showed high DOC concentrations occurring only in the effective root zone (0-100 
cm below ground) and depending to some significant extent on both land use (Fig. 1) and 
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the type of sediment. Below the effective root zone, however, DOC concentrations 
become abruptly lower, but are still higher than DOC in groundwater by a factor of two or 
three.  

 
Fig. 1 DOC-concentrations in typical Loess (right curve) and Tertiary gravel 

profiles (left curve: cultivated land; medium curve: bare land) in the study 
area. The bars reflects the seasonal variations of DOC 

 
 
 

 
 
Fig. 2 Discharge (columns) and DOC-concentrations (curves) in a river during a 

discharge event. BW1 = 100 % forested, BW2 = 60 % forested and 40 % 
arable land 

 
This distribution of DOC concentrations in vertical profiles is explained by: 

a) A high production rate of mobile DOC in the A-horizon of soils moving downward 
into the effective root zone. 
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b) A preferential leaching of DOC from the effective root zone through bypass flow 
which transforms into lateral interflow. 

c) Microbial disintegration at depth with a predominance of matrix flow below the 
effective root zone along the flow path to groundwater.  

Considering the chloride and nitrate concentrations in the soil solutions within the 
effective root zone, it was evident that considerable variations of concentrations occur 
only in the active root zone. As compared with the non-reactive chloride this must be 
attributed to leaching processes that are restricted to the effective root zone, and with 
respect to nitrates it is due to both plant consumption and leaching. 

Overland flow in the study area is mostly negligible. During discharge events, high DOC 
concentrations (Fig. 2) were observed in rivers, and were linked in the study area to 
interflow (V. LOEWENSTERN 1998). It has also been observed that DOC export increases 
parallel to the amount of precipitation producing interflow (Fig. 3). High DOC 
concentrations, however, are missing in the base-flow (about 1 mg/l), which is fed only by 
groundwater.  

MELLI et al. (1995) stated that in Scandinavian rivers mercury concentrations increased 
during storm discharge; however, it was unclear to what extent this is linked to solute or to 
particle favoured transport. For the FAM study area, SCHÜLEIN (1998) demonstrated a 
concentration increase of pesticides and V. LOEWENSTERN (1998) also spoke of hardly 
soluble phosphates (Fig. 4) in storm discharge. In this connection it is interesting to note 
that during storm discharges chloride export is less retarded than DOC export and nitrate 
export groups in between. From these observations it is suggested that less soluble 
agrochemicals and possibly some nitrates are exported partly in solution and partly fixed 
on DOC.  

4 Conclusions 
In the study area, discharge components (V. LOEWENSTERN 1997) and the concentrations 
of DOC in surface and groundwater are significantly related to one another. This is 
evident on the scale of the root zone and on the catchment scale (0.75 km2) in event 
related discharges through which most of the DOC is exported by interflow. Significant 
DOC export during storm events also favours the export of non-soluble matter fixed on 
DOC as a carrier; this holds true especially for phosphates and pesticides and may also 
apply to some extent to nitrates. 

Clearly, nutrient production by weathering and microbial activities, plant up-take, but also 
nutrient export through bypass- and interflow is mostly focused to the effective root zone. 
Below it, fast-flow is mostly missing in hilly terrains and dispersion dampens variations of 
the concentrations of agrochemicals; therefore single infiltration event are no more 
detectable. Since fertilizers and pesticides are currently applied at lower rates than in the 
past, agrochemicals actually occur at higher concentrations 1.8 m below the ground 
surface than in the effective root zone; according to the slow matrix-fluxes (0.7 to 1.2 
m/year), the decline of e.g. nitrates at the groundwater surface at about 12 m below floor 
(Fig. 5, line without symbols) is still very different from that observed from below the 
effective root zone.  
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Fig. 3 DOC concentrations in surface discharge caused by storm events of 
different amounts of rain 
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Fig. 4 DOC, phosphate and sulphate concentrations in surface discharge after a 
storm event 
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Fig. 5 Nitrates in soil water extracted by suction cups over a period of 4 years 
(lines with symbols) and the decline of nitrates in 12 m below ground at the 
groundwater surface (line without symbol) 

 
Therefore  the actual  change  of  land cultivation  with  reduced fertilisation has not yet 
reached the groundwater surface which is found at an average depth of 12 m below the 
surface.  

Leaching severely limits our ability to define initial boundary conditions of reliable 
forecast of contaminant transport to groundwater. It must, however, be considered as a 
strong contribution to groundwater protection. First estimates demonstrate that in the 
research area, leaching losses of agrochemicals may amount to a maximum of 50% of 
applied agrochemicals. 
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Abstract 

Investigations of the spatial and temporal dynamics of dissolved organic carbon (DOC) 
export and ∆18O (SMOW) in precipitation, soil water and runoff were carried out in the 
Duerreych catchment, in order to distinguish runoff generation processes. Hydrograph 
separations of selected precipitation events were consructed for a small sub-catchment. 
The DOC in soil water showed a clear decrease in concentration with increasing soil 
depths. The DOC-rich water originates from the upper soil horizons and acts as a rapid 
runoff component. Using the temporal variability of DOC concentrations in runoff water, 
the dominating runoff processes during precipitation events were ordered chronologically. 
The study catchment was found to be dominated by fast runoff components with water 
percolating through the upper soil horizons with a major portion of runoff water being 
(old) pre-event water. Saturation excess flow plays a minor role except for strong storm 
events.  

1 Introduction 

The temporal patterns of DOC export were investigated the Duerreych catchment, in order 
to achieve a better understanding of runoff processes and to support hydrograph 
separation. Since responses of runoff to precipitation events can vary widely, it is 
necessary to describe the potential initial states of the catchment. In order to identify the 
dominant runoff processes, flowpaths need to be tracked. Here chemistry of water solutes 
can give valuable information (BISHOP 1991, MCDOWELL & LIKENS 1988, EASTHOUSE et 
al. 1992). The soil is important as a site of accumulation, turnover and export of dissolved 
organic carbon (DOC), with water as the transport medium (MCDOWELL & WOOD, 1984). 
Thus knowledge of the fluxes of DOC can contribute significantly to the understanding of 
runoff generation (HOOPER et al. 1990). In this study DOC in runoff water served as a 
tracer since it was regarded as recalcitrant for time scales relevant for runoff processes. 
Furthermore, in the northern Black Forest DOC concentrations were high enough to allow 
precise measurements of carbon fluxes. Selected precipitation-runoff events were analysed 
to describe the sequence of dominating hydrological processes and to quantify surface 
runoff. In addition, investigations with the natural tracer ∆18O (SMOW) were performed 
to estimate proportions of event and pre-event water during runoff events.  
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2 Study site 
The Duerreych catchment in the northern Black Forest is a 7 km² V-shaped forest covered 
valley with elevations between 600 and 950 m a.s.l. The very steep slopes are carved by 
corries and topped with humid plateaux. Typical soils are podzols, stagnic gleysols or 
degraded peat. Mean precipitation was 1530 mm a-1 with a mean temperature of 6-7°C. A 
headwater sub-catchment with an area of 0.27 km² was selected for this study. The sub-
catchment was closely linked to the stream by a dense drainage system. Discharge was 
only activated during periods of high soil moisture or after a heavy rainfall. A maximum 
discharge of 121 l s-1 was measured.  

3 Material and methods 
Field observations were carried out from December 1997 to November 1999. A V-notch 
weir with a pressure gage connected to an ISCO autosampler was used for measurements 
of water levels. Runoff was calculated with a discharge curve deduced from the weir 
geometry and calibrated with bucket measurements and the salt dilution method according 
to RODEL (1993). Water samples were taken at intervals of 48 hours, and during runoff 
events at intervals of 3 hours. Soil water was collected weekly with PE/Nylon suction cups 
at different depths of a podzol soil profile, the dominant soil type of the study area. 
Determination of DOC concentration in runoff and soil water was carried out by 
combustion at 950°C and IR detection of CO2 with an Elementar HighTOC analyser with 
an accuracy of +/- 2 %. A weather station provided precipitation, air temperature, soil 
temperature and soil moisture data. Soil moisture was measured by TDR at 20 and 35 cm 
below the surface. Atomic mass spectrometry was used to determine ∆18O (SMOW). The 
proportion of event and pre-event water at a given time was calculated according to 
BISHOP (1991). Since the catchment only had periodic runoff, estimating ∆18O values of 
pre-event water required additional information. This was obtained through isotopic 
measurements of soil water and dilutions of DOC-rich water after soil passage with 
surface runoff (CASPER et al. 2000).  

4 Results and discussion 
DOC concentrations ranged from 8 to 81 mg C l-1. DOC concentrations of soil water 
decreased with increasing soil depth (Fig. 1). Highest variations in DOC concentrations 
were obtained in the upper soil horizons. The deeper water percolated, the more DOC was 
adsorbed to the soil body (MCDOWELL & LIKENS 1988, KAPLAN et al. 1980, DALVA & 
MOORE 1991). In comparison, a deep spring in the Dürreych valley always had DOC 
concentrations below 1 mg C l-1. The water with a high DOC concentration originated 
from the upper soil horizons and traced rapid runoff components. As a response to 
precipitation, soil moisture increased rapidly to total saturation, in greater soil depths first, 
gradually saturating the soil body completely (Fig. 2). Water saturation was reached with 
50 vol.% at 20 cm depth and 43.5 vol.% at 35 cm depth. Due to low slope and high 
infiltration capacity, this sub-catchment represents a potential area of saturation excess 
flow (PESCHKE 1999). A rainfall-runoff event with two major precipitation inputs (I) and 
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(II) on 24 October 1998 is shown in Figure 3a. The initial rainfall input raised soil 
moisture to 38 vol.% at 35 cm below surface (equivalent to 88 % water saturation) and 
50 vol.% at 20 cm below surface (equivalent to 80 % water saturation). At the beginning 
of runoff event (I) the DOC concentration was low. Runoff consisted mostly of surface 
runoff on tracks and drainage of deeper horizons of a few small saturated areas near of the 
stream (Fig. 3b: 6, 7 and 9). The second rainfall (II) caused complete saturation of the soil. 
A maximum concentration of DOC in the stream was reached because lateral runoff 
components through the organic layer (5) became dominant, discharging old soil water 
and slowly replacing it. Continued infiltration was inhibited by water saturation causing 
surface runoff in the form of saturation excess flow (3), which diluted the DOC-rich soil 
water with precipitation water. A new maximum of the DOC concentration was reached 
when surface runoff ceased. Decreasing levels of saturation due to lateral drainage (5, 6, 
7) and groundwater recharge (8) caused lower DOC concentrations because of an 
increasing dominance of deeper runoff components. The contribution of surface runoff to 
total runoff can be calculated using the same mixing model for DOC concentrations as for 
the calculation of event water by ∆18O data, with the following assumptions: 

• Water with a DOC concentration between the maximum of the runoff event and 
the minimum of the descending limb of the hydrograph is considered to be runoff 
after passage through the soil body, as described in Figure 3a.  

• Saturation excess flow and surface runoff on tracks dilute DOC-containing water.  

• Runoff on tracks only occurs during and shortly after rain. 

The results of DOC calculations in comparison to the ∆18O calculations for several runoff 
events are shown in Table 1. The percentage of surface runoff was relatively constant. If 
rain falls on intermediate soil moisture conditions, the area with saturation excess flow 
rises proportionally with runoff.  
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Fig. 3 a) Precipitation-runoff event of 24 October as an example for the 

reaction of the catchment on precipitation. Precipitation input: 43,5 mm. 
Percentage runoff α=0,32.  

  b) Model of dominating runoff processes in the sub-catchment:  
(1) saturation of the soil body 
(2) lateral inflow 
(3) saturation excess flow 
(4) return-flow 
(5) lateral drainage from the O-horizon 
(6) lateral drainage from the Ah-horizon  
(7) lateral drainage from the B-horizon 
(8) groundwater recharge 
(9) runoff on tracks 
(10) stream discharge 
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One thunderstorm on dry soil conditions showed an exceptionally high portion of surface 
runoff due to a small percentage runoff α (Tab. 1, 4 August 99). Most precipitation on the 
soil caused an increase in soil moisture without a contribution to the runoff, while runoff 
on tracks was proportional to the amount of rain. Thunderstorms on dry soil caused small 
runoff peaks with a high portion of event water (up to 50 %). Thunderstorms on 
intermediate soil moisture conditions resulted in a higher discharge volume, but a lower 
portion of event water since conditions allow more soil water to be exchanged during the 
event. Advective rain on saturated soil generated high discharge volumes containing up to 
1/3 event water. On intermediate conditions the portion of event water was reduced 
because less surface runoff was produced. The higher portion of pre-event water from the 
upper soil layer is also verified by a higher DOC concentration. 

 

Tab. 1 Comparison of DOC calculation and 18O calculation for several runoff events 

Date   Initial state Precipita-
tion input 

(mm) 

Percen-
tage 

runoff 
α (%) 

Surface 
runoff 

calculated 
from DOC 

(%) 

Event water 
calculated 
from ∆18O 

(%) 

4 Aug. 99  dry, thunderstorm 40 6 25 50 
3 Oct. 99  intermediate, advective rain 17 8 4 20 
5 Sept.  98 intermediate 20 8 4  
7 July 99 intermediate, thunderstorm 27 10  35 
11 Mai 99  wet, advective rain 60 26  30 
24 Oct. 98 tot. intermediate 44 32 5 25 
24 Oct. 98 II wet 32 41 5  

5 Conclusions 

Measurements of DOC concentrations in the stream can be used to detect subsoil and 
surface runoff in the observed sub-catchment. Water saturation led to fast runoff 
combining saturation excess flow and runoff from tracks. Because the drainage system 
forms a strong linkage between soil and stream, the catchment reacts quickly to a 
precipitation input with a relatively high percentage runoff α (Tab. 1). Determinations of 
surface runoff with DOC concentrations gave lower values than those of event water 
runoff with the ∆18O method. The ∆18O method describes different hydrological processes 
than the DOC method. Though all surface runoff surveyed with the DOC method is event 
water, the ∆18O method can detect event water during recession which must have 
percolated through the soil into the stream.  
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Abstract 

In this study data of multifrequency, polarimetric and interferometric airborne 
“Experimental Synthetic Aperture Radar (E-SAR)” were evaluated and analysed to derive 
land use information, surface soil moisture, vegetation parameters and topographic 
information after a standardized processing scheme. The experiments were integrated in 
two projects of hydrologic and solute transport modelling and simulation in two test areas 
in Germany. The results show a good representation of the investigated land surface 
features in the remote sensing data. Under consideration of forthcoming spaceborne multi-
parameter SAR-systems these techniques can provide miscellaneous spatio-temporal 
information about the earth surface as required for hydrological applications, i.e. 
physically-based, distributed hydrological modelling. 

1 Introduction 
The knowledge of the three-dimensional heterogeneity of topographical, pedological, 
vegetation and land use features of a river catchment is an important requirement of 
distributed, physically-based representation and modelling of the hydrological system 
respectively runoff (FLÜGEL 1996). During the last years remote sensing methods in 
general and radar techniques in particular have shown their potential to derive spatial 
information for parameterization, calibration and validation of hydrological models 
(MAUSER et al. 1997, HOCHSCHILD 1999). Multifrequency, polarimetric and interfero-
metric microwave remote sensing data are sensitive for three-dimensional dielectric and 
structural features of the earth surface allowing the derivation of soil moisture, vegetation 
parameters, land use and topographic informations as investigated in this studies. In the 
coming years, due to the launch of spaceborne systems like ENVISAT, TerraSAR or 
ALOS (ULABY 1998), these techniques will play an important role in estimating areal land 
surface parameters. Accordingly, this study aims to apply and to evaluate their potential 
for model parameterization in MMS/PRMS or WASMOD. 

In this research project airborne SAR data of two flight campaigns using the Experimental 
Synthetic Aperture Radar (E-SAR) of the German Space Agency (spatial resolution 1 m) 
have been evaluated in investigations of a detailed study on hillslope hydrology in the 
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Broel catchment (Rheinisches Schiefergebirge, Germany, FLÜGEL & SMITH 1999) and 
micro-scale solute transport simulation for the Thuringian Drinking Water Reservoir 
Administration (TTV) in Zeulenroda (Thuringia, Germany). The data acquisition took 
place on the 26th of June 1996 in the basin of the river Bröl in the Rhenish Slate 
Mountains and on the 30th of April 1999 in the Zeulenroda basin. Simultaneously, 
reference land use mapping and field measurements, including vegetation parameters 
(biomass, height, plant water content) and soil moisture (tensiometer, TDR and 
gravimetric sampling, 0-15 cm) were conducted. 

2 Image processing 
The digital image processing was carried out according to the “Level Approach” of 
ULABY et al. (1996). This method involves a hierarchical classification procedure 
developed particularly for multifrequency and polarimetric data. Figure 1 shows the Level 
Approach and the image analysis methods applied in this study. All preprocessed channels 
were used for an unsupervised Level I classification. A separation into the classes of farm- 
and grassland, forest/settlement and shadow/water was possible by analysing the 
backscatter characteristics. In Level II the forest and settlement areas were divided due to 
the spectral and textural characteristics of the L-bands and in a following step the forest 
class into deciduous and coniferous forests. The quantitative derivation of parameters in 
Level III relates to the surface soil moisture and the vegetation parameters. Therefore the 
Principal Components Analysis (PCA) proved to be a suitable method for SAR data 
analysis, as mentioned previously in VERHOEST et al. (1998). The Principal Components 
were calculated from the multipolarimetric L-bands in the Level II segmented image 
areas. From correlation with the field measurements of the surface soil moisture and 
vegetation parameters like the plant water content, vegetation height, and drymass a 
quantitative parameterization was performed (Fig. 2). 

3 Results of hydrological parameter derivation 
The hydrological relevance of land use, topography, soil moisture and vegetation 
parameters are well known. Land use contains spatial and temporal information about 
vegetation types, degree of imperviousness and solute transports. The soil moisture is a 
crucial parameter for the energy and water balance between earth surface and the 
atmosphere as well as for runoff generation. The vegetation parameters yield information 
about the physiological condition of the plants and system losses due to mowing or 
harvesting of agricultural crops. 
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3.1 Land use 
The land use map was derived by aggregation of the seven Level II classes. The overall 
classification accuracy was estimated with 88.3 % using ground truth data. The map 
represents the model-required hydrological land use categories as well as agricultural 
pattern (Fig. 3). This information has been used for the derivation of “Hydrological 
Response Units (HRU)”, areas of homogeneous hydrological dynamics (FLÜGEL 1996). 

 

Fig. 1 Methods, techniques and accuracy of SAR data processing according to the 
level approach (mp = multipolarimetric) 

 

 
Fig. 2 Correlation between the Principal Components and in situ field measure-

ments 
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3.2 Topography 
Interferometric X-band SAR data were used to calculate a digital surface model with 5 m 
horizontal and 0.5 m vertical resolution. For correction of the vegetation heights the land 
use information and radar backscatter information were included in the retrieval of a 
digital elevation model as required for various hydrological models. 

3.3 Soil moisture 
For determing spatial soil moisture distribution the lower frequencies (e.g. L-Band, 23 cm 
wavelength), which partly penetrate through vegetation into the soil surface (penetration 
depth 5-10 cm), are most effective. The soil and vegetation induced backscatter 
components were separated by the calculation of principal components (PC) from the L-
band polarizations. A regression between the tensiometer field measurements and the 
values of the first PC (R = 0,79) were applied to estimate a surface soil moisture map (Fig. 
4). The spatial soil moisture distributions were compared with other measurements 
derived (a) from the DEM (multiple flow topographical index) and (b) with geostatistical 
methods (kriging) from data of 51 TDR-measurement points (2-3 measurements at each 
point). It demonstrates the good representation of topography-induced soil moisture 
variations with wet drainage lines visible in the microwave data, while the slopes are dryer 
(Fig. 4). At the Kiefer test site, there is a saturated zone in the middle of the slope resulting 
from a dip in the underlying geology. Interflow from the upper slope is accumulating in 
this dip and then linearly draining to the valley floor. This saturated area is visible in the 
radar backscattering (Fig. 4a) and the TDR soil moisture sampling (Fig. 4c), but not in the 
mf-topographical index (Fig. 4b), because this feature is not represented in surface 
topogra-phy. 

3.4 Vegetation parameters 
The derivation of vegetation parameters of short vegetation was performed by correlation 
of radar backscatter and field measurements of plant water content (PWC), biomass and 
vegetation height (correlation with field data: R = 0,95-0,98). Figure 3 shows the spatial 
distribution of the plant water content. Low values are found for freshly mowed 
grasslands, higher plant water contents could be found for crops or non-cut meadows.  

4 Conclusion 
The results of this study show the potential of multi-frequency, multi-polarimetric and 
interferometric SAR data for derivation of hydrological land surface parameters such as 
land use, vegetation, soil moisture and topography. The most useful Radar information 
were found in the L-Band data that provide both vegetation and soil moisture signals with 
distinctive differences in the different polarizations (see also HEROLD et al. 2000). 
Adequate data will be available from future space-borne systems. However, the SAR data 
analysis will get more complicated if structural land surface features (surface roughness, 
different plant structures) are more heterogeneous than in this study area. This issue 
should be addressed and investigated in further research activities. 
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Fig. 3 Land use map and distribution of plant water content of short vegetation in 
the Broel testsite 

 

 

 
 
Fig. 4 Surface soil moisture distribution at the test sites Kiefer (top) and Simon 

(bottom) 
a) Derived from radar backscatter  
b) Result of the multiple flow topographical index  
c) Interpolated from TDR measurements 
(Note: The varying values of the soil moisture scale result from different field 
methods) 
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Analysing and modeling hydrological catchment dynamics implies dealing with the 
problem of scaling up point measurements to a mesoscale spatial distribution. This 
challenge can be met by applying the concept of hydrological response units (HRUs). 
Different HRU-Concepts are used to delineate areas which have similar hydrological 
properties within the subsystems of atmosphere, biosphere, pedosphere, and lithosphere. 
These areas also can be used as model entities for parameterization. The topographic 
stream-segment-based HRU delineation after LEAVESLEY (1983) is compared to the more 
physiographic based HRU delineation after FLÜGEL (1995). Thereby the spatial 
distribution of those entities is deliniated using GIS analysis. The concepts are applied to 
the mesoscale catchment of the river Ilm (A = 895 km2) in Thuringia. The catchment is 
divided into three nested subcatchments: (1) to investigate the advantages and 
disadvantages of both HRU-concepts on different catchment sizes (2) to test the 
possibility of parameter transfer from one catchment to another and (3) to analyse the 
influence of variable precipitation distribution on catchment response. 

The climate is determined by the transition zone between wet oceanic and dry continental 
climate where the mean annual rainfall ranges between 500 and 1200 mm and the mean 
annual runoff is 63 m3/s. The spatial database includes land use pattern classified by IRS-
1C-Data into the landuse classes agriculture (42 %), coniferous and deciduous forests, (31 
%), rangeland (12 %) and impervious areas (12%).  

Furthermore a GIS database containing other physiographic factors like soils, geology and 
topography was build up. Additionally on the point scale there is precipitation data from 
16 raingages in the catchment. Temperature, snow, and radiation data was measured from 
2 Stations and runoff data from 3 gages. 

The model PRMS/MMS in combination with the GIS WEASEL and ARC/INFO was used 
for modeling hydrological catchment dynamics. PRMS is a deterministic, distributed and 
continuous water balance model running successfully within the modeling framework of 
MMS. First simulations show that the physiographic based concept was found to be a 
reliable method for modeling basin dynamics in catchments up to 200 km2 whereas the 
topographic based concept has advantages in modeling bigger sized catchments. Future 
research should tent to combine both concepts to represent the spatial heterogeneity of the 
catchment and connect areas of different hydrological response to the drainage system. 
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Water is one of the most important natural resources in South Africa. Because of its 
variable spatial and temporal distribution, the continuous assessment and monitoring of 
hydrological system components is necessary. Detailed information on geology, 
topography, land use, etc. are needed for hydrological catchment modelling. The impact of 
land use changes on the basinwide runoff is of particular interest to water resource 
planners and managers. Remote sensing data provide actual information in large scale 
areas which are difficult to monitor using conventional field techniques. The integration of 
derivates from remotely sensed data in Geographical Information Systems (GIS) and their 
analysis can be seen as the primary tool for operational, efficient acquisition of input 
parameters for physically-based distributed hydrological models.  

The major objective of this research study is to investigate the impact of large scale 
afforestation on hydrological dynamics of semi-arid upland catchments in the north east 
cape province as well as their analysis and prognostic modelling. Because of its physio-
geographic factors (similar geological and geomporphological conditions, semi-arid 
environment, land use changes, the forestry development with its impact of runoff 
reduction) as well as socio-economic problems (population growth, deficits in domestic 
water supply) the Umzimvubu catchment (19 845 km²) shows a typical hydrological 
system behaviour and can be seen as a representative area for larger parts of the sub-
tropical South Africa.  

The paper focuses mainly on the integration of field studies, remote sensing data and GIS 
analysis to the parameterization for hydrological modelling in the Umzimvubu basin. 
Field based techniques were developed for the determination of plant-physiological 
parameters such as LAI and cover density for the validation of the land use information 
and the parameterization of the hydrological model. Furthermore, preprocessed 
stereoscopic SPOT PAN images were appraised to generate a high-resolution Digital 
Elevation Model (DEM) of the Mooi river subcatchment using the photogrammetric 
ORTHOMAX software. Mean height accuracies of about 13 to 21 m could be achieved. 
Multispectral Landsat TM data from May 1995 were used for a quantitative determination 
of the land use patterns in the Umzimvubu catchment. After the data preprocessing a 
hybrid approach was applied. First an unsupervised classification was choosen for 
estimation of spectral characteristics within the selected test sites. The supervised 
classification was utilized by a maximum-likelihood classifier and enabled generation of a 
basinwide land use map with 11 classes and an enhanced land use map for the Mooi river 
subcatchment. Finally the classification results were improved using several post 
processing algorithms. In a second step, a TM scene of April 1999 was used to detect land 
use changes considering supplemental forestry and measured plant specific data. A precise 
map of the extent of afforested areas was derived. Further investigations focus on the 
integration of the topographic and land use data in the GIS-based delineation of distributed 
homogeneous modelling entities and the final modelling system parameterization. 



 389 

J2000 – a new modelling system for distributed 
simulation of hydrological processes in large river basins 

Peter Krause 
Research Centre Jülich, Systems Analysis and Technology Evaluation 

 

 

The significance of distributed, process oriented modelling of the hydrological system in 
large river basins has been increased recently due to actual political, economical and 
ecological questions, which are related to the implementation of the EU water framework 
directive. For that purpose modelling systems which are able to produce reliable 
simulations concerning the influence of specific measurements or global-change scenarios, 
e.g. landuse or climate change on the water quantity and quality in macroscale river basins 
are needed. Such models should be able to simulate the processes which are responsible 
for runoff generation in large catchments spatially distributed and as physically based as 
possible. For the microscale and lower mesoscale models which are able to fulfill these 
tasks with a high degree of certainty are already existent. Transferring this models to the 
upper meso- or macroscale is difficult, because of the required data on the one hand and 
the dominance of the single processes, which may change during the upscaling on the 
other. Thus there is a demand for new modelling systems, which are able to simulate the 
relevant hydrological processes in the macroscale on the basis of data resources commonly 
available on this scale. To reflect this the modelling system J2000 was developed at the 
Research Centre Jülich. 

The J2000 is a modular modelling system which is able to simulate the processes 
responsible for the runoff generation and concentration in large catchments spatially 
distributed in daily time steps. The catchment under consideration is subdivided using the 
concept of the physiogeographic Hydrological Response Units (HRUs) (FLÜGEL 1995) 
that generate the runoff, separated in up to four components. Runoff concentration and 
flood routing is calculated integrative on the basis of subcatchments which are connected 
in form of a hierarchical flow cascade. Moreover routines for precipitation correction and 
regionalization of input data from point sources as well as methods for evapotranspiration 
calculations using the Penman-Monteith approach are integrated in the system. Within the 
system framework the single modelled processes, i.e. snow-water balance, interception, 
infiltration, soil water balance and groundwater balance, are computed for each day and 
HRU in single encapsulated program modules which are linked together by common 
interfaces. The validation of the modelling efficiency is done by comparison of the 
calculated runoff with measured gage values. Additional water balance variables, e.g. 
actual evapotranspiration, soil moisture or groundwater recharge which are calculated 
during the model run can be written out distributed for each spatial entity (HRU) and time 
step. This allows a multi-response validation and verification of the model results within 
the catchment with available measured values or remote sensing data. The modular 
development and implementation of the modelling system in form of an open architecture 
ensures the possibility of further development and enhancement of the J2000 without 
rebuilding it from scratch. 
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The modelling system’s eligibility was demonstrated by the application in three large river 
basins (Ac: 4365 - 6200 km²) in East Germany (KRAUSE 2001) where the comparison with 
measured values and independent investigations indicate that the J2000 is able to 
reproduce the runoff processes in large river basins reasonable well. 

References 
Flügel, W.-A. (1995): Delineating hydrological response units by geographical 

information system analyses for regional hydrological modelling using PRMS/MMS 
in the drainage basins of the River Bröl. Hydr. Proc. 9 (3/4). 

Krause, P. (2001): Das hydrologische Modellsystem J2000 – Beschreibung und 
Anwendung in großen Flußgebieten. Schriften des Forschungszentrum Jülich, Reihe 
Umwelt/Environment, Band 29.  



 391 

Matrix and bypass-fluxes in quaternary and tertiary 
sediments of Scheyern 

K.-P. Seiler, S. Schneider 
GSF-Institute of Hydrology, D-85764 Neuherberg, Germany, e-mail: seiler@gsf.de 

 

Bypass flow may become more significant than matrix flow in the unsaturated zone of 
Tertiary and Quaternary sediments. Tracer experiments with Deuterium at the FAM 
Research Station Scheyern show that bypass-flow exceeds flow velocities of 0.5 m/day, 
and matrix-flow ranges between 0.7 m/year (Loess), 1.2 m/year (Tertiary gravels and 
sands) and 2 m/year (Quaternary gravels). In flat areas with a deep groundwater table in 
unconsolidated rocks, bypass-flow penetrates to depths less than 1m in fine grained sands 
and silts and greater than 3 m in gravels before it finally incorporates into matrix-flow. In 
hilly areas with geologic or human made permeability interfaces paralleling morphology, 
bypass-flow generates both interflow and vertical groundwater recharge; the portions of 
these have been determined to amount to an average of 10 % : 90 % in the research area. 
Depending on storm intensity and soil water preconditions it may range from 0 % : 100 % 
to 50 % : 50 %. 

Bypass-flow is favoured by geologic, biologic, pedologic and, in arable lands, also by 
anthropogenic factors. It seems to be most strongly expressed under very wet and very dry 
conditions at the soil surface and is less pronounced in between. It is more dominant in 
coarse than in fine grained-sediments as well as stronger in fluvial than in lake sediments. 

Using tracer tests, bypass-flow creates non Gaussian tracer distributions (Fig. 1) reflecting 
the interaction of bypass and matrix flow by diffusive tracer exchange. 
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Fig. 1 Results of tracer tests



 392 

Introducing topological information of hydrological 
response units for physically-based distributed 
catchment modelling 

Helmut Staudenrausch 
Institut für Geographie, Lehrstuhl Geoinformatik, Friedrich-Schiller-Universität Jena, 
Löbdergraben 32, 07743 Jena, e-mail: h.staudenrausch@geogr.uni-jena.de 

 

The basic entity for hydrological analyses is the river basin (catchment, watershed). This 
unit can be described as a system with defined input and output. However, the properties 
controlling the processes affecting water resources are highly heterogeneous. Therefore, 
further subdivision of this system is a common method in hydrological applications. A 
detailed deterministic approach based on Hydrological Response Units (HRUs, FLÜGEL 
1996) is used in this study.  

Catchment topology (hydrological connectivity between modelling entities) can be trivial 
if simple distribution methods (e.g. subcatchments) are used. However, such areas are just 
smaller lumped entities without unique and homogeneous hydrological properties. 
Hydrological topology of HRUs, however, can be complicated, because HRUs are likely 
to be fragmented throughout the catchment (small number of HRUs, but large number of 
polygons); hence the connectivity between HRU polygons and stream segments is a 
crucial and complex issue (STAUDENRAUSCH 2000). The aims of this study are  

(1) to create a methodology to delineate catchment topology regardless of the 
distribution method applied 

(2) to test the topology by applying it using routing algorithms within a distributed 
hydrological model. 

Creating HRUs is a knowledge-based GIS procedure including selection, reclassification, 
multilayer overlay, generalization and assembling input data into an appropriate geodata 
model that, however, can be automated by statistical means. As result one obtains a 
pattern of distributed, fragmented modelling entities, all characterized by a unique 
combination of hydrological properties and parameters. Using this spatial pattern in 
conjunction with the stream network, it is possible to derive a tree-shaped network of the 
hydrological topology. This topology creation process is implemented as an automated 
GIS procedure. 

Routing algorithms simulate the downslope and downstream attenuation and retention of 
the hydrological response between its model entities. In this approach, a complete network 
setup comprising both the HRU polygons and the stream segments can be considered. 
Various hydrological (conceptual) routing methods are used to assess the potential of 
topological information to improve distributed hydrological modelling on different spatial 
and temporal scales. One major advantage of this methodology is the possibility of a 2-
level modelling approach: vertical processes of the runoff generation can be simulated on 
the HRU classes, whereas for lateral flow processes the unique HRU polygon fragments 
and stream segments are considered. This ensures a high degree of detail while keeping 
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the spatial model setup still relatively simple (STAUDENRAUSCH 2000). The concept is 
currently tested in two hydrologically different catchments on varying scales. Initial 
results are encouraging. 

For water resources management applications, in a further step reservoirs, gauging 
stations, abstraction points etc. can be incorporated, and the HRUs can then be considered 
as supply, abstraction points as demand, gauging stations as validation sites and the 
network links as transport paths. Based on this network, GIS network analysis 
functionality such as up-/downstream tracing or location/allocation modelling can be used 
to manage water resources (FLÜGEL & STAUDENRAUSCH 1999). 

References 
Flügel, W.-A. (1996): Hydrological Response Units (HRU's) as modelling entities for 

hydrological river basin simulation and their methodological potential for modelling 
complex environmental process systems – Results from the Sieg catchment. Die 
Erde, 127, 43-62. 

Flügel, W.-A. & Staudenrausch, H. (1999): Hydrological network modelling using GIS 
for supporting integrated water resources management. Proc Int. Congress on 
Modelling and Simulation (ed. by Oxley, L. & Scrimgeour, F.), University of 
Waikato, Hamilton, New Zealand, 4, 1087-1092. 

Staudenrausch, H. (2000): Topologische Beziehungen von hydrologischen Objekten in 
Flusseinzugsgebieten. EcoRegio 8, 121-128. 



 394 

Infiltration study in a soil layer of a dry flood plain using 
artificial tracers 

Paul Königer1, Morten Karnuth1, Lutz Jaeger2, Christian Leibundgut1 
1Institute of Hydrology, University of Freiburg, Fahnenbergplatz, 79098 Freiburg, 
Germany, e-mail: koenigep@uni-freiburg.de 
2 Meteorological Institute, University of Freiburg, Werderring 10, 79098 Freiburg, 
Germany 

 

 

Artificial tracing techniques were used to study infiltration in the soil layer of a forested 
flood plain located in the upper Rhine valley close to Hartheim, South West Germany 
(200 m a.s.l). At this site, micrometeorological observations of evapotranspiration can 
exceed values calculated by water balance studies. Due to the flatness of the area there is 
no surface runoff. Therefore infiltration into deeper zones seems to be negligible from this 
point of view. To prove this assumption, investigations were carried out using oxygen-18 
depleted, deuterium enriched and fluorescein traced water, to observe infiltration 
processes in the upper soil layer. The investigated area may be classified as almost 
semiarid, since the mean annual precipitation and temperature is 667 mm and 9.8°C 
respectively. River regulation work induced a lowering of the groundwater table to about 7 
m under the surface. These conditions cause water stress for the pine forest during summer 
months. The aquifer reaches a thickness of more than 100 m and consists of quaternary 
fluvioglacial Rhine gravels. A relatively thin humic silty and sandy soil layer (40 cm on 
average) overlays a high permeable unsaturated zone. 

Two series of experiments were carried out to follow the movement of infiltrating pre-
cipitation in the upper soil layer under natural and simulated conditions: a deposition of 
dry fluorescein powder about five cm under soil surface at four different places and 
furthermore a sprinkling experiment with deuterium, oxygen-18 and fluorescein labelled 
water at two different places. An evaluation of the tracer movement was possible by 
excavating the soil profiles to a depth of 1.5 m and an afterwards extraction of soil water 
in the laboratory. The soil water was extracted using toluene distillation method for 
isotope analysis and dimethylformamid for fluorescein. Additionally, a gravimetric 
analysis of soil water content in all profiles was done. 

The resulting tracer curves in both experiments prove an infiltration of water through the 
upper soil layer into the deeper horizon of the unsaturated zone under natural as well as 
simulated conditions. All tracers used in the sprinkling experiment could be detected and 
shows similar behaviours. Due to heavy rainfall in November, the movement of the tracer 
under natural conditions was unexpectedly fast. The soil water profiles give a detailed 
impression of vertical saturation characteristics. 

Investigating real processes like it was done in this study, may contribute to a better 
understanding of the complexity of interactions in the unsaturated zone and allow a sound 
management of the underlying water resources in many low land areas. 
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Mean values of annual runoff and evapotranspiration for each km2 in Germany were 
calculated. Using a method based on the BAGROV-Relation: 
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mean actual evapotranspiration ETa  is determined by corrected precipitation korrP , 

maximum evapotranspiration maxET  depending on land use in case of sufficient water 
supply and the BAGROV-parameter n.  

A great number of measurements with weighable lysimeters all over Germany had been 
used to develop the method. Meteorological input data were necessary to determine gras-
reference evapotranspiration, land use parameters were needed to calculate the maximum 
evapotranspiration. Using soil parameters (moisture of field capacity and wilting point) 
the parameter n was set in relationship to available information being subject in the HAD. 

Mean annual runoff finally is the result of the water balance 

  

ETaPR korr −=         (2) 

 

These values are evaluated by comparison of measured runoff in defined river basins. 
Several typical examples of river basins had been chosen, so that the method is proved to 
be valid for different cases. 
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Water repellency is a poorly understood, temporally variable soil property that has been 
reported from many regions around the globe. It has been shown to reduce greatly the 
wettability of soils and has thus been suggested to cause enhanced overland flow and 
runoff responses following drier periods when water repellency is most strongly 
expressed. This study attempts to demonstrate the impact of water repellency on the 
hydrological response of medium-textured forest soils in north-central Portugal using 
laboratory wetting and rainfall simulation experiments and runoff response data from 
long-term runoff plots and small catchments. Runoff responses were found to be enhanced 
for water-repellent soil conditions at all scales. This effect is particularly marked at a 
small-plot scale and decreases with increasing size of the area investigated. This decrease 
in effect with increased area of investigation is attributed to increased capture of overland 
flow by, for example, macropores and areas of wettable soil. It is concluded that soil water 
repellency can influence hydrological processes to an extent that they warrant 
consideration when investigating and modelling the runoff responses of catchments in 
regions where soils are prone to water repellency. 
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The estimation of design floods is essential to the planning and design of protection 
measures in torrents. The poster shows different possibilities to determine design floods in 
small catchments. On the one hand the hydrologic model HQsim is tested and compared 
with the results of a simple flood estimation procedure and a statistic extrapolation. The 
discharge data of four prealpine torrent catchments with areas between 0.75 and 3.2 km2 
form the basis of the comparison. The results show that the extrapolation of measured 
floods produces rather inaccurate values in small catchments often characterised by a 
strong variation of the annual floods and short time series. The simple estimation 
procedure seems to be a workable method to quickly get a design flood value. In three out 
of four catchments the simple estimation procedure produces the lowest flood values. The 
application of the hydrologic HQsim model showed that it cannot be run without 
calibration, even though the majority of parameters are physically based. Rather high 
flood values should be used for a reliable calibration. The time spent on parameterisation 
and calibration of the model HQsim is considerable in comparison with the other two 
methods. But in this context it is to be mentioned that the model contributes to the better 
understanding of hydrological processes in torrent catchments and that it produces besides 
the peak flow value also a discharge hydrograph. This hydrograph is essential to answer 
certain questions dealing with the discharge volume of a flood. 

Out of this situation the demand arose to develop an approach for the definition of design 
floods combining the advantages of a simple estimation procedure and those of the model 
HQsim. The method which is to be applied on small torrent basins (area smaller than 5 
km2) should meet the following requirements: 

• different probabilities of occurance can be taken into consideration 

• the time need for its application should not exceed a few days 

• the method enables an objective determination of the design flood, i.e. independent 
from the user 

• the determination of a discharge hydrograph must be possible  

The resulting flood estimation procedure is based on a time-area diagram from the surface 
which produces direct runoff and on the subdivision of the whole catchment area into 
hydrologically homogeneous subareas. The runoff hydrograph is calculated following the 
Clark approach. It has be mentioned that the method was not created to reproduce past 
flood events but rather to determine design floods and design hydrographs. In general the 
approach yields satisfying results. In larger catchment areas (> 3 km2) the runoff tends to 
be overestimated whilst in areas with a high specific runoff (r > 15 m3s-1km-2) the 
discharge is rather underestimated. Based on the gained experience a procedure for the 
determination of design floods in small torrential catchment areas is being developed. 
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The Brugga catchment 
Located in the southern Black Forest (Southwest Germany), Area: 40 km2, elevation: 438 
to 1493 m a.s.l.. Dominating land cover: forest (75 %). Crystalline bedrock covered by 
moraines and periglacial deposits.  

Results of the hydrograph separation 
Using environmental tracers three main runoff components were identified (UHLENBROOK 
et al. 2000): 

• Fast surface or near-surface runoff generated on sealed or saturated areas and on 
steep slopes 

• Contributions from the periglacial deposits 

• Groundwater originating from the deeper parts of the weathering zone and the 
fractured hard rock aquifer 

 

By recursive digital filtering of the measured hydrograph (ECKHARDT 2000) the 
streamflow is subdivided in two components: 

• A component reacting quickly after precipitation has fallen. 

• A component reacting slower and being more damped, generally attributed to 
groundwater discharging into the stream. 

In case of the Brugga catchment it can be assumed that the slow runoff component 
corresponds to the groundwater originating from the hard rock aquifer identified by the 
tracer measurements. 
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Fig. 1 Tracer measurements: 

Contribution of the deep 
groundwater to the streamflow 

Fig. 2 Contribution of the slow runoff 
components to the streamflow 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3 Monthly means [mm/d] of the slow runoff component     

(  digital filter, • tracer) 

Conclusion 
A recursive digital filter can quickly be applied to a measured hydrograph and give an 
impression of the mean groundwater discharge into the stream, but it lacks a true physical 
basis. By means of the tracer measurements the filter algorithm developed by ECKHARDT 
(2000) has been tested for a low mountain range catchment with predominantly shallow 
soils above hard rock aquifers. The filter yields a satisfying long-term mean, but is not 
able to reproduce the interannual variability of the slow runoff component.  
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Since 1995 spruce forests have died off on 75 % of the highland area (1999: 1704 ha) of 
the Bavarian Forest National Park due to bark beetle mass propagation. For Middle 
European conditions the die-back of 24 % of the entire old National Park (1999: 3056 ha) 
without counter-measures is an unique hydrological and ecological experiment. Effects on 
water quantity in proportion to infested areas can be studied in three catchments. In all 
three catchments, an increase in discharge is observed. Since 1997 the most severely 
affected highland catchment, Markungsgraben (area: 1.1 km², 890-1355 m a.s.l., 
precipitation: 1630 mm/a, runoff: 1035 mm/a [1980-89], mean annual air temperature: 
5.6°C, snow cover 6-8 months, 1999: 81 % of the forested area died off) showed a 
markedly high runoff coefficient (average 1997-99: 0.84 compared to 1989-96: 0.64). In 
the 1999 hydrological year the runoff coefficients of the two other catchments also 
exceeded their normal range. Similar to a review of 96 North American studies (STEDNICK 
1996), 20-30 % of the catchment area influenced by a land use disturbance appears to be a 
trigger value for discharge reaction. The reduction in evapotranspiration can also be 
illustrated when comparing evapotranspiration in undisturbed conditions simulated by the 
lumped-parameter water budget model BROOK90 (FEDERER 1997) with the residual term 
of the measured water budget (areal precipitation (P) minus runoff (R) and storage 
change) including the disturbance (ZIMMERMANN et al. 2000). The eight-year average 
residual (1989-96: P-R-dS = 597 mm/y) fits quite well to the BROOK90 evapo-
transpiration during the undisturbed period (1989-96: ET = 570 mm/y). In the 1997-99 
hydrological years the residual showed a marked decrease in comparison with former 
values and with modelled evapotranspiration (P-R-dS = 300 mm/a, ET BROOK90 = 578 
mm/a). For the 1997-98 hydrological years the differential hydrograph analysis DIFGA 
(SCHWARZE et al. 1991) showed independently this decrease in evapotranspiration and an 
increase in direct and long-term base flow (Fig. 1). The decrease in direct flow can be 
attributed to a reduction of total interception loss due to the change of vegetation cover 
since no soil compaction or erosion results from this natural disturbance. The higher long-
term base flow can be explained by the higher groundwater recharge due to higher soil 
moisture (Fig. 1). 
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Fig. 1 Differential hydrograph analysis of the catchment Markungsgraben 

(Hydrological Years 1989 to 1998) 
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