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V 

P r e f a c e 

There is an increasing demand for the forecasting of water quantity as well as quality, at 
all scales from the local (point) scale up to the regional (meso and macro) scale. 
Therefore, while in the past research concentrated on the development of modelling 
tools, regionalization has become one of the major issues in hydrology. 

Due to the enormous effort of the past decades, the basic principles of hydroiogical 
processes are well understood and numerous models, applicable at different scales, have 
been developed. However, it is not usually possible to apply such models across scales 
because the model structure, and/or the model parameters, are scale variant. Therefore in 
addition to the classical definition of regionalization (determination of hydrologically 
similar units), it is necessary to analyse problems concerned with interpolation, and up-
and downscaling. While interpolation takes place at a certain scale, up- and downscaling 
are concerned with a change of scale from the local up to the regional scale, or vice versa. 

The conference on Regionalization in Hydrology which took place in March 1997, 
aimed to explore new mathematical and computational tools to describe and analyse the 
behaviour of hydroiogical systems at all relevant scales from the point to the global, for 
whole systems and for subsystems. The aim was to bring together scientists involved in 
this subject area from different disciplines and from different countries. In order to 
stimulate research on scale-dependent processes, in 1992 the Deutsche 
Forschungsgemeinschaft established a programme focusing on regionalization in 
hydrology; it concluded in 1998. Nearly all the groups participating in this research 
programme presented their results at the conference and so there was comprehensive 
coverage of recent developments in German hydrology regarding regionalization, in 
addition to international contributions. The papers included in this volume are selected 
oral and poster presentations. They give an overview of actual model and regionalization 
concepts, scaling of properties and processes, and of modern software tools. 

The conference was sponsored by the German National Committee of the 
International Hydroiogical Programme of UNESCO and the Operational Hydrology 
Programme of the World Meteorological Organization. Its financial support is gratefully 
acknowledged. The Scientific Committee extends its thanks to the University of 
Braunschweig for the organization of the conference. 

This publication is dedicated to the memory of Dr U. de Haar who died on 
2 February 1998. He was responsible for funding research on hydrology at the Deutsche 
Forschungsgemeinschaft and so for the "Regionalization in Hydrology" programme. 
Since he was not only a financial administrator but was actively stimulating research, the 
scientific community loses one of its outstanding personalities at the boundary between 
hydroiogical science and research. 
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Geographische Institute der Universitat Bonn, Germany 
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Ulrich Schroder 
Bundesanstalt fur Gewàsserkunde, IHP/OHP-Sekretariat, Germany 
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Regionalization in Hydrology (Proceedings of a conference held at Braunschweig, March 1997). IAHS Publ. no. 254, 1999. 1 

T r a n s l a t i n g m o d e l s f r o m h i l l s l o p e (1 h a ) t o 
c a t c h m e n t ( 1 0 0 0 k m 2 ) s c a l e s 

M. J. KIRKBY 
School of Geography, University of Leeds, Leeds LS2 9JT, UK 
e-mail: mike@geog.lceds.ac.uk 

Abstract Much of our knowledge of hydroiogical and erosion processes is 
based on the detailed scales of single hillslopes and catenas. It is possible to 
scale up, through distributed models on ever larger computers, but there are 
both computing constraints and, more severely, constraints of data availability 
and difficulties associated with scale related thresholds. Another approach, 
typified by TOPMODEL, for conditions of dominantly sub-surface flow, is to 
use a semi-distributed approach at the scale of the subcatchment. The 
MEDRUSH model, discussed here, attempts to embed a detailed flow strip 
model for hydrology, vegetation and soil erosion within each sub-catchment of 
a larger drainage basin. The model is intended to incorporate dynamic 
interactions for semiarid areas at scales of up to decades, so that the simulation 
is able to take explicit account of changes in soil hydroiogical properties in 
response to climate change, land use and erosion or aggradation. This paper 
discusses some of the alternative methods of selecting a flow strip as a suitable 
representative of its sub-catchment, and fransferring changes within the flow 
strip to changes within the sub-catchment as a whole. Representative flow 
strips are generally based on valley axis profiles, but there are alternatives in 
assigning appropriate widths to the flow strip. Changes in properties at each 
point can then be transferred back to their sub-catchment, on the basis of 
appropriate control variables. Examples include elevation, which is related to 
the hypsometric integral and characteristic form concepts; and the topographic 
wetness index, which is related to TOPMODEL methodology. 

INTRODUCTION 

Forecasts of soil erosion and soil degradation are relevant at a range of time and space 
scales, from the field scale at which it affects the individual farmer, up to regional or 
national scales where it may provide a contribution to policy decisions. Changes of 
time and space scales generally go together. At different scales, different groups of 
processes tend to become dominant, so that the structure of the most appropriate model 
should also change. At the scale of the single erosion plot, the detail of overland flow 
hydrographs is critical, together with its distribution across rill and inter-rill micro-
topography. At the scale of the catchment, macroscopic topography, soil and 
vegetation patterns become more important, and it is essential to consider the decadal 
time periods over which these patterns may change. At still coarser regional to national 
scales, climate, regional topography and lithology become the critical variables, 
associated with time spans up to the thousands of years over which significant climate 
change occurs. 

mailto:mike@geog.lceds.ac.uk
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Plot-scale models represent physical and other processes at the limits of current 
understanding. At this scale, there is a strong concentration on the spatial distribution 
of flow and sediment movement across the micro-topography of small rills or gullies. 
The value of such models lies in extending our knowledge through detailed field and 
laboratory experimentation, but they are generally too demanding in data requirements, 
and often in computing time, to be widely applicable as a management tool. Examples 
of such models are WEPP (US Department of Agriculture Water Erosion Prediction 
Project; Foster et al, 1987; Lane & Nearing, 1989), and EUROSEM (European Soil 
Erosion Model; Morgan, Quinton & Rickson, 1990). 

Catchment scale models attempt, in principle, to integrate the accumulated effect 
of the micro-topography, and may lose some of the detailed structure of the 
hydrograph in order to make use of available data at the catchment scale. These data 
may include topographic data from maps or Digital Elevation Models (DEMs), soil 
types and vegetation or land cover, based on thematic maps or remote sensing. This 
scale is important for decision makers, but has proved difficult to address from a 
physical basis. The Universal Soil Loss Equation (Wischmeier & Smith, 1958) 
essentially operates at this scale, although its technical approach has largely been 
superseded. Work is in progress at this scale, primarily for uncultivated vegetation, 
within the MEDALUS (Mediterranean Desertification and Land Use) project, in the 
MEDRUSH model. 

For regional or global scale models, the dominant variables are climate and 
lithology. It is necessary to ignore most topographic and soil detail, retaining only 
broad regional differences associated with mountain ranges, lithology, climate and 
vegetation. For example, the CORINE classification (Briggs & Gordiano, 1992) 
combines Fournier's (1960) method with an aridity index to give an empirical climatic 
indicator. CORINE also includes lithological and broad relief factors to give a 
combined index of total erosional susceptibility. There has also been some progress in 
this direction (Kirkby & Neale, 1987; de Ploey et al, 1991; Kirkby & Cox, 1995) and 
more recently in the MEDALUS III Regional Indicators Programme. In these 
approaches, which address the coarse scale of interest directly, one of the most 
important and difficult problems is to reconcile the coarse scale models with our 
process understanding at finer scales. 

OVERALL STRUCTURE OF THE MEDRUSH MODEL 

An alternative approach, for all but the very coarsest scales, is to explicitly nest models 
of different scales. This allows a more direct reconciliation between the scales, but 
there are still unresolved difficulties. In this paper we focus on the problems of scaling up 
from the small catchment or flow strip to the regional catchment, using the MEDRUSH 
model (Kirkby et al, 1995) which explicitly adopts this nested approach to model 
catchments of up to 2500 km 2. MEDRUSH is primarily designed for the conditions of 
Mediterranean climate and for semi-natural vegetation, although crop models may also 
be included. The model is designed to incorporate interactions between the rates of 
degradation processes and the changing soil and vegetation environment, as it responds 
to both the degradation and to external forcing. It is being applied to simulate possible 
scenarios for land degradation over periods of several decades, in response to possible 
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changes in climate and or land use, and so provide some forecasts of the impact of 
alternative policy decisions. MEDRUSH is being tested primarily for two catchments, 
one in southern Spain (Guadalentin) and one in Italy (Agri). 

In MEDRUSH, the whole catchment is divided into 20-250 sub-catchments, each 
of which may be either a headwater "leaf or a downstream "stem" basin. Smaller unit 
areas are chosen where the average gradients are high. Each sub-catchment is then 
represented by a family of flow strips, of which a single example is modelled in detail 
(Fig. 1). This strategy has been adopted to provide comparability with the MED ALUS 
catena model (Kirkby et al, 1996) and detailed forecasts of areas liable to degradation, 
while at the same time allowing integration of water and sediment yields up to the 
regional scale. The slope catena model represents four interacting sub-models for the 
atmosphere, vegetation, soil and surface systems (Fig. 2). These four sub-systems are 
defined at each of a series of points down a hillslope catena, which are connected by 
kinematic routing of overland flow, where appropriate subsurface flow, and grain-size 
selective sediment transport occurs. Simulation of vegetation growth is through eco-
physiologically based shrub and/or grass models, which also gradually modifies soil 
organic matter. Evapotranspiration is estimated from a modified Shuttleworth-Wallace 
(1985) sparse vegetation model. In the original flow strip model, soil water movement 
was obtained by solving the Richards equation for up to 10 layers, using a moisture-
tension curve based on the van Genuchten (1980) equations, but in MEDRUSH this 
has been replaced by a two store model representing saturated and unsaturated zones, 
the saturated zone being related to TOPMODEL (Beven & Kirkby, 1979). Flow on the 
surface is explicitly related to the distribution of micro-topography, which controls the 
spatial distribution of overland flow, infiltration and sediment transport. The model 

Catchment (<=25D-0Jan2) 

( 1-10 k m 2 ) ' 

Hillslope Flow 

o .v < • 
\ 100 m 

Site (1 m 2) 
Fig. 1 Nesting of scales in the MEDRUSH model. 
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Atmosphere Vegetation 
Evapotranspiration . , ' Growth 

Responses to: • ^ Leaf fall 

Fig. 2 Integration of the MEDRUSH model within the GRASS database (GIS). 

uses hourly data for rainfall, temperature, wind speed, radiation and vapour pressure, 
from automatic weather stations, to simulate conditions, breaking this period down 
where required to stabilize the computation with a variable time step, and is able to run 
for periods of up to a century. 

The long-term behaviour of the model simulations is determined primarily by 
interactions between the four sub-models shown in Fig. 2. The vegetation sub-model 
simulates the growth of plants of four functional types: annuals, perennial grasses, 
shrubs and trees. Their biomass and morphology (stems, leaves and roots) change in 
response to meteorological and soil conditions as they change over the period of 
simulation. Leaf litter, dead stems and dead root material also contribute to the organic 
matter in the soil, which decomposes in response to soil temperature and, to a lesser 
extent, moisture conditions. These inputs may be modified in response to cultivation, 
grazing and fire, although these impacts are only partly incorporated into the model. 
Over a period of years, the concentration of soil organic matter may change significantly, 
which in turn influences the soil hydraulic properties, mainly by altering the effective 
soil water storage, and so has an important effect on subsequent plant growth. 

Changes in climate and/or vegetation cover also change the amount of overland 
flow runoff generated. Increases in overland flow lead to increased sediment transport, 
producing greater erosion upslope and greater deposition at appropriate downslope 
sites. Erosion, as well as being an important component of degradation in its own right, 
has a strong influence on hillslope response, mainly through grain size and micro-
topography. Sediment transport selects for grain size, leading to the production of an 
armour layer, particularly in eroded areas, over periods of a few years. Erosion also 
gradually strips the topsoil, over periods of decades. For typically stony Mediterranean 
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soils, stripping brings coarser subsoil material to the surface. Armouring and soil 
stoniness also modify subsequent runoff and erosion, both directly and through 
interactions with vegetation (Bunte & Poesen, 1993). Overland flow and sediment 
transport are concentrated in depressions on the surface, particularly depressions 
running up- and down-slope. Thus erosion and deposition both have most effect in 
changing the depth of the deepest depressions. Under high rates of erosion, the micro-
topography therefore becomes rougher, and under deposition smoother. Random 
Roughness is described by the standard deviation of elevation relative to the local 
mean surface, and measurements suggest that this is commonly normally distributed, 
although with a scale dependence which may be approximately fractal. Even where 
there is not an established or recurring pattern of rills and/or channels, roughness tends 
to increase systematically downslope on eroded areas, and to decrease downslope in 
areas of deposition. This is most evident in areas of abandoned land, where roughness 
generally increases over periods of many decades. These long-term interactions have 
little effect in the short run. Over a period, however, they control the positive and 
negative feedbacks which promote or constrain erosional degradation, and may lead to 
irreversible desertification of soils and landscapes. 

Outputs from each flow strip are used to estimate total runoff and sediment 
production from the sub-catchment it represents. These sub-catchment flows are then 
routed through the main channel network, using experience gained from work with the 
SHETRAN model (Wicks et al., 1988) and making allowance for groundwater 
interactions with flood plain sediments. The whole model is coded in C++, and 
integrated with the GRASS GIS database, which provides data inputs and visualization 
of outputs (Fig. 3). The program is being run on UNIX platforms, and with some 
restrictions on size and the use of GRASS, on PCs. 

CRASS Database (GIS) 
Digital 
Contour 

Data 
1 

Vegetation & 
Parameter 

Field 
Measurement 

DEM 
Sub-catchment 

Definition 

Remotely 
Sensed 
Data& 
Images 

3 Neural Net or Other 
Classification Scheme 

Flow Strip 
Topography 

Vegetation & 
Parameter 

Distribution 

Z E 
Rates of Change 

FUm Snip Models 
\ 

, Vegetation ! 

Output —-
Visualisation 

of Data 
and 

Forecasts 

Fig. 3 Flow paths in a sub-catchment taken from DEM analysis of a sub-catchment of 
the Agri basin, Basilicata, southern Italy. 
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FLOW STRIPS AND THE SUB-CATCHMENT MODEL 

One of the problems which has been only partially resolved within MEDRUSH is the 
best basis for scaling between the representative flow strip and its sub-catchment. A 
discussion of these difficulties, through the alternative bases for transfer, is the main 
topic of this paper. This problem may be divided into two stages, first the choice of a 
representative flow strip and second the means of transferring values from the flow 
strip to its sub-catchment and vice versa. 

A flow strip is defined as a path down which water will flow from a point on the 
divide of the sub-catchment to the sub-catchment outlet (Fig. 4). In principle, a unit 
width along the contour is constructed orthogonal (at right angles) to the flow path at 
each point, and the area draining to this unit width defines the geometry of the flow 
strip. In a region of convergent flow, the area drained per unit contour width, a or "unit 
area" for short, increases more rapidly than distance measured along the flow strip; and 
in an area of divergent flow, unit area increases less rapidly than distance. 
Alternatively, a flow strip may be defined by taking two neighbouring flow paths, to 
define a flow strip of varying relative width, w. The unit area generalizes the concept 
of profile length, has the dimensions of length and for a strip of uniform width (parallel 
flow) is equal to its length. In either of these equivalent definitions, the following 
geometrical identities may be noted: 

X 
Totalarea, A= jwdx 

o 
1 x 

Unitarea, a = — \wàx=AI w 
Wo 

da , a 
— = 1 + — 
dx p 

where x is horizontal distance downslope measured along the flow strip axis, and p is 
the contour radius of curvature (taken as positive in hollows). 

Fig. 4 Expected relationships between elevation and erosion or deposition under 
different catchment development scenarios. 
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In a catchment, many flow strips converge towards the outlet (Fig. 5), so that the 
representative flow strip must have much in common with the main valley axis. In 
practice, flow strips and sub-catchments are defined by tracing flow paths from a 
DEM, directing flow towards the lowest of the eight neighbouring points. For each 
point on the flow path, the unit area is obtained by following a multiple flow path 
algorithm from every point in the sub-catchment. The flow vector from each point is 
shared between all lower neighbours in proportion to a power (usually 3.0) of their 
respective gradients. This provides a smooth response function for area, even where 
there is distributary flow. 

Flow strips can be compared on the basis of flow length x, unit area a, or elevation. 
Individual flow strips also differ in their height range, starting at all points on the basin 
perimeter and all terminating at the unique outlet. The representative flow strip can be 
selected as a single real flow strip, or as some averaged combination of strips. The 
latter contain more information about the sub-catchment as a whole, but may not look 
exactly like any "real" individual flow strip. If a single real flow strip is used, then it 
almost certainly has to be the valley long axis, because of its modal properties. 
Although this possibility has been explored, it has finally been rejected in favour of an 
averaged flow strip. Because of the need to standardize the dimensions of flow strips 
by re-scaling, it has seemed best to compare their linear dimensions directly, so that a 
set of randomly selected actual flow strip profiles have all been standardized for length 

Fig. 5 Flow paths in a sub-catchment taken from DEM analysis of a sub-catchment of 
the Agri basin, Basilicata, southern Italy. 




