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Abstract 

ABSTRACT 

Ever since the beginning of rainfall-runoff modelling hydrologists have tried to 
create physically based models with structural simplicity. Runoff produced by rainfall 
intensities in excess of soil infiltration capacity (Horton excess) and runoff produced by 
rain falling on saturated soil zones (saturation excess) together with subsurface storm flow 
are considered in different models to describe the process of runoff. 
In 1979, Beven and Kirkby developed TOPMODEL, a hydrological forecasting model 

combining, a dynamic contributing area model based on ln(a/tanß) (the topographic 

index), the channel network topology, and a simple lumped parameter basin routing 
model.. The predominant factors determining the formation of runoff in this model is 
represented by the topography of the basin and a negative law linking the transmissivity of 
the soil with the distance of the saturated zone below ground level. 
An extensive analysis of this TOPMODEL has been performed which revealed a number 
of problems related to its physical interpretation. 

The first one is the dependency of the permeability parameter on the grid scale, 
mainly originated by the steady state assumption which neglects the transient phase, the 
duration of which depends on the grid size. The second one relates to the difficulty in 
preserving the water balance within the soil column. This is also originated by the 
extremely high values of the permeability (a consequence of its dependency on the 
horizontal grid scale), which reduces the amount of water available for évapotranspiration 
in the unsaturated zone. 

In order to improve the physical interpretation of a topographic based model in 
general, this doctoral thesis reaches an alternative analytical solution for flow in the 
downslope direction. This analytical approach formulates a kinematic horizontal flow 
problem, based on a horizontal transmissivity that can be expressed as a function of the 
integral vertical moisture content. It shows that the expression used for the dependency of 
the transmissivity on the total water content in the vertical column follows more or less the 
same law adopted for the dependency of the permeability on the local water content as 
described by Brooks and Corey (1964) and van Genuchten (1980). 

Although some approximations have been made about the variation of reduced moisture 
content with depth, this new approach gives good results and can therefore be used as an 
alternative for describing the physical process of runoff in the unsaturated zone in the 
TOPMODEL as well as in other topographical based rainfall-runoff models. 
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Introduction 

1. INTRODUCTION 

The dominant mechanisms in the generation of streamflow are overland flow, 
saturated and unsaturated subsurface flow and deep aquifer flow (Freeze, 1972a,b; 
Smith and Hebbert, 1983). 
Overland flow may occur because of saturation from above (Hortonian excess), 
because of saturation from below (saturation excess) or when subsurface flow is forced 
up to the surface by the soil or slope configuration (return flow). Hortonian overland 
flow occurs on soils exhibiting low infiltration capabilities, such as on agricultural land, 
unvegetated surfaces and in desert and urban areas. It is however very rare to occur in 
steeply sloping catchments in humid vegetated areas. Overland flow due to saturation 
from below is in these catchments the primary mechanism at work (Freeze, 1972b; 
Sloan and Moore, 1984). 
Subsurface flow is likely to be significant in catchments with soils having high 
hydraulic conductivity's and an impermeable or semi permeable layer at shallow depth 
that can support a perched water table. Such conditions often occur in humid 
vegetated catchments where the organic litter protects the mineral soil and maintains 
high surface permeability's. This upper soil profile is often interlaced with macropores 
caused by roots, decayed root holes, worm holes and other structural channels. When 
percolating water moving vertically in such a medium reaches an impermeable layer, 
lateral subsurface flow is generated (Beven and Germann, 1982). Under such 
conditions water movement occurs in two domains: through the micropores (i.e. the 
saturated soil matrix) and through the interconnected macropores of the soil system 
(unsaturated conditions). Where a significant portion of the total flow takes place in 
the macropores, the response time of subsurface flow to rainfall approaches that of 
overland flow, giving rise to a high perceived hydraulic conductivity for the soil profile 
as a whole (Whipkey, 1965; Mosley, 1979). The response time of flow within the soil 
matrix is much slower, and except under special conditions such flow may provide only 
a small contribution to the total storm flow response of a catchment (Sloan and Moore, 
1984). 
The last mentioned deep aquifer flows give no significant response on a storm event. 
The response time caused by the vertical transport of water through the thick soil 
above this aquifer is so large that we can speak of a constant horizontal flow in this 
aquifer with no significant response on one specific storm event in a catchment. 

This report will concentrate on the rainfall-runoff processes in hilly humid 
vegetated catchments, with emphasis on the subsurface flow in both theory and 
modelling. Currently, a lot of models exist to predict hillslope flow using various 
assumptions, including the following: 
(1) Saturated subsurface flow only, using Boussinesq theory (Zecharias and 

Brutsaert, 1988) or using the kinematic wave assumption (Henderson and 
Wooding, 1964; Beven, 1981). 

(2) Empirical relations (Soil Conservation Service, 1972). 
(3) Saturated and unsaturated subsurface flow, using Richard's equation (Nieber 

and Walter, 1981) or using the kinematic wave assumption (Beven, 1982; 
Sloan and Moore, 1984; Hurley and Pantelis, 1985; Stagnitti et al. 1986; 
Steenhuis et al., 1988). 
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The model presented in this paper is based on the last mentioned category, using the 
kinematic wave theory and simplifications for hydraulic conductivity with moisture 
content. 

The literature contains many works that summarise the level of understanding 
of the physics of the complex problem of rainfall-runoff transformation (Dunne, 1978, 
Freeze, 1980). Many efforts have been made to schematise the whole process in order 
to develop mathematical models (Dooge, 1957, 1973, Amorocho and Hurt, 1964, 
Freeze and Harlan, 1969, Todini, 1989). This ranges from the simple calculation of 
design discharge to the two-dimensional representation of the various processes based 
on suitably and reciprocally conditioned mass balance, energy and momentum 
equations (SHE, Abbot et al. 1986a,b, Bathurst, 1986, IHDM, Beven et al, 1987), and 
to the three-dimensional representation of all the exchanges (Binley et al., 1989). 
Taken together, these latter kinds of model comprise the broad category of distributed 
differential models (Todini, 1988); they are frequently referred to as "physical models" 
to highlight the fact that their respective parameters are (or should be) reflected in the 
field measurements (Beven, 1989). Given their nature, they are mainly used in 
investigations and research as a mathematical support for the interpretation of physical 
reality. The last decade however there has been a demand for models that are simple in 
terms of calibration and validation and with only a few parameters, corresponding with 
reality, to describe the physical process. 

The TOPMODEL (Beven and Kirkby, 1979, Sivapalan et al., 1987) is one of 
this latter models and is subject of research in this paper. TOPMODEL is a 
hydrological forecasting model combining, a dynamic contributing area model based on 

ln(a/tanß) (the topographic index), the channel network topology, and a simple 
lumped parameter basin routing model.. The predominant factors determining the 
formation of runoff in this model is represented by the topography of the basin and a 
negative law linking the transmissivity of the soil with the distance of the saturated 
zone below ground level. The model is characterised by only three parameters and an 
index curve taken from the DTM (Digital Terrain Map) that describes the topography 
of the catchment. 
The total flow is calculated as the sum of two terms: surface runoff and flow in the 
saturated zone. The surface runoff, in the most recent versions of the model, is in turn 
the sum of two components, the first generated by infiltration excess (Horton 
mechanism) and the second, referring to a variable contributing area, by saturation 
excess (Dunne mechanism). All the water available for flow is derived from the soil in 
saturated conditions. In TOPMODEL the unsaturated part of the soil is not considered 
to produce downslope flow. 

Though a synthetic model, i.e. one in which the physical reality is represented in 
a simplified way, the TOPMODEL is frequently described as being "physically based", 
in the sense that "the model parameters are physically based in the sense that they may 
be determined directly by measurement" (Beven and Kirkby, 1979, Sivapalan et al., 
1987). This definition is somewhat optimistic in view of the mathematical description 
of subsurface flow and the resulting unrealistic high outcome for hydraulic conductivity 
by use of increasing grid size. This paper gives, by a fundamental analysis of the 
TOPMODEL and the theory representing the saturated and unsaturated subsurface 
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flow, a simplified kinematic solution that can be applied in the TOPMODEL. In order 
to make it a more physically bases model in the sense that the parameters are 
conformable with real values. 

Two components can be identified in all conceptual rainfall-runoff models; the 
first represents the water balance at soil level and the second the transfer to the basin 
outlet. The water balance at the soil level is the component that characterises the model 
and constitutes the most important part. Cordova and Rodriguez-Iturbe (1983) 
summarise this concept most succinctly, saying "... the problem is not what to route 
than how to route". This report gives an analytical solution of the last mentioned 
problem. 

Now that the scope of this report is introduced an overview will be given of the 
line of research followed. We begin with a short overview of the history of rainfall-
runoff modelling in chapter 2. In order to get a better understanding of the physical 
processes involved in the TOPMODEL chapter 3 describes the most important once, 
systematically. In chapter 4 the version of Franchini et al. (1993) of TOPMODEL is 
presented and analysed and on some points compared with the version of Sivapalan et 
al. (1987). The imperfections of the TOPMODEL and a discussion about alternative 
solutions are given in chapter 5 as well as the introduction of an analytical solution. 
Chapter 6 gives the kinematic wave solution and the hydraulic conductivity related 
with moisture content as alternative applications for the TOPMODEL and gives results 
of comparisons made of different approaches. Finally the conclusions will be reported 
in chapter 7. 
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2. A REVIEW OF RAINFALL-RUNOFF MODELLING 

The origins of rainfall-runoff modelling in the broad sense can be found in the 
second half of the 19th century, arising in response to three types of engineering problems: 
urban sewer design, land reclamation drainage systems design and reservoir spillway 
design. In all these cases the design discharge was the major parameter of interest. 
According to Dooge (1957, 1973), at the end of the nineteenth and the beginning of the 
twentieth century most engineers either used empirical formulas, derived from specific 
cases and applied to other cases under the assumption that conditions were similar 
enough, or they used the "rational method", which may be regarded as the first attempt to 
approach rationally the problem of predicting runoff from rainfall. 
The method, which was derived for small or mountainous catchments was based upon the 
concept of concentration time. The maximum discharge, caused by a given rainfall 
intensity, happens when rainfall duration equals or is larger than the concentration time, 
i.e. the time that the drop of water which falls further away from the closure section takes 
to reach this section. 

During the nineteen twenties, when the need for a corresponding formula for larger 
catchments was perceived, many modifications were introduces in the rational method in 
order to cope with the non uniform distribution, in space and time, of rainfall and 
catchment characteristics. 
The modified rational method, based on the concept of isochrones, or lines of equal travel 
time, can be seen as the first basic rainfall-runoff model based on a transfer function. The 
shape and parameters were derived by means of topographic maps and the use of 
Mannings formula, which describes the resistance to flow because of roughness, to 
evaluate the different travel times. The types of problems to be solved were much the 
same as before, but hydrologists were trying to provide more realistic and accurate 
solutions, although still in terms of surface runoff. 

In 1933 Sherman introduced the concept of the unit hydrograph on the basis of 
the superposition principle (Todini, 1989). Although not yet known at the time, the 
superposition principle implied many assumptions, i.e. the catchment behaves like a 
causative, linear time invariant system with respect to the rainfall/surface runoff 
transformation. The unit hydrograph principle accelerated the interest of hydrologists who 
were now in a position to produce estimates, not only of the peak discharge, but also of 
the hydrograph caused by more complex storms. Yet the unit hydrograph method 
presented a certain number of problems which were solved using more or less subjective 
methods: 

separation of surface runoff from base flow; 
determination of "effective" rainfall, namely that portion of the rainfall that is 
not lost by evaporation and transpiration and does not filter down through the soil; 
the actual derivation of the unit hydrograph from the available data. 

Solutions to all these problems involved an extremely high degree of subjectivity. 
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At the end of the thirties and during the forties a number of techniques were 
proposed in order to improve the objectivity of methods and results, and the techniques of 
statistical analysis were invoked. A discussion on the different approaches and the relevant 
bibliography can be found in a report by Dooge (1973). 

The real breakthrough came in the fifties when hydrologists became aware of 
system engineering approaches used for the analysis of complex dynamic systems. They 
finally realised that the unit hydrograph was the solution of a causative, linear time 
invariant system and that the use of mathematical techniques such as Z, Laplace or Fourier 
transforms could lead to the derivation of the response function from the analysis of input 
and output data. The derivation of the unit graph from sampled data (known as the inverse 
problem) still remained a big problem, due to the non particularly linear behaviour of the 
system and the generally large errors in input and output data. 
To overcome this problem, hydrologists found that shapes of the unit hydrograph could be 
provided on the basis of the solution of more or less simplified differential equations, such 
as for instance those describing the time behaviour of the storage in a reservoir or in a 
cascade of reservoirs (Nash, 1958). 

In the sixties other approaches to rainfall-runoff modelling were considered. In 
search for a more physical interpretation of the process one could represent the behaviour 
of single components of the hydrological cycle, at the catchment scale, by using a number 
of interconnected conceptual elements, each of which represented the response of a 
particular subsystem. The need for such an approach arose from the following 
requirements: 
(1) to extend the use of the model to long continuous records; 
(2) to apply the model to complex watersheds with a large variety of soils, vegetation, 

slopes, etc.; and 
(3) to extend the model more or less without calibration to other similar catchments. 
A number of these models appeared: Dawdy-O'Donnel (1965), the Stanford Watershed 
Model IV (Crawford and Linsley, 1966), the Sacramento (Burnash et al., 1973), the 
SSARR (Rocwood and Nelson, 1966) and the Tank (WMO, 1975). They represented 
differently the interconnected subsystems and were considered the "top models" of the 
sixties. 

In theory, if the structural description was correct the parameters of the model, 
such as storage (surface, saturated unsaturated zones), friction factors and threshold 
effects could be related to the actual physics of the catchment. Unfortunately, in many 
cases, the large number of parameters used in the models and the fact that these were 
calibrated in a "best fit" basis, lead to sets of unrealistic parameter values, generally 
incorporating errors in data and moreover errors in the basic description of the 
interrelations between simple process models. 
This lake of a one-to-one relationship between model and reality gave rise to produce a 
model which would integrate the partial differential equations expressing the continuity of 
mass and momentum and linking the sub process models by matching the relevant 
boundary conditions. The product of such an effort is the "SHE" (Système Hydrologique 
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Européen) (Abbot et al., 1986a,b). SHE allows the simulation of the internal as well as 
external effects of catchment behaviour. 

The seventies saw a growing awareness and concern for soil erosion and 
degradation problems, pollutants diffusion, and in general of the environmental impact of 
anthropological influences on land use changes. 
Another type of rainfall-runoff model was developed in the late seventies and in the 
eighties: the real-time forecasting model as an answer for the need of warnings in flood 
prone areas, and as a tool for reservoirs or hydraulic structures management. Generally 
based on recent updating and re calibrating techniques, real-time forecasting models must 
be reliable, up datable and constitute part of an entire forecasting system which must 
include automatic real-time data acquisition, data validation, forecasting procedures and 
produce results in a simple and readily understood form (Bacchi et al. 1986). 
Beven en Kirkby (1979) were among the first to work on this area. They employed 
topographic index methods to predict variable contributing areas. The topographic index, 
ln(aAanß), where "a" is the area drained per unit contour length and "tan ß" is the slope of 
the ground surface at the location , has been found by Beven en Kirkby to compare 
favourably with observed patterns of surface saturation. 

The TOPMODEL (TOPographical MODEL) with was developed in England by 
K. Beven and M.J. Kirkby (Beven and Kirkby, 1979; Sivapalan et al., 1987), is an example 
of the last mentioned models. The TOPMODEL is a simple physically based conceptual 
model in which the predominant factors determining the formation of runoff are 
represented by the topography of the basin and a negative law linking the transmissivity of 
the soil with the distance of the saturated zone below ground level. The model can be 
considered as a presentation of the level of modelling hydrologists have reached until 
now. This paper tries, after a profound analyse of the TOPMODEL and its theory, to give 
a modification of the description of the runoff process in the unsaturated zone with the 
aim to improve the physical meaning of the model. Before going to the TOPMODEL 
however, some basic physical processes that are described in TOPMODEL will be 
discussed in the next chapter. 
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Physical processes 

3. PHYSICAL PROCESSES 

This chapter will give a summation of the physical processes concerning rainfall-
runoff models and used terminology in the literature to give a better understanding of the 
description of TOPMODEL given in chapter 4. 

3.1 The hillslope hydrological cycle 

It is exceptional for as much as 5 per cent of catchment rainfall to fall directly on 
channels and lakes. The remainder reaches channels by the hillslopes; or is lost upwards 
through évapotranspiration, or downwards to deep aquifers. In appendix 1 we see the 
complex three-dimensional mosaic of soils, vegetation and bedrock of a hillslope, which is 
difficult to sample adequately. The exact understanding of the detailed processes acting 
within a uniform element of soil remains incomplete. The cost and time involved in 
applying such detailed knowledge for even a small catchment is likely to remain 
prohibitive for most applications. Hillslope hydrology has therefore been dominated by 
attempts to simplify, using many assumptions, the processes enough to construct models 
(see chapter 2). The main components into which precipitation may be partitioned are 
évapotranspiration, overland flow and saturated and unsaturated subsurface flow. 
To give a correct understanding of the terminology concerning the runoff process, used in 
this paper the following definitions are given in consonance with the article of Freeze 
1972b, in the next subparagraph. 

3.1.1 Definitions of runoff 

Runoff is that part of the precipitation that appears as streamflow either in 
perennial or intermittent form. It is the flow collected from a drainage basin that appears at 
the outlet of the basin. Surface runoff \% that part of the runoff that travels over the surface 
of the ground to reach a stream channel and through the channel to reach the basin outlet. 
Subsurface runoff is that part of the runoff that travels through the ground to reach a 
stream channel and through the channel to reach the basin outlet. 
The flow at the downstream end of any reach of channel is termed the channel flow 
(streamflow). Channel flow is the sum of the channel flow to the reach, the lateral inflow 
along the reach, and the channel precipitation along the reach. 
According to the source from which it is derived the lateral inflow may consist of overland 
flow, subsurface flow and base flow. Overland flow is that part of the lateral inflow that 
flows over the land surface toward a stream channel. Subsurface storm flow (interflow, 
through flow) is that part of the lateral inflow derives from water that infiltrates the soil 
surface and moves laterally through the upper soil horizons toward the stream channels as 
unsaturated flow or shallow perched saturated flow above the main groundwater level. 
Base flow is that part of the lateral inflow derived from deep percolation of infiltrated 
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water that enters the permanent saturated groundwater flow system and discharges into 
the stream channel. 

Total subsurface flow is the sum of the base flow and subsurface storm flow, and 
is equal to the total flow of water arriving at the stream as saturated flow into the stream 
bed itself, and as percolation from the seepage faces on the stream bank. Subsurface storm 
flow that discharges into the transient, near-channel wetlands that develop during storm 
periods is probably best considered as part of the total subsurface flow. When such 
discharge occurs at a distance from the main channel it commonly does so at fixed points 
of seepage in topographic lows. Sometimes this outflow might be considered as a 
contribution to overland flow, but more usually it feeds its own intermittent tributary 
channel for which all the definitions given above apply. 

3.1.2 Mechanisms of runoff production 

Runoff in actual catchments is produced by a number of different mechanisms. 
Appendix 2 shows a spectrum of processes that may be involved in flood runoff 
production. According to Dunne (1978), the primary sources of runoff produced on 
hillslopes during storm runoff events is overland flow. Overland flow is produced at any 
location in a catchment due to the surface soil layers being saturated. In the model under 
study, the total flow is calculated as the sum of two terms: surface runoff and flow in the 
saturated zone. The surface runoff, in the most recent versions of the TOPMODEL, is in 
turn the sum of two components, the first generated by infiltration excess (Horton 
mechanism) and the second, referring to a variable contributing area, by saturation excess 
(Dunne mechanism). 

The first mechanism, first espoused by Horton (1933), is for a rainfall intensity that 
exceeds the saturated hydraulic conductivity of the soil. The moisture content at the 
surface increases as a function of time and, at some point in time, the surface becomes 
saturated and an inverted zone of saturation begins to propagate downward into the soil. 
At this time the infiltration rate drops below the rainfall rate and overland flow is 
produced. As originally presented, Horton's infiltration excess mechanism inferred that 
most rainfall events exceed infiltration capacities and that overland flow is common and 
spatial widespread. But in general only a part of a catchment contributes to overland flow 
(see appendix 1). A great heterogeneity in soil types over a catchment and the very 
irregular patterns of rainfall in time and space creates a very complex hydrologie response 
at the land surface. The infiltration excess (Horton) mechanism tends to dominate 
overland flow production in most desert or semiarid regions, where the absence of 
vegetation and other organic matter prevent the development of a porous soil structure 
through which water can move easily. On vegetated surfaces in humid regions however, 
Hortonian overland flow occurs rarely (Dunne et al., 1975). 

The second mechanism of surface runoff production occurs where the soil 
becomes saturated to the surface from below due to both rainfall inputs and downslope 

10 
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subsurface flow. This saturation excess (Dunne) mechanism is most common on near-
channel wetlands. The area of saturation will expand and contract during and between 
storms. The Dunne mechanism can result in surface runoff production in humid and 
vegetated areas with shallow water tables, even where infiltration capacities of the soil 
surface are high relative to normal rainfall intensities. The main controls on the saturated 
contributing areas are the topographic and hydrogeologic characteristics of the hillslopes. 

The literature also reports a third mechanism of overland flow which is called 
return flow (Kirkby, 1985). This process can even occur after rainfall has ceased where 
subsurface flow is forced up to the surface by the soil or slope configuration. The return 
flow occurs usually on concave slope profiles and areas of flow convergence. For the sake 
of simplicity of many rainfall-runoff models (as also the TOPMODEL), this process of 
overland flow is mostly neglected. 

3.2 Infiltration 

Infiltration is the process of water penetrating from the ground surface into the 
soil. Many factors influence the infiltration rate, including the condition of the soil surface 
and its vegetative cover, the properties of the soil, such as its porosity and hydraulic 
conductivity, and the current moisture content of the soil. Infiltration is a very complex 
process that can be described only approximately with mathematical equations (Chow et 
al., 1988). 

3.2.1 Continuity equation 

The continuity or storage equation for one-dimensional unsteady unsaturated 
vertical flow in a porous medium is: 

d t dz 

A , _ , A volume of water 
where: 8 = soil moisture content defined as Ö = 

total volume 
t = time 
q = Darcy flux, q = QIA 
z = z axis (vertical one) 

This equation is applicable to vertical flow at shallow depths below the land surface. At 
greater depth, such as in deep aquifers, changes in the water density and in the porosity 
can occur as the result of changes in fluid pressure, and these must also be accounted for 
in developing the continuity equation. 

11 
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3.2.2 Richard's equation (momentum equation) 

Darcy's law for flow in a porous medium can be written as: 

(3.2) q = KSf 

where q is the Darcy flux, K is hydraulic conductivity and S f is the friction slope. Consider 
flow in the vertical direction and denote the total head of the flow by h; then 

Sf = - 8 h i d z where the negative sign indicates that the total head is decreasing in the 

direction of flow because of friction. Darcy's law is then expressed as: 

(3.3) q = -K 
dh 

The total head h is the sum of the suction and gravity heads 

(3.4) /z = y + 2 

where: \|/ = suction head 
z = gravity head 

No term is included for the velocity head of the flow because the velocity is so small that 
its head is negligible. 
Substituting for h in equation (3.3): 

(3.4) q = -K 
3(\|/ + z) 

dz 

ae dz 

O z J 

where D is the soil water diffusivity K(dy/dQ) that has dimensions [L2 / r ] . Substituting 

this result into the continuity equation (3.1) gives: 

dt dz Ö z 

12 
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which is a one-dimensional form of Richard's equation, the governing equation for 
unsteady unsaturated vertical flow in a porous medium, first presented by Richards 
(1931). 

3.2.3 Horton 's equation 

One of the earliest infiltration equations was developed by Horton (1933, 1939), 

who observed that infiltration begins at some rate f0 and exponentially decreases until it 

reaches a constant rate fc (see Appendix 3): 

(3.6) f(t) = fc+{f0-fc)e-kl 

where & is a decay constant having dimensions [7""1]. Eagleson (1970) and Raudkivi 
(1979) have shown that Horton's equation can be derived from Richard's equation (3.5) by 
assuming that K (hydraulic conductivity) and D (soil water diffusivity K(chf / dQ )) are 
constants independent of the moisture content of the soil. Under these conditions (3.5) 
reduce to: 

(3.7) fUlÄ 
dt d z 

which is the standard form of a diffusion equation and may be solved to yield the moisture 
content G as a function of time and depth. Horton's equation results from solving for the 

rate of moisture diffusion D(dQ/d z)at the soil surface. 

3.2.4 Philip's equation 

Philip (1957) solved Richard's equation under less restrictive conditions by 
assuming that K and D can vary with the moisture content 0 . Philip employed the 

Boltzmann transformation B(Q ) = zfm to convert equation (3.5) into an ordinary 
differential equation in B, and solved this equation to yield an infinite series for cumulative 
infiltration F(t), which is approximated by: 

(3.8) F(t) = Stm + Kt 

where S is a parameter called sorptivity, which is a function of the soil suction potential, 
and K is the hydraulic conductivity. 
By differentiation: 
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(3.9) f(t) = -Srm + K 

As t —» °°, ƒ (t) tends to AT. The two terms in Philip's equation represent the effects of soil 
suction head and gravity head, respectively. For a horizontal column of soil, soil suction is 
the only force drawing water into the column, and Philip's equation reduces to 

F{t) = Stm. 

3.2.5 Green-Ampt method 

In the previous two subparagraphs, infiltration equations were developed from 
approximate solutions of Richard's equation. An alternative approach is to develop a more 
approximate physical theory that has an exact analytical solution. Green and Ampt (1911) 
proposed the simplified picture of infiltration shown in appendix 4. The wetting front is a 

sharp boundary dividing soil of moisture content 9, below from saturated soil with 
moisture content r\ above. The wetting front has penetrated to a depth L in time t since 
infiltration began. Water is pounded to a small depth \ on the soil surface. For the exact 
derivations that lead to the analytical solution we refer to Chow et al., 1988. The Green-
Ampt equation for cumulative infiltration is: 

(3.10) F(t) = Kt + \\fAQ In 
( F M A 
1 + 

F(t) 

y A0 

where: A0 = TJ — 0. 

0; = moisture content in initial condition 

J\ = porosity 
y = suction head 
K = hydraulic conductivity 

The F is to be found by the successive substitution method. Given K, T, y and A0, a 
trail value F is substituted on the right-hand side (a good trial value is F = Kt), and a new 
value of F calculated on the left-hand side, which is substituted as a trial value on the 
right-hand side, and so on, until the calculated values of F converge to a constant. The 
final value of cumulative infiltration F is substituted into the following equation: 

L A O N\ 
(3.11) f{t) = K VA9. + 1 

V ' v'/ j 

to determine the corresponding potential infiltration rate/. 
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3.3 Saturated subsurface flow 

A crucial role for any saturated flow model is the estimation of the "saturated 
contributing area" and its variations during a storm. Under the simple conditions of 
indefinite steady rainfall excess (appendix 5) the level of saturation in the soil may be 
estimated as follows. For an area of a, draining into a one-metre contour width, the 
steady-state discharge to balance rainfall excess is: 

(3.12) q = ia 

where "i" is the intensity of steady rainfall excess with dimension's mm/hr. 
This discharge may also be related to hydraulic gradient and Darcian flow within the 
permeable soil. If the water table is assumed to parallel the soil surface then hydraulic 
gradient is equal to topographic gradient and the discharge may also be expressed as: 

(3.13) q = q0<$>(D)s 

where D = the soil moisture total deficit below saturation; 

q0 = the soil discharge at saturation on unit hydraulic gradient at the outflow point; 
0(D) = the ratio of flow at deficit D to the flow at saturation; and 

s = the local gradient at the outflow point. 

Combining equations (3.12) and (3.13) gives: 

(3.14) (()(D) = - . -
Qo s 

Since <|) is inevitably a decreasing function, deficit must decrease as rainfall intensity 

increases and also responds predictably to local topography (als) and soil (q0). Thus 

deficit is small (or the soil wet) in areas of thin or impermeable soils (low q0), in hollows 
(high a) or on low gradients (low s). On a typical convex-concave profile, deficit remains 
roughly constant across the convexity (a x s) and then decreases steadily on the concavity 
(a increasing and s decreasing). In particular, saturated conditions are reached where 

(]> (D) = 1 or als = q0/i. 
These expressions are not appropriate for estimation of storm flow, but can be used as an 
approximation for antecedent conditions at the beginning of a storm. During a storm, 
saturated flow may be obtained as the kinematic wave solution (see chapter 6) of the 
continuity equation, subject to the flow law of equation (3.13): 
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o.!» I iM_4£., 
w d x dt 

where w is the width of the catchment element at distance x (measured along the flow 
lines, see appendix 5) from the divide, and i is the net input to the saturated zone. This 
input should be delayed to allow for unsaturated infiltration and redistribution above the 
saturated zone. 

3.4 Saint-Venant equations 

The Saint-Venant equations, first developed by Barre de Saint-Venant in 1871, 
describe one-dimensional unsteady open channel flow. The Saint-Venant equations have 
various simplified forms, each defining a one-dimensional distributed routing model. The 
simplest distributed model is the kinematic wave model, which neglect the local 
acceleration, convective acceleration and pressure terms in the momentum equation; that 

is, it assumes S0 = Sf and the friction and gravity forces balance each other. The diffusion 

wave model neglects the local and convective acceleration terms but incorporates the 
pressure term. And finally the dynamic wave model considers all the acceleration and 
pressure terms in the momentum equation. An overview is given in the next table: 

Table 3a. Summary of the Saint-Venant equations1 

Continuity equation 

Conservation form 

Non conservation forrr 

Momentum equation 

Conservation form 

IdQ Id 

Ad t ' A dx 
(Q2) 

{ * J 

Local Convective 
acceleration acceleratio 
term term 

dx d t 

„dy dV dy „ 
i V—- + y + ̂ - = 0 

dx dx d t 

+ «f* - sU -
dx 

Pressure Gravity 
n force force 

term term 

Sf) = o 

Friction 
force 
term 

1 Neglecting lateral inflow, wind shear, and eddy losses, and assuming ß = 1. 
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Non conservation form (unit width element) 

^ T T + v17 + «lî - ^ - s >° 
| —Kinematic wave 

I Diffusion wave 
| Dynamic wave 

3.5 The hillslope as a whole 

Where the primary interest is in forecasting flows from whole catchments of more 
than 1 km2, then both the cost of providing very detailed data and the computation 
involved argue for a highly simplified view of the hillslope. This means a highly simplified 
description of the physical processes mentioned above in a catchment. The model under 
study, the TOPMODEL, can be considered as such a model. The next chapter will give a 
presentation of the TOPMODEL and an explanation of the assumptions made of the 
physical processes described above. 
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4. DESCRIPTION OF THE TOPMODEL 

4.1 Introduction 

TOPMODEL (Beven and Kirkby, 1979; Sivapalan et al., 1987) introduces the 
use of topography in hydrological modelling. This runoff generating model relies on a 
topographic index to predict saturation excess runoff and on Philip's infiltration 
equation to predict infiltration excess runoff. "TOPMODEL is a variable contributing 
area conceptual model in which the predominant factors determining the formation of 
runoff are represented by the topography of the basin and a negative exponential law 
linking the transmissivity of the soil with the distance of the saturated zone below 
ground level" (Franchini et al, 1993). Although synthetic, this model is described by 
Sivapalan et al. (1987) as a "simple physically based conceptual model" in the sense 
that its parameters can be measured directly in situ. This definition is somewhat 
optimistic in view of the considerable simplification inherent in the structure of the 
model and the doubts and uncertainties encountered in defining the parameters of 
"physical models" themselves. But the inclusion of the effects of variability in rainfalls, 
soil characteristics, and topography on contributing area dynamics represents a major 
advance over previous models based on "point" hydrological response models assumed 
to apply at the catchment scale. Many simplifying assumptions have been made 
regarding the hydrologie processes taking place at the catchment scale. For example 
rainfall has been assumed to be constant in time during the storm event while being 
spatial variable; downslope redistribution of moisture during the storm has been 
neglected; and spatial correlation's in soils and rainfall are ignored. Also, the effects of 
micro topography on infiltration rates are neglected. Sivapalan et al. (1987), state that 
although these assumptions have been necessary to keep the model simple, it is 
expected that in time, many of these can be relaxed while retaining the concept of 
similarity between disparate catchments. 

Two components can be identified in all conceptual rainfall-runoff models: the 
first represents the water balance at soil level and the second the transfer to the basin 
outlet. In the TOPMODEL, by its very nature, the flow in the soil is available directly 
along the drainage network, while the surface runoff component is made available to 
the drainage network inside each time interval: the saturated areas have, a limited 
extension around the drainage network. 

The next paragraphs will concentrate mainly on a description of what 
represents the water balance component at the soil level and actually characterises the 
TOPMODEL. In this the following components are identified: canopy interception 
capacity, surface runoff due to saturation excess, surface runoff due to infiltration 
excess and, the flow in the saturated zone, the initial conditions and the computational 
procedure for the topographic index, and finally a paragraph where the whole model is 
revised. 
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4.2 Canopy interception capacity 

What is described here as the canopy interception capacity and indicated by the 
symbol SRm a x is described in many other articles as "Soil Root capacity" (cf. for 
example Durand et al, 1992). In fact this component is not involved in the exchanges 
between unsaturated and saturated zones and its sole purpose is that of accumulation 
from which the water is extracted by potential rate évapotranspiration. It's very 
"starting position" in the chain of calculations inside the "program" basically assigns to 
it the role of intercepting available precipitation. This is why in this chapter, conform 
the paper of Franchini et al. (1993), it is preferred to present this component with the 
name "canopy interception capacity" rather than "soil root capacity". 

The canopy interception capacity is represented by a reservoir with a capacity 
of SRmax . The water is extracted from the reservoir on the basis of the rate of 
potential évapotranspiration; the net precipitation (represented by the difference 
between precipitation and évapotranspiration) in excess of the capacity S R n ^ reaches 
the soil and comprises the input for the subsequent model components. 

4.3 Surface runoff due to saturation excess 

Appendix 6 describes a schematic representation of a valley and the formation 
of runoff according to TOPMODEL. The knowledge of initial conditions like the initial 
water table profile and the soil moisture profile in the unsaturated zone above the 
water table are mostly not available. Therefore it will be assumed that a reasonable 
approximation of the initial condition can be obtained by assuming that the recession 
discharge prior to a storm period Q(0) results from a steady rate of recharge to the 
water table. 
In TOPMODEL it is assumed that the saturated hydraulic conductivity within the soil 
profile follows an exponential decay with depth of the form: 

(4.1) Ks(z) = K0exV(-fz) 

Ks = the saturated hydraulic conductivity; 
z = depth in the soil (see footnote2 ) 

2 The variable z = z, represents the depth of the "water-table" in relation to the surface of the soil. In 
other articles (e.g. Beven et al., 1988) the reference variable is represented by the "moisture deficit" 

Sj, which is nevertheless linked to the variable Zj through the equation St =(QS-Qr)zit where 

Qs and9r represent, respectively, the moisture content in the saturated soil and the residual moisture 

content. The equations characterising the model written in terms of S; are entirely identical to the 

preceding ones (cf. Beven et al. 1988) except that z; is replaced by z- = Si /{Qs-Qr) = 5- / A0, or z; 

is substituted with S; and the parameter m - AG/ ƒ is introduced. Below, unless specified otherwise, 

reference will nevertheless be made to the equations written directly in terms of depth z; and 

transmissivity T0 = K0 / f 
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^o = hydraulic conductivity at ground level. Which in the version of Franchini et 

al. (1993) is held to be constant over the entire basin 

ƒ = decay factor of Ks with z. Held to be constant over the entire basin. 

The "water table" (cf. Sivapalan et al, 1987) is taken to be parallel to the ground 
surface (appendix 6), so that downslope flow beneath a water table at a depth z,- is 
given for any point / by: 

(4.2) <7,.=7;.(Z(.)tanß,. 

tan ß(. = surface slope of soil at point i 

7](z; ) = transmissivity at point i 

The value of 7](z;) is a transmissivity that varies non linearly with depth to the water 
table and is given by integrating equation (4.1) from the bottom of the profile at depth 
Z to the water table depth as: 

(4.3) 7;.(z()=J2
Z^(zWz = ^ [ exp ( - / z ; ) - exp ( - /Z ) ] 

= j[Ks(zi)-Ks(Z)] 

Equation (4.3) assumes that downslope flows within the capillary fringe are negligible, 
even though the soil is nearly saturated. In TOPMODEL this is justified on the 
consideration that near surface saturated conductivity's are dominated by flow through 
the small volume of structural voids and macro porosity of the soil that will be drained 
in the capillary fringe in equation (4.3). For large ƒ or Z, exp (-/Z) can be assumed 
small. Substituting in equation (4.2) yields: 

(4.4) fc=^tanß,.exp(-/z,.) 

= rotanß,exp(-/z i) 

where T0 = K0/ f is the transmissivity coefficient of the whole profile, which is, like 

K0 and/, constant over the whole basin. 
For a quasi steady state condition with a spatially uniform recharge rate R to the water 
table is considered: 

(4.5) a./? = rotan^exp(-/z,.) 

where: 
R = uniform recharge rate to the water table. 

aL = area draining through location i, per unit contour length. 
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Making z; explicit in equation (4.5) gives: 

(4.6) z. = - - l n 
aR 

ƒ l r o t anß i J 

By integrating over the entire area of the basin and dividing by the entire area, the 
mean value is obtained of the variable zr. 

(4.7) = - f z.dA 
A JA ' A JA 

f A }A 

f \ 
-In 

rotanß, 
- In/? dA 

where A is the entire area of the basin. It is allowed that the equation (4.2) continues to 
hold for water tables rising above the soil surface, i.e. for negative values of zz\ 
Using eq.(4.5) to substitute for/? in eq.(4.7), gives: 

Z~ f 
- - i f In 

A JA 

\ ( 
dA + fZt+ln 

d: 

rotanß,. 

or: 

(4.8) / -(z-z,.) = In a: 
tanß, 

-X [inr0-inrj 

where: X = ±\ ]n-^-dA 
A J4 tan ß. 

1 r 
and: inT e=—\ \nTQ dA 

Â J 

Equation (4.8) expresses, in dimension-less form, the deviation of the local depth of 
the water table, scaled by the parameter/, in terms of the deviation in the logarithm of 

transmissivity away from the areal integral value In Te, and a deviation in the local 

topographic index away from its areal integral value X, the catchment topographic 
constant of Beven en Kirkby (1979). 
Values of these deviations that yield z/ less than or equal to the depth of the capillary 

fringe Xfc for a given value of z are of particular interest in that they represent the 
predicted area of saturated soil, which will act as a saturation excess contributing area. 
Equation (4.8), the local depth to the water table z/, may also be expressed in the 
form: 
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(4.9) Z:=Z-

f 
In 

70tanß,. 
-X 

were ln(a,T, /T0 tan ß() is a combined topography-soil index and \n(Te) is the expected 

value of In (T0 ). X is the expected value of the topographic index In (a / tan ß ). 

According to the latest application of TOPMODEL (Franchini et al., 1993), it is stated 
that in the case of constant transmissivity we can write: 

(4.10) * = I j > 
A'* T0tanß, 

dA 

= E In- a, 
rotanß, 

= E In 
tanß. 

- lnTn 

where E stands for Expected value, 
and therefore: 

(4.11) (a) X = X*-\nT0 (b) X*=E ln-
tan ß. 

Thus, equation (4.9) becomes: 

(4.12) z^z-
f 

In- a. 
tanß, 

(X + \nT0) 

_ 1 
z. = z 

ƒ 

In 
tanß,. 

In other words the calculation of the depth z/ of the "groundwater" is determined only 

by the parameter ƒ and the topographic index x = In 
tanß 

Franchini et al. (1993) presumed that the transmissivity (linked with the hydraulic 

conductivity (K0) by T0 = K0/ ƒ ), is constant over the whole basin and use instead of 

eq. (4.9) from Sivapalan et al. 1987 the latest called equation (4.12). 
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This means that the don't use the so called "combined topography-soil index" and the 

expected value of In (Te ) or In (TQ ), but only the topographic index to determine the 

saturated part of the soil. 

If z(. < 0 then the "water-table" is, at least, at level with the surface of the soil and 

therefore at this point -i- the saturation condition has been reached. All the points with 

z, < 0 generate the basin fraction in saturation conditions where the rainfall produces 

direct surface runoff. Equation (4.12) shows that it is not the actual position of the 

a 
i'-th point which is important, but the value of the topographic index x = In 

tanß' 
moreover, from equation (4.12) if x* is the value of x which produces z, = 0, then all 

the points with x > x* are in saturation conditions. The basin percentage with x > x* is 
then defined on the basis of the index curve which in turn represents the probability 
distribution of the variable x. The method used of computing this variable, based on a 
Digital Terrain Map (DTM) and the index curve which are described in paragraph 4.7. 

4.4 Calculation of runoff from infiltration excess 

The surface runoff due to infiltration excess is the component described in 
Sivapalan et al. (1987) and in Wood et al. (1988) is based on the Philip scheme (1957): 

(4.13) g = cK0+\Sr,A 

where g is the infiltration capacity, S the "sorptivity", and K0 the saturated hydraulic 

conductivity at the soil level. The "sorptivity" S is linked with K0 as follows: 

(4.14) S = S,K* 

In the version of Sivapalan et al. (1987), K0 may be considered randomly 

variable over the whole basin while Sr and c are regarded as constant. They assume 
that the infiltration capacity at the soil surface is controlled by the initial surface 
moisture content and the saturated hydraulic conductivity of the surface layer. They 
neglect the variation of these quantities with depth. Which in turn allows an analytical 
solution for the infiltration process for the case of spatially variable rainfalls and soil 
characteristics. The infiltration rate due to a rainfall of intensity p has been derived by 
Sivapalan and Wood (1986). An infiltration model which does take the decline of 
conductivity with depth into account is available (Beven, 1984, 1986a,b), but is less 
analytically tractable. 

In the most recent study of Franchini et al. (1993), K0 is considered constant. The K0 

obtained during calibration in that report are so high (because the use of great grid 
sizes) that no type of Hortonian mechanism has ever been activated. 
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This means that TOPMODEL in practical applications denies the possibility of 
representing the surface runoff formation process from infiltration excess, since the 

rainfall intensity will never acquire values comparable with that of the parameter K0. 
For the more specific equations of infiltration excess used in TOPMODEL will 
therefore be referred to the article of Sivapalan et al. (1987). 

4.5 Calculation of the flow in the saturated zone and sequence of calculations in 
the TOPMODEL 

Equation (4.12) permits the estimation of the saturated basin fraction on the 
basis of the knowledge of the current value of z . The value of z is updated at every 
At on the basis of the following equation: 

. . , c. _I+i _, v*lv ÜB) . . . . . 
(4.15) z =z At (continuityequation) 

where: 

Q'v = Recharge rate of the saturated zone from the unsaturated zone 

over the time interval 11 (t + At); 

Q'B = "Base flow", connected to the flow in the saturated zone, over 

the time interval 11 (t + Ar) ; 

A = Area of the basin; 

At = T ime interval. 

The quantity Q'B can be defined analytically: 

(4.16) Q'B=\LQBidL 

= JLrotanßexp[-/z;]rfL 

where L is twice the length of all channels contributing to base flow. Bearing in mind 
equation (4.12), we can write: 

Öé = .[To tan ß exp -/z'-r+in-a 

tanß 

= r oexp[- /z ' J -exp[-^ *]• J adL 
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Since: 

J a-dL = A (total area of basin) 

we get: 

(4.17) Q'B =A-T0-cxp[-X *]-exp[-/z'] 

= ôo-exp[- /z ' ] 

with: Q0 = A • T0 • exp[-X *] 

Qy is calculated as the sum of the contribution of all the grids covering the basin: 

(4.18) Ôv = X o ; = Z a'Ko exP[~/ A] 
i'eA ieA 

where 01 is the area of the i-th grid. Naturally equation (4.18) holds good when the 
current moisture content in the unsaturated zone is not a limiting factor; otherwise the 
contribution is calculated on the basis of the actual amount of water available. 

Equation (4.18) extends to all the grids where zi > 0. 

4.6 Initial conditions 

4.6.1 Prior to storm rainfall 

The continuity equation (4.15) is initialised assuming that the simulation begins 
after a long dry period; in other words the unsaturated zone in TOPMODEL is held to 
be totally dry and the flow observed at the basin outlet is considered to have been 
generated only by the "base contribution": 

Qv=0 

Ql = Ql 

Recalling equation (4.17), we get: 

O^Ooexpt -Z-z 1 ) 

and therefore: 

1 (O1 "l 

(4.19) z ' = - - l n ^2L 
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With equation (4.12) it is possible to define the initial depth of the "groundwater" in 
each grid. 

4.6.2 In the unsaturated zone 

During a storm the production of runoff will depend on the unsaturated zone 
moisture profile. Infiltration excess runoff will depend primarily on the local surface 
hydraulic conductivity and initial surface moisture content. Production of saturation 
excess runoff will depend on the local moisture storage deficit at any point. For 
simplicity, downslope redistribution of moisture within the duration of the storm is 
neglected in TOPMODEL. It is assumed that saturated excess runoff will be generated 
wherever the cumulative infiltration volume exceeds the initial soil moisture storage 
deficit. This may be predicted from the depth to the water table by assuming that the 
unsaturated zone profile is close to the case of complete gravity drainage. For this the 
soil moisture characteristic relationships of Brooks and Corey (1964), are used: 

/ x2+3ß 

with: y < \|/c 

with: y >\|/c 

e (v) = er+(e,-er): 

e (y) = e, 

(\.. \ 
v 

v V ; 
with: \|/^\|/c 

with: Y^\}/ c 

where \|/c is the depth of the capillary fringe, \|/ is the matrix head equal to z; - z, Qs is 

the saturated moisture content, and 9r is the residual moisture content and B is a pore 
size distribution index (cf. Troch et al., 1993a). In the article of Sivapalan et al. 1987, 
is assumed that the saturated moisture content is constant with depth. The total profile 

moisture deficit (S,) may then be obtained by integrating from the surface to the top of 
the capillary fringe as: 

(4.20) $ ,= (6 , - 0 , ) z . - - ¥c -
\-B 

z.--Vc 
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4.7 Description of the computational procedure for x = In 
tanß 

in each grid 

The TOPMODEL involves the use of Digital Terrain Maps (DTM) to 
determine an index representing the potentiality of the soil to become saturated with 
water. The DTM is a topographical configuration of an area with a matrix representing 
the altitude of a region at a given grid size. 
Equation (4.12) shows that the real position of the pixel / is of no interest, only the 

local value of In a, 
tanß; 

is important. Thus all the information represented in the two 

dimensional distribution of the index over a catchment can be concentrated in the one 
dimensional curve of the probability to have a given value of the index. This curve 
should be representative of the catchment on which it was build. Franchini et al. (1993) 
report however that the shape of these index curve's are not significantly different for 
different catchments. Now we are able to represent all the information in the two 
dimensional distribution of the index in a one dimensional curve of the density of 
probability to have a given value of the index as shown in figure 4a. But the curve 
really used by the TOPMODEL is the complementary to one of the cumulated 
probability, so that the percentage of saturated area knowing the minimum value of the 
index leading to saturation is directly visible as in figure 4b. 

In(a/tg(b)) (densité de probal Ln(a/tg(b» (probabilité < 

— CM «*• io r-» oo 
N IN CN M CN M 

W H U H t M ^ H f l H U ' l l M I I I I I I H I I I I 

o *- K> •*• to r* o> N M M M CM N 

Figure 4a. Density of probability 

of ln(a/tanß ) 

Figure 4b. Cumulative probability 

of ln(a/tanß ) 

In order to calculate x = In a 
tanß 

in each grid we must calculate the contributing area 

for that grid and then divide by the tangent of the slope relevant to that grid. Only the 
downward directions are considered below. If we assume that all the directions have 
the same water transportation probability, then the area drained by contour unit of 
length can be calculated as (Quinn et al., 1991): 

(4.21) a = 
nL 
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where: 

n 
L 

number of downstream directions; 
effective contour length orthogonal to the direction of flow 

(L = -
GS 

-, with GS, Grid Size of the DTM (Digital Terrain 

Map)); 
total area drained by current grid (total upslope area). 

One possible representation of tan(ß) is: 

1 A 
(4.22) tan(ß) = -£tan(ß,) 

1=1 

where tan(ß(. ) is the slope of the line connecting the current grid with the furthermost 
grid in the t'-th downstream direction. Therefore: 

(4.23) a 
tan(ß> LjtanCß,.) 

and In 
f a ^ 

tan(ß )_ 
= ln 

i=\ 

L£tan(ß,) 
V i=i 

The amount of A that contributes in each downstream direction i is thus calculated as: 

(4.24) A A 1 = 4 1 ^ M 

Etan(fc) 
; = i 

The procedure is repeated on all the DTM grids proceeding downstream. The function 

regarding the exceeding of x - In {a I tan ß ), i.e. the basin's index curve, together with 
the equation (4.12), enables to define both the percentage of the basin in saturated 
conditions and the shape of the water table which marks off the upper limit of the 
saturated zone in the soil. Of all the factors affecting the formation of runoff, the index 
curve (see figure 4b) represents the "topography" component or rather the "slopes" 
which, in this model, constitute the driving force for the interflow. 

4.8 Revision of the TOPMODEL 

The rainfall-runoff transformation process in the best known models is based 
on an equation or "sub-model" identifying the physical factors affecting the formation 
of runoff. When this input doesn't consider the spatial variability, it is mostly presented 
by a probability function, that is ignoring the real distribution (Moore and Clarke, 
1981; Moore, 1985). 
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By contrast to what happens in other rainfall-runoff models, the probability law for the 
TOPMODEL is defined on the basis of the topography of the basin (the index curve, 
see figure 4b) and it's input into the model by using DTM. The index curve however is 
greatly affected by the size of the DTM grid and this dependence is reflected in the 

parameter K0. 

Franchini et al. (1993) report that the TOPMODEL is surprisingly insensitive 
to the basin's actual index curve. Therefore it is possible to do without the calibration 
process for this index curve. This leads to the great advantage of the TOPMODEL 
with other rainfall-runoff models. Franchini and Pacciani (1991) pointed out that the 
difficulty of using rainfall-runoff models in general is the increasing number of 
parameters to be estimated. The only parameters that need to be calibrated in 

TOPMODEL are/and K0 (or, the transmissivity T0, which is however linked to the 

previous two by the equation T0 = KQI ƒ , representing the nature of the soil) and the 

parameter S/?^ representing the leaf capacity. The parameter K0 is introduced into 
the TOPMODEL by means of the Darcy law relating to interflow. It must however be 
interpreted as an artificial hydraulic conductivity that incorporates both the actual 
hydraulic characteristic of the soil and the spatial expansion effect connected with the 
size of the grid. 

Franchini et al. (1993) also expressed that as a result of the systematic increase 
in K0 with the size of the DTM grid, the TOPMODEL in practical applications, denies 
the possibility of representing the surface runoff formation process from infiltration 
excess, since no Hortanian process will take place. In fact all the runoff will occur in 
saturated conditions. The relative proximity of the saturated zone to the surface of the 
soil caused by equation (4.1), combined with the high hydraulic conductivity value, 
are such that at each time step the unsaturated zone accumulates all the precipitation 
and at the same time yields it to the saturated zone, thus remaining systematically dry. 
The next chapter will give some considerations about these last mentioned points and 
discusses the possible ways of improving these imperfections. 
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5. DESCRIPTION OF THE PROBLEMS IN TOPMODEL AND THE 
ALTERNATIVE SOLUTIONS 

The TOPMODEL is recently used for many catchment descriptions, where it gives 
reasonable till good results (Wood et al., 1988; Durand et al., 1992; Troch et al, 1993a,b; 
Franchira et al. 1993). To check of this is true, a single run of the TOPMODEL has been 
performed and is reported in the paragraph below. 

5.1 A small experiment with TOPMODEL 

Although it is not within the scope of this report to do a calibration of the 
TOPMODEL, a single run has been performed. For this experiment data of the Reno river 
catchment in Italy has been used. The Reno river flows north from the Apennine 
mountains before reaching the Po valley were it bends to the east to join eventually the 
Adriatic sea (see appendix 7). The Reno basin itself is about 210 km long and drains 4000 

km2 at the sea. The mountain part has altitudes up to 2000 meters and the Reno valley is 
surrounded by quite steeply slopes in its highest part. It is in these mountainous and most 

natural part of the catchment that the a sub-catchment of about 1000 km1 is selected (see 
appendix 7). 
Appendix 8 shows the results of the calibration for the data over the period of February 
1990 till May 1990. And appendix 9 shows the validation of the TOPMODEL with data 
of the rest of the year 1990. The uninterrupted line is the observed discharge, the dashed-
dotted line is the calculated discharge and the dotted line is the base flow. 
It should hereby be mentioned that the selected sub-catchment contains three hydroelectric 
power plants, controlling more or less a quarter of the total sub-catchment. These three 
reservoirs, even if not very big compared to the average volume available on these sort of 

hydraulic works (10 million m3 as a total), are nevertheless able to cut down the flood 
wave or at the contrary to increase the recession flows. The output discharges of these 
reservoirs however were not available and therefore not taken into account by running the 
TOPMODEL. In spite of this infirmity the results of forecasting are quite good. 
Table 1 shows the explained variance, the determination coefficient and the correlation 
coefficient of both the calibration as well as the validation periods. These mathematical 
definitions all have a maximum of 1, and as we can see the results are quite reasonable 
reaching from 0.7 till 0.93. However looking at Table 2 we can see that there are some 
unrealistic values for the parameters that have a physical meaning such as the hydraulic 
conductivity and the exponential decay rate of transmissivity with depth. The next two 
paragraphs will discuss these problems in depth and the last paragraph of this chapter will 
reach some alternative solutions, which will be worked out in the next chapter. 
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5.2 The case of artificial high hydraulic conductivity 

First of all there is the variation of the hydraulic conductivity factor (KQ) in 

relation with the grid size of the DTM. As stated in the previous chapter the value of K0 

increases to artificial values if the size of the grid increases. This problem could arises 
from the fact that TOPMODEL considers a grid-cell in a quasi steady state condition. 
The physical analysis of a hydraulic system is usually addressed using the momentum 
equation and the continuity equation. In the TOPMODEL the momentum equation is 
represented by a derivation of the Darcy equation, in the form (see paragraph 4.3): 

(4.4) <?|.=r0tanßI.exp(-/zi) 

The continuity equation, expressed in integrated form in space, generally takes the form: 

(5.1) — = 1-0 
dt 

where I and O represent two time functions of the incoming and outgoing quantity 
respectively, while S represents the storage of the "system" and t is the time. 
In the TOPMODEL the system to which the continuity equation refers is represented by 
the saturated zone; in it the input function is the net precipitation while the output function 
is the flow in the saturated zone. The steady state assumption entails writing the continuity 
equation as in equation (4.5, paragraph 4.3): 

(4.5) a.Ä = rotanß1exp(-/z () 

dS 
This implies that — = 0 in each grid cell, i.e. in the saturated zone there is no time delay 

dt 
in routing water between the upstream point and downstream point of the grid cell. But 
with the increasing of the grid-cell this hypotheses tends to loose its value. In 
TOPMODEL water is supposed to be transported within one time step. Looking at 
equation (4.5), we can see that if a is increasing, because of the increasing grid size (see 

relation with grid size in equation (4.21)), the transmissivity T0 (with is related with K0 by 

T0=K0/f) has to increase, to keep the equation in balance. Thus increasing grid size 

leads to increasing K0 values. Franchini et al. (1993) reported values of K0 = 35 m/h and ƒ 

= 58.8 m"1 with a grid size of 60 x 60 m. (T0 - 0.6 m V ) up till K0 = 300 m/h and ƒ = 

66.67 m"1 with a grid size of 400 x 400 m. (T0 = 4.5 m2h~l). 

They also calculated for a certain catchment, by interpolating DTM in the continuum (this 

means a grid size of zero), a K0 of 0.57 m/h. This value is certainly closer to reality but 

has no use in the application of TOPMODEL. 
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Durand et al. (1992) also report a high maximum transmissivity reaching from 11.6 m2h~l 

till 14.8 m2h'\ with the use of a grid size of 25 x 25 m. Astounding however is that they 
don't consider these values as unrealistic, as they state: 

"These values do not seem unrealistic, owing to the very coarse 
texture of the soils (50-60% coarse sand) and the abundance of 
blocks and outcrops" 

A possible solution to the problem described above could be to get rid of the steady state 
hypotheses in a grid-cell. In that case we can establish a correct continuity equation which 
doesn't suggest a stationary condition at grid dimension. 
Instead of assuming transport within a grid-cell in one time step we can use the kinematic 

wave as a more correct way for rooting approximation. This should allow a K0 value 
more close to the physically real one and maintains the simplicity of the model. This 
because we don't need to route all the water immediately from the upstream boundary to 
the downstream one of the grid cell. 

5.3 Hydraulic conductivity related with moisture content 

The second problem is the discussed form of the saturated conductivity coefficient. 

In the TOPMODEL Ks has been assumed to by a negative exponential function of depth 

as follows in equation (4.1, see paragraph 4.3): 

(4.1) Ks(z)=K0cxp(-fz) 

Using values for K0 and ƒ obtained from the report of Franchini et al. (1993), we get 
graphs of this equation as shown in figure 5a and 5b. 
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Hgure 5a. Ks in m/h with depth in m. 

0 s 10 19 20 23 30 JS 

Figure 5b. Ks in m/h. with depth in m. 
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Figure 5a shows equation (4.1) for the values of Ks, when K0 = 35 m/h. and ƒ = 58.8 

m"1 and figure 5b shows equation (4.1) for the values of Ks when KQ = 300 m/h. and ƒ = 

66.67 m~\ Values are obtained from Franchini et al., 1993. 

Looking at figures 5a and 5b it has to be considered that z is the first meter of 
water in the soil (i.e. without the soil component). As we can see from figure 5a,b, the 
TOPMODEL application made by Franchini et al., 1993, considers a unrealistic high 
saturated hydraulic conductivity found in the first few centimetres under the soil surface. 
A similar behaviour can be obtained also from the values used by Durand et al. (1992). 
Since flow in the subsurface in TOPMODEL only occurs in saturated conditions, this will 
take place in these few centimetres under the soil surface. 

This formulation gives rise to some discussion. TOPMODEL neglect flow that 
occurs in the unsaturated zone. However looking at reality we see that macropores and 
other structural channels in the rootzone (Beven and Germann, 1982) not only give rise to 
a high hydraulic conductivity but also to a lateral flow in the unsaturated zone on a 
hillslope. Many other authors stated that flow in the unsaturated zone of a catchment is of 
significant importance (Freeze, 1972b; Sloan and Moore, 1984; Stagnitti et al., 1986). 

To take the process of flow through the unsaturated zone into account we 
introduce the dependence of hydraulic conductivity with moisture content. TOPMODEL 
doesn't consider this as we can see in equation (4.4), where flow is calculated only from 
transmissivity in saturated conditions. The next paragraph will discuss different ways of 
describing hydraulic conductivity with moisture content and will introduce a new 
analytical description for this process. 
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5.4 Alternative solutions 

Description of horizontal flow in unsaturated conditions could be made basing 
upon the knowledge of the vertical moisture content profile into the soil. Due to the high 
conductivity value, caused by macropores in the top of the soil (Beven and Germann, 
1982), gravity will be the dominant mechanism driving water from the top of the soil to 
the bottom (impermeable or semi impermeable lower boundary). The latter mentioned 
boundary will create a perched water table. In this zone a not negligible horizontal 
propagation (also involving unsaturated flow), will occur. 

Nevertheless, the depth of this high conductive soil will be negligible with respect 
to the horizontal grid dimensions. This allows the transient phase of vertical propagation 
to be neglected. We will take into account a succession of equilibrium profiles in the 
vertical. A further simplification can be introduced making reference to the integral value 
of the vertical moisture content, instead of the real vertical equilibrium profile, in the view 
of the hillslope propagation. It will be examined if horizontal flow (or hydraulic 
conductivity) evaluated starting from a real vertical equilibrium profile and that deriving 
from the integral moisture content are comparable. 

Therefore we calculate hydraulic conductivity from a number of different vertical 
profiles. These profiles have a variation of moisture content with depth with the same total 

moisture content (6). A number of different 9 values have been taken into account, 
ranging from 0 to 1. The purpose is to compare this conductivity value with that coming 
from the consideration of the integral moisture content with no reference to the real 
vertical profile. 

5.4.1 Relations of hydraulic conductivity with moisture content 

Two different relationships that both describe hydraulic conductivity with moisture 
content in a different way are found in the literature and compared with the analytical 
description we developed for describing this process, as will be introduced later. 

First of all there is the relationship derived from Brooks and Corey (1964) relating 
hydraulic conductivity and moisture content (0). The formulation is derived from the 
relationships as mentioned in paragraph 4.6.2. The transformation is as follows: 

from e (\|/) = e r+(e,-e r) 

r -|i/ß 

we can write -Ls- = — 
V _0 , -0 ,_ 
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which substituted in K(\\r) = Ks 

rewritten as the next equation: 

(5.2) K{Q) = K, Bc 

t \f ^ 
2+3 B 

2+3fl 

vv; gives K(y) = Ks 
e-er 
e.-e. which can be 

where: K(Q ) = hydraulic conductivity as a function of moisture content 

Ks = saturated hydraulic conductivity 

9 = reduced moisture content (0 - 8 , ) / (6, - 8 r ) , reaching from 0 till 1 

c = a pore size distribution factor (first expressed in B), which will be a 
constant 

This equations leads to a graph as shown in appendix 10. Brooks and Corey (1964) 
obtained fairly accurate predictions with their equations. 

The second relationship that will be compared with ours is the one of van 

Genuchten (1980). He describes in his paper a relatively simple equation for the soil-

moisture content-pressure head curve, %{h). The resulting expressions for Kr(Q) contain 

three independent parameters which may be obtained by fitting the proposed soil-water 

retention model to experimental data. An attractive class of 8(h)-functions, adopted in 
van Genuchten's study is given by the following general equation: 

(5.3) 8 = 1 

l + (ocA)" 

where: 8 = reduced moisture content (8 - 8r ) / (8, - 6, ), reaching from 0 till 1 

h = the pressure head 
and a,n,m = parameters 

Van Genuchten derived his equations from two different points of departure. The first one 
leads to a relative hydraulic conductivity related to moisture content as: 

(5.4) Kr(e) = e1/2fi-(i-e1/m) 
2 (m = l - l / r t ) 

with restrictions: , 
( 0<m< l ) 

where: Kr[Q) = the relative hydraulic conductivity as a function of the dimensionless 

moisture content 
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m and n = parameters to be estimated 

The second equation of van Genuchten (1980) leads to a hydraulic conductivity related to 
moisture content as: 

(5.5) /rr(e) = e2 i - ( i -e 1 / m ) 
(m = l - 2 / / i ) 

with restrictions: 
(0 < m < 1; n > 2) 

where: Kr[Q) = the relative hydraulic conductivity as a function of the dimensionless 

moisture content 
m and n = parameters to be estimated 

Equations (5.4) and (5.5) can be rewritten to the hydraulic conductivity instead of the 
relatieve hydraulic conductivity. Equation (5.4) will then look like: 

, _x _ , , / , N m \ 2 (m = l - l / r t ) 
(5.6) K{Q) = Ks.e

u'\l-{\-Ql"n) J with restrictions: , 
( 0 <m< l ) 

where: K{Q) = the hydraulic conductivity related with the dimensionless moisture content 

LL = a parameter to be estimated 

The last mentioned equation (5.6) has the shape of our analytical description introduced in 
the next subparagraph. This analytical expression will be compared and fitted with 
equation (5.6), with the use of a technical computing environment for high-performance 
numeric computation and visualisation, called MATLAB, to show that they give more or 
less the same results. 

5.4.2 An analytical derivation of hydraulic conductivity with moisture content 

The description we developed and that is to be compared with that of Brooks and 
Corey and van Genuchten is, instead of the two above mentioned, an expression of 
hydraulic conductivity upon the integral moisture content. The fact that we are talking 
about the integral moisture content allows us to solve an analytical solution. 

A full derivation of the analytical solution will be given in appendix 11. Only the final 
equations that follow from the derivations will be given below. First of all there is the 

moisture content (9) dependence on depth (z). This equation shows eventually three 

parameters to be estimated to fit more or less the van Genuchten expressions: 
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(5.7) e0*=i-(i-e0) 
/YV" 
vAy 

N.B. z <LT 

where 0̂  = reduced moisture content at the surface of the profile 

0O = initial reduced moisture content, first parameter to be estimated 
z* = point starting from which you have saturation, could be the water-table but 

also the perched water-table 
L, = artificial depth of the water table, second parameter to be estimated 
b = third parameter to be estimated 
L,. = depth of the impermeable or semi impermeable lower boundary, could be a 

parameter but is set in this study on 1 meter 

Note that the L, value is not the real depth of the water table, but looking at equation 
(5.7) we have to divide by a length to have the dimensionless form on both sides of the 
equal sign. Figure 5c gives a systématisation of the process of the rising water-table as 
described in the equation above. 

1 teta 

Figure 5c The process as mentioned in equation (5.7) 

The second equation that is derived and must be fitted is the one that is describing the 

hydraulic conductivity (K) depending on reduced moisture content (8j. In this equation an 

extra parameter besides the three mentioned above most be estimated: 

(5.8) K(Q) = KS\\-{\-Q) c > 0 

where K{Q) = hydraulic conductivity related to moisture content 
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Ks = saturated hydraulic conductivity 

9 = reduced moisture content ( 6 - 9 r ) / ( 9 J - 9 r), reaching from 0 till 1 

c - the extra parameter to be fitted 

Now this equation (5.8) will be rewritten so that we will have an expression for the 
transmissivity in which only the value of the integral moisture content most be taken into 
account (see for derivation appendix 11): 

(5.9) T = KSLT 1-cx 'i-±y 

V 
Lj'T 

Where T = Transmissivity (measure for the ability of an aquifer to let water through, 

dimensions [ L 2 7 - 1 ] ) 

c -1 

oc = 
( T Xc(b +1) JjC 

bc + l 
(i-60)

c<'+1> 
^ b 

@ = the integral water content over total depth z* 

bc + l 
ß = c(b + l) 

The next chapter will give a further explanation of the solutions we had in mind for 
describing the process of horizontal flow in the unsaturated zone, and will give the results 
we obtained by doing so. 
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6. ELABORATED SOLUTIONS 

As is described in chapter 4 and 5, flow routing in TOPMODEL in subsurface 
takes only place in saturated conditions. The unsaturated zone plays no role in routing or 
delay routing in subsurface flow. As stated by many authors (Beven, 1982; Sloan and 
Moore, 1984; Stagnitti et al., 1986) this is not conform with reality. An improvement in 
the estimation of the unsaturated soil propagation time pattern will therefore extend the 
physical bases of the model. 

A simple water routing model needs to be used since the model complexity should 
not increase in a undesirable way. Therefore kinematic wave approximation has been 
selected. Moreover a kinematic wave approximation in subsurface flows (both in vertical 
as in horizontal direction) has been successfully tested by many authors (see Borah et al. 
1980; Beven 1981, 1982, Charbeneau 1984; Sloan and Moore, 1984; Hurley and Pantelis, 
1985; Stagnitti et al., 1986). This approximation will be described in the following 
paragraph. 

6.1 Kinematic wave solution 

Kinematic wave equations have been extensively used to model surface 
propagation. It is particularly useful for flood calculation. Kinematic hydrology is 
decidedly more hydraulically correct than some of the more common methods of flood 
estimation such as the rational method, time-area methods, the Soil Conservation Service 
(SCS) method and unit hydrograph methods. The kinematic method is based on the 
continuity equation and a flow resistance equation, both basic hydraulic equations. 

It was the American hydrologist, Horton (generally associated with infiltration) 
who in 1933 carried out the earliest recorded scientific studies of overland flow. Later 
Keulegan (1945) applied the continuity and momentum equations conjunctively for 
overland flow analysis. He investigated the magnitude of the various terms in the dynamic 
equation of St. Venant and indicated that a simplified form of the equation, now termed 
the kinematic equation, would be adequate for overland flow (see paragraph 3.4). 

Starting with the formulation of the kinematic wave theory by Lighthill and 
Whitham (1955), kinematic overland flow models have been utilised increasingly in 
hydrologie investigations. The first application of kinematic wave routing to overland flow 
and groundwater flow was by Henderson and Wooding (1964). The conditions under 
which the kinematic flow approximation holds for surface runoff were first investigated by 
Woolhiser and Liggett (1967); they found it is an accurate approximation to the full 
equations for most overland flow cases (cf. Stephenson et al., 1986). 

In the last decade the use of kinematic wave equation for subsurface flow 
modelling increased in popularity. This kinematic wave approximation is based on a 
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simplification of the motion equation governing unsteady flows in the unsaturated 
medium. The underlying assumption is that energy gradients due to capillary forces are 
negligible in comparison with gravitational and frictional effects. 

In a earlier study, Henderson and Wooding (1964), provide solutions for 
horizontal kinematic subsurface flow through a porous medium of constant permeability 
both for steady state and a rising water-table. They compare the extended Dupuit-
Forchheimer equation to a further simplification of the flow equation in which it is 
assumed that the hydraulic gradient at any point within the saturated zone is equal to the 
bed slope. Beven (1981, 1982), gave in two papers about kinematic subsurface storm flow 
a kinematic wave equation valid in a sloping soil mantle of constant saturated hydraulic 
conductivity overlying a relative impermeable bedrock sloping surface. In the first article, 
mainly devoted to the study of horizontal propagation, Beven stated that this equation was 
a good approximation to the more correct extended Dupuit-Forchheimer equation (see 
Beven (1981) for further details). In the second article of Beven also the vertical 
propagation in the unsaturated zone was taken into account, to evaluate the time at which 
the wetting front reaches the bottom of the profile. 

6.2 Model development 

In a shallow soil layer overlaying an semi-impermeable bed the total amount of 
downslope flow can be derived by integrating in the vertical direction from surface to low 
permeable soil elevation the point based continuity equation. 
A kinematic wave approximation of subsurface flow can be taken thus assuming flow lines 
in subsurface propagation to be parallel to the low permeable bottom layer and hydraulic 
gradients equal to the slope of this layer. The above mentioned hypotheses lead to the 
following partial differential equation: 

(6.1) L{QS-Qr)^ = -Kstan$^-\QC dz + i 
dt dyJ

0 

where: L = length of the high hydraulic conductivity soil layer, here fixed on 1 meter 

— 1 L-
0 = — j 0 dz, the average moisture content over a vertical profile with length L 

L 0 

Ks = saturated hydraulic conductivity 

ß = slope of the plain (grid element) 
8 = reduced moisture content (8 - 0 r ) / ( 6 i - 6 r ) , reaching from 0 till 1 (see sub

paragraph 5.4.1) 
c = a pore size distribution factor, which will be a constant 
i = input from rainfall 
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Equation (6.1) has been obtained starting from the Brooks and Corey (1964) relationship 
between hydraulic conductivity and moisture content (see paragraph 5.4.1). Moreover in 
equation (6.1) the kinematic hypotheses has been inserted. This leads to the following 
expression for the downslope flow: 

(6.2) <7 = Jtf(e)tanßdz 

where q is the horizontal downslope flux, K{Q) is hydraulic conductivity at reduced 

moisture content 9, L is the depth in z direction of the grid cell and tanß is the slope angle 
with the horizontal. 
With the use of a technical computing environment for high-performance numeric 
computation and visualisation called MATLAB, it is found that for a certain number of 
profiles a cl and c2 value can be found such that: 

— 1 L-
(6.3) 0el=-Jee2dz 

^ 0 

where cl and c2 are parameters to be fitted. 
Starting from above mentioned hypothesis equation (6.1) may be rewritten as: 

(6.4) L ( e . - e r ) ^ = - A T , t a n ß L ^ - + i 
at ay 

Equation (6.4) will be solved with the method of the characteristics as will be shown in the 
following subparagraph. 

6.3 Computing experiments 

The analytical solution of the kinematic wave by the method of characteristics has 
two main advantages over numerical solutions. It eliminates the wave celerity damping 
and phase lag, usually induced by numerical schemes and in addition, results in faster 
computational procedures (Borah et al., 1980). In spite of these advantages, applications 
of this analytical solution have been restricted in the past to catchment models with a high 
degree of geometric abstraction. One of the reasons is the formation of kinematic shock 
waves. 
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In a layer with a high hydraulic conductivity it can be assumed that vertical 
propagation will take place with a time delay that is negligible with respect to the 
horizontal propagation delay. A vertical equilibrium profile is therefore quickly established 
(see paragraph 5.4). Consequence of this assumption is that saturation will start from the 
bottom of the first layer. While accumulating on the bottom of the first layer lateral 
subsurface runoff will occur due to gravity forces caused by the angle of the hillslope with 
the horizontal. 

The basic idea of a higher conductivity in the first layer of limited dimension (the 
rootzone) in TOPMODEL, is stated by Freeze (1972b), and Sloan and Moore (1984). The 
solution given here will maintain this statement. However, the exponential decay in which 
this phenomena is presented in TOPMODEL (see figure 5a,b) will be replaced by an 
equation that gives the relation of hydraulic conductivity with moisture content while 
neglecting dependence of saturated hydraulic conductivity with depth. This means that we 
will consider a vertical layer of limited dimensions characterised by a high constant 
saturated conductivity, but with a correspondent hydraulic conductivity varying upon 
moisture content. 
TOPMODEL doesn't explicitly state this relation, but considers a correlation between z 
and transmissivity (see footnote 2 in paragraph 4.3). This relationship between K and 6 is 
taken from Brooks and Corey (1964) (as derived in paragraph 5.4.1), and is based on 
extensive laboratory study of porous media, which indicates that, quite closely (Smith and 
Herbert, 1983): 

(6.5) K(Q) = Kg 

= K. 

r " Ie 

e-e 1 

êE 

in which 

9r = residual value of 0, below which water cannot be extracted by capillary forces; 

Qs = saturated moisture content; 

e = a pore size distribution factor (in the case of Smith and Herbert (1983) typically 
from 3 to 4; 

8 = reduced moisture content (d-Qr)/{Qs-Qr), reaching from 0 till 1. 

The problem is that we do not really know the unsaturated profile in a catchment 
for which we want to simulate the rainfall-runoff response. This means we don't know the 

real 6(z). What we do know is the total moisture content (from the mass balance 
equation). So we simulated with the use of the numerical package MATLAB a number of 
profiles with variation of moisture content with depth of 1 meter. This 1 meter of 
unsaturated zone is generated from the article of Troch et al. (1993a). They concluded 
that variation in soil moisture is limited to the upper 1 meter layer, and that below this 
depth soil moisture content remains nearly constant and near field capacity throughout the 

44 



Elaborated solutions 

year. Besides that we presume an impermeable layer at 1 meter where no water is suppose 
to pass through in the time that runoff, as a consequence of rainfall, will occur. 

6.3.1 Flux produced with different moisture content 

In total fifty-eight different profiles of moisture content with depth are calculated. 
These fifty-eight artificial profiles can be divided in twelve groups of equal total reduced 
moisture content. The twelve different groups are: 0 = 0.0438, 9 = 0.1375, 0 = 0.2375, 
0 = 0.2750, 0 = 0.3125, 0 = 0.4125, 0 = 0.4500, 0 = 0.4875, 0 = 0.5875, 0 = 0.7125, 
0 = 0.8125 and finally 0 = 0.9375. Each group has four profiles that differ in shape but 
have, as mentioned above, all the same total reduced moisture content. 
The first twelve profiles are shown in appendix 12, where the idea is to have a lower 
moisture content in the top of the profile and a higher at the bottom, with a transition 
phase from 0.5 till 0.75 meter below surface. It should be notified that due to the inability 
of the MATLAB drawing utility, the z-axis which represents the depth, is not expressed in 
the vertical axis, as would be expected, but in the horizontal axis. 
The second twelve profiles are shown in appendix 13, where the idea is to have the same 
profile of moisture content in the first 0.5 meter but in addition to change the transition 
phase and finally adjust the rest of the profile to get the final same total moisture content 
groups as mentioned above. 
The third twelve profiles are shown in appendix 14 and they represent the inverse profiles 
of appendix 12. 
The fourth twelve profiles are shown in appendix 15, where the idea is to have the same 
shape in the bottom of the profile, from 0.75 m. till 1 m., as in appendix 12, but in addition 
vary the transient phase from 0 m. till 0.75 m. 
Finally ten extra profiles have been taken into account as shown in appendix 16. These ten 
profiles differ in two ways from those shown in appendix 12 till appendix 15. First of all 
the total moisture content varies. They are for the ten profiles respectively: 0 = 0.1000, 0 
= 0.2013, 0 = 0.2988, 0 = 0.4010, 0 = 0.4995, 0 = 0.4998, 0 = 0.6015, 0 = 0.7488, 0 
= 0.8000, 0 = 0.8763. And second is the idea of having an extreme low moisture content 
at the top of the profile and a high moisture content at the bottom of the profile. This is to 
study the effect as we described caused by macropores (see Beven and Germann, 1982). 
The transition phase is varying from 0.1 till 0.75 meter below surface. 

For all this fifty-eight profiles we calculated the flux (q) in the horizontal direction 
and compared these results with the flux calculated with the average value of moisture 

content in the profiles (q), with the below mentioned equation: 

q~q 

K ' ' JKs®
cltm$dz~-JKsQ

c2tm$dz 
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where q = the flux index calculated with the average moisture content 
q = the flux index calculated with the point by point moisture content 

With the use of MATLAB we fitted the constants cl and c2, so that q ~ q. For 
the values cl = 3.25 and c2 = 10 the figure as shown in appendix 17 appears, see also 
table 3.1 for calibrated values. 
As we can see in appendix 17 the result is quite satisfying. The uninterrupted line (with 
points on it) presents the flux calculated with the know total average moisture content 
over the profile of 1 meter. The rest of the profiles (in total fifty-eight) are presented as 
points using +,., o, x, and *. As we can see the forty-eight profiles as shown in appendices 
12 till 15 (respectively +, ., o and x) give a lower flux than then the once calculated with 
the average moisture content (uninterrupted line with points on it). An important prove is 
delivered by flux produced by appendix 12 and 14. They prove to be exactly the same. 
Hereby we can conclude that considering the different shapes of profiles, equation (6.6) 
gives the same results for inverse profiles with the same moisture content. There is another 
trend to be read from these point as the follow almost parallel to the average moisture 
content. A consequent divergent result is given for the calculations made with moisture 

content 6 =0.7125. No physical or mathematical explanation however can be given for 
this behaviour. A further point to be noticed in the results shown in appendix 17 is that 

until moisture content 9 = 0.4125, no significant flow is calculated. Physically this can 
very well be explained considering the fact that some water has to be available in the 
profile before runoff occurs. As a consequence it is hereby shown that indeed flux will 
occur even when complete saturation is not reached as yet (note that saturation is reduced 
moisture content with value 1 ). 
The ten extra profiles with a different total moisture content than the forty-eight discussed 
above, show a same trend in producing flux. It is remarkable that the flux is in general 
higher than the once calculated with the average moisture content (uninterrupted line with 
points on it). A physical explanation could be the fact that a higher moisture content in the 
bottom of the profile (see appendix 16) combined with a higher hydraulic conductivity and 
therefore transmissivity at that place produces a higher flux or horizontal runoff in the 
unsaturated zone. It is also remarkable that flux occurs in an earlier stage. After 9 = 
0.2013, a flux is calculated already which rapidly increases as moisture content rises. 

It can be concluded that a general trend exist that shows the increasing of flux with 
increasing moisture content both calculated with the average moisture content of a profile 
as well as the point by point moisture content. This could be a great step forward in 
simplifying physically based rainfall-runoff models. Instead of having the knowledge about 
the real profile, the integral moisture content of a profile can be sufficient enough to 
describe the resulting flux (by means of the kinematic wave approximation) in the 
unsaturated zone. An exact knowledge of the profile-shape is therefore no longer needed 
to describe the physical process of runoff. 
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However the resulting higher flux index produced by the ten extra profiles as shown in 
appendix 16, gave rise to an other approach of the process of hydraulic conductivity with 
moisture content and resulting flux, as will be discussed in the next subparagraph. 

6.3.2 Comparison of van Genuchten expression with our analytical derivation 

The relation of hydraulic conductivity with moisture content as described by van 
Genuchten in sub-paragraph 5.4.1, will be compared with an analytical derivation of 
hydraulic conductivity with moisture content, that takes the integral values into account 
instead of the point by point values, as described in appendix 11. Again a number of 
artificial profiles are taken into account (eleven this time). In contrast with the profiles 
mentioned in sub-paragraph 6.3.1, these eleven profiles do not have the exact same total 
moisture content as the eleven they have been compared with. Or more exact, the aim is to 
compare them and see if it is possible to fit them with some parameters even if they don't 
have exactly the same total moisture content, which is a different approach of the problem. 

The aim of this part of the research is to show that the reduced moisture content 
with depth and the increasing hydraulic conductivity (and therefore transmissivity) with 
depth, can be described in the same way as van Genuchten does, by our analytical 
expression, using integral values instead of point by point values. By fitting a few 
parameters the two above mentioned processes can be described, again without knowing 
the real shape of the profile but only the saturated hydraulic conductivity and the initial 

reduced moisture content (60). 

The resulting graphs made by calculating within MATLAB are shown in 
appendices 18 till 22. Appendix 18 shows the results of calculating reduced moisture 
content with depth both with van Genuchten expression (see equation (5.3)) and with our 
expression (see equation (11.4)). As we can see they have fairly well the same shape, 
although the area under the lines (the total moisture content) is not exactly the same. 
Appendix 19 shows the results of calculating total moisture content by van Genuchten 
(see equation (5.3)) and with our expression (see equation (11.7.2)). The fact that the 
total moisture content is not the same is shown here. Appendix 20 shows the results of 
calculating hydraulic conductivity with depth by van Genuchten (see equation (5.6)) 
compared with our expression of hydraulic conductivity with depth (see equation (11.9)). 
Again these lines show more or less the same shape. Appendix 21 shows the results of 
calculating transmissivity by van Genuchten (see equation (5.6)) compared with 
transmissivity calculated by our expression (see equation (11.13)). This graph shows that 
the transmissivity with depth is practically the same even though we know the total 
moisture content is not the same. Since we work with centimetres in these calculations the 
y-axis of appendix 20 is multiplied by a hundred in appendix 21 and 22. Finally in appendix 
22 the most important plot of this part of the research is shown. Appendix 22 shows the 
comparison of the description of increasing transmissivity (end therefore flux), with 
increasing moisture content, both calculated with van Genuchten expression and our 
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expression. The dashed-dotted line presents the van Genuchten equations (5.3) against 
(5.6) and the uninterrupted line presents our equations (11.7.2) on the x-axis against 
(11.3) on the y-axis. The relative distance between the lines compared to the total 
transmissivity reaches from 0 % in the top till a maximum of 9.82% in the centre were the 
soil is filled with 50% of water. This distance can be reduced by refitting the parameters as 
mentioned in table 3.2. However it is shown that the same process of increasing 
transmissivity can also be described by not knowing the shape of the profile but only the 
total moisture content in the unsaturated profile of the first meter of soil. 

The ten lines in appendix 18 and 20 produce eleven profiles, because the eleventh 
profile is the one completely filled with water (saturated profile). Looking at appendix 20 
we see that the maximum value of hydraulic conductivity is 0.02 cm/s (0.72 m/hr.). In the 
case of these calculations hydraulic conductivity is just another parameter which changes 
has no effect on the shape of the graphs shown in appendix 20 and 21 but will only change 
the values of the y-axis. However the value of hydraulic conductivity obtained, is carefully 
chosen from literature. Beven (1981) gives in his article about kinematic subsurface storm 
flow a table with an overview of studies being performed on subsurface storm flow that 
also mentions different values of saturated hydraulic conductivity. The value 0.02 cm/s is a 
careful chosen average of the values mentioned in that table. 

Appendices 19, 21 and 22 show that although the moisture content is not exactly 
the same the transmissivity produced by these different profiles is nearly the same. The 
plotted values of these appendices are also printed in the table below: 

Appendix 22 

Appendix 19 Appendix 21 

depth of the 
profiles 

100 cm. 
90 cm. 
80 cm. 
70 cm. 
60 cm. 
50 cm. 
40 cm. 
30 cm. 
20 cm. 
10 cm. 
0 cm. 

moisture 
content van 
Genuchten 

% 

16.8089 
21.0549 
28.4701 
36.6885 
45.2917 
54.1264 
63.1180 
72.2239 
81.4173 
90.6803 

100.0000 

moisture 
content our 
expression 

% 

17.0488 
26.9006 
36.5355 
45.9320 
55.0630 
63.8934 
72.3755 
80.4400 
87.9757 
94.7661 

100.0000 

transmissivity 
van Genuchten 

(cm2 Is) 

0.0121 
0.2000 
0.4000 
0.6000 
0.8000 
1.0000 
1.2000 
1.4000 
1.6000 
1.8000 
2.0000 

transmissivity 
our expression 

(cm11 s) 

0.0269 
0.2267 
0.4262 
0.6254 
0.8242 
1.0225 
1.2204 
1.4175 
1.6138 
1.8087 
2.0000 

48 



Elaborated solutions 

Table 6a The different values for reduced moisture content and transmissivity with depth, 
calculated with the van Genuchten expression and our expression. Results are also printed 
in appendix 19 ,21 and 22. 

The appendices 18 and 20 can not immediately be compared with appendices 19 and 21, 
since different equations are compared in each graph (see expatiation above). However in 
appendix 22 a comparison is made that shows the effect of increasing moisture content on 
the transmissivity of the soil. The lines are not exactly the same but that could be caused 
by the fact that the total moisture contents are not exactly the same as shown in appendix 
19. It is obvious however that the process calculated with the point by point value of 
moisture content (as van Genuchten does) or the integral (or total) moisture content of the 
profiles (as in our expression) or almost similar. This appendix 22 can be compared with 
appendix 10 and appendix 17, as the all show the same process, with different soil 
characteristics however. Making this comparison it is remarkable that appendix 22 shows 
less concave lines, in fact the van Genuchten line is even a bit convex. This can be (as 
discussed) explained by the obtained values of the parameters as shown in table 3.2. 

Again is shown that it is possible of describing the process by not knowing the 
exact shape of the profile but only the total or integral value of the profile. This last 
mentioned result is a great step forward in using a new lumped parameterization for 
describing transmissivity in the unsaturated zone and therefore describing the process of 
runoff in a catchment without knowing the real shape of the profiles. This new technique 
can be used in topographic based rainfall-runoff models, by using a "flux index curve" that 
gives runoff on the bases of integral moisture content of the profile instead of the real 
shape of the profile. An other, more physically correct way, of showing flow routing in an 
unsaturated subsurface layer is hereby introduced. This method can be applied into the 
TOPMODEL, which was subject of extensive study in this report, but also in other 
(topographical based) rainfall-runoff models. 
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7. CONCLUSIONS 

Ever since the beginning of rainfall-runoff modelling the aim for hydrologists was 
to try to create physically based models with structural simplicity. In 1979, Beven and 
Kirkby developed TOPMODEL, a hydrological forecasting model combining, a dynamic 

contributing area model based on ln(a/tanß) (the topographic index), the channel 
network topology, and a simple lumped parameter basin routing model. The model 
parameters were physically based in the sense that they may be determined directly by 
measurements. Using only estimated and measured parameter values the model made 
satisfactory predictions of catchment response. This is shown by Wood et al. (1988), 
Durand et al. (1992), Troch et al. (1993a,b), Franchini et al. (1993) and finally also in this 
report by a small experiment on a sub-catchment of the Reno river. Franchini et al. (1993) 
report that the model is surprisingly insensitive to the actual basin's index curve. Therefore 
its is possible to use it without the calibration process for this topographic index curve 
which makes the TOPMODEL even more applicable compared with other rainfall-runoff 
models. 

There are however some problems in the physical meaning of the calibrated 
parameters in the TOPMODEL, and in the way some physical processes are described. 
First of all there is an artificial high hydraulic conductivity which systematically increases 
with the increasing grid size of the DTM. Since TOPMODEL implies a steady state 
assumption, there is no time delay in transporting water from one upstream end of the grid 
to the downstream one. With increasing grid sizes from 25 till 400 meter this hypotheses 
looses his value. The second problem is that as a result of this phenomenon the 
TOPMODEL in practical applications, denies the possibility of representing the surface 
runoff formation process from infiltration excess, since no Hortonian process will take 
place. In fact all the runoff will occur in saturated conditions. Many authors however 
stated that flow in the unsaturated zone of a catchment is of significant importance 
(Freeze, 1972b; Sloan and Moore, 1984; Stagnitti et al., 1986). Besides that Beven and 
Germann (1982) state that macropores and other structural channels in the rootzone give 
not only rise to a high hydraulic conductivity but also to a lateral flow in the unsaturated 
zone on a hillslope. 

To solve the above mentioned problems in TOPMODEL, but also in other 
topographical rainfall-runoff models, a simple water routing model in the unsaturated zone 
can be used. The kinematic wave approximation combined with the Brooks and Corey 
(1964) equations of describing hydraulic conductivity with moisture content seems to be 
appropriate. The depth of the soil with a high hydraulic conductivity (caused by 
macropores) will be negligible with respect to the horizontal grid dimensions. This allows 
the transient phase of vertical propagation to be neglected. A further simplification is 
introduced by making reference to the integral value of the vertical moisture content, 
instead of the real vertical equilibrium profile. 
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With the use of MATLAB, forty-eight profiles are calculated to produce flux using 
only there integral value of reduced moisture content. The are compared and fitted with 
twelve profiles where the flux is calculated from the point by point values of moisture 
content. It can be concluded that a general trend exist that shows the increasing of flux 
with increasing reduced moisture content, as shown in appendix 17. Remarkable is that the 
inverse profiles as shown in appendix 12 and 14 give the exact same flux. These above 
mentioned results could be a great step forward in simplifying physically based rainfall-
runoff models. Instead of having the knowledge about the real profile, the integral 
moisture content of a profile can be sufficient enough to describe the resulting flux (by 
means of the kinematic wave approximation) in the unsaturated zone. An exact knowledge 
of the profile-shape is therefore no longer needed to describe the physical process of 
runoff. Ten extra profiles with an extreme low moisture content in the top of the profile 
and a high moisture content in the bottom with a different total moisture content as the 
profiles mentioned above are also compared. They produce a higher flux than the point by 
point calculated profiles. This can be explained by the fact that a higher moisture content 
in the bottom of the profile (see appendix 16) combined with a higher hydraulic 
conductivity produces a higher flux or horizontal runoff in the unsaturated zone. It seams 
that not all thinkable shapes of the profiles are physically acceptable. This last result gave 
rise to a more in depth analyse of the problem. 

The aim of the sequel research was to show that the reduced moisture content with 
depth and the hydraulic conductivity with depth, can be described in the same way as van 
Genuchten does, by an analytical expression which allows to make use of integral values 
instead of point by point values (see appendix 11). By fitting a few parameters the two 
above mentioned processes could be described, again without knowing the real shape of 
the profile. 

Although it is shown that the total reduced moisture content in the eleven 
compared profiles of appendix 18 till 22 is not exactly the same, the resulting 
transmissivity with depth is practically the same. The results of calculating transmissivity 
with different moisture contents is shown in appendix 22. It shows that there is an order of 
9.82% maximum difference. By refitting the parameters in getting the same moisture 
content this difference will vanish. It is shown in this doctoral thesis that there exist a way 
of describing transmissivity (or hydraulic conductivity or flux index), both with the point 
by point moisture content as well as with only the total or integral value of reduced 
moisture content of the profile. This last prove is the most important conclusion of this 
research. It shows that there is way of describing runoff in the unsaturated zone with 
kinematic wave approximation by taking only the integral reduced moisture content into 
account This result can be used by means of a "flux index curve" in topographical based 
rainfall-runoff models such as the TOPMODEL as well as in other topographical based 
rainfall-runoff models. 
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Appendix 21 Transmissivity calculated with van Genuchten equation (5.6) represented by (x), compared with 
transmissivity calculated with our equation (11.13) represented by (o) 

Appendix 22 Increasing transmissivity with increasing moisture content calculated with van Genuchten equations 
(5.3) and (5.6) represented by -.-. and calculated with our equations (11.7.2) and (11.3) represented 
b y -
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Appendix 1 Surface and sub-surface hillslope flow components (figure from: 
Hydrological Forecasting edited by M.G. Anderson and T.P. Burt, 1985) 
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Appendix 2 Mechanisms of runoff production 
P precipitation 

Pc channel precipitation 
ƒ infiltration 
of overland flow 
rf return flow 
if inter flow 
wt water table 

(figure form: Scale problems in hydrology edited by V.K. Gupta, I. 
Rodriguez-Iturbe and E.F. Wood, 1986) 
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Appendix 3 Infiltration by Horton's equation (figure from: Applied hydrology edited by 
V.T. Chow, D.R. Maidment and L.W. Mays, 1988) 

/o 

1 
e 

fr 

Time 
(a) Variation of the parameter k . 

- f 
32 — 
»- c 
c '~ 
o « 

"~ . 2 

"= P 
c c 

— 3 
O 

ƒ<• 

-*/ 

Time 

(/;) Infiltration rate and cumulative infiltration. 

Appendix 4 Variables in the Green-Ampt infiltration model. The vertical axis is the 
distance from the soil surface, the horizontal axis is the moisture content of 
the soil (figure from: Applied hydrology edited by V.T. Chow, D.R. 
Maidment and L.W. Mays, 1988) 
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Appendix 5 Schematic flow, q, from a catchment element draining into a 1-metre contour 
width: a = total area/ 1 mV m. (figure from: Hydrological Forecasting edited 
by M.G. Anderson and T.P. Burt, 1985) 
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Appendix 6 Schematic representation of a valley and the formation of runoff according to 

the TOPMODEL: interflow ( ß j and surface runoff (ß,) from the 

contributing area Ac , where (5,) is the total profile moisture deficit 



Appendix 7 Map of the Reno river catchment in Italy with selected sub-catchment for 
TOPMODEL calibration and validation 
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Appendix 8 Output from the TOPMODEL for the calibration period February 1990 -
May 1990 
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Appendix 9 Output from the TOPMODEL for the validation period June 1990 
December 1990 
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appendix 10 The relation between soil hydraulic conductivity and water content (figure 
from: Smith and Hebbert, 1983) 
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Appendix 11, page 1 of 5 

Appendix 11 The analytical calculation of reduced moisture content with depth, integral 
moisture content with depth, hydraulic conductivity with depth and 
transmissivity (calculated by taking the integral value of moisture content) 
with depth 

The general idea: 

Saturation will occur at depth Lj. when the water content just under surface is 

equal to 80* with 8 e [0,1], i.e. 0 is the reduced water content ( 0 - 0 r ) / ( 0 f - 0 r ) , 

reaching from 0 till 1. 

(11.1) 0 =0O* forz = Q 

LT — z 
Mb 

t»0 0 < z < Lj. (11.2) 0 = l - ( l - 0 o ) 

where Lj = depth of the impermeable or semi impermeable lower boundary, could be a 
parameter but is set in this study on 1 meter 

Ly = artificial depth of the water table, to be fixed as a parameter 
b = parameter to be fitted 

for z = Lj. 0 = 1 

As soon as the soil starts filling with water a perched water table will rise on the 
impermeable bedrock. The permeability is presumed to be very high because of the 
discussed macropores and other structural channels in the rootzone (Beven and Germann, 
1982). 
We will consider a number of profiles all in the equilibrium stage. This means in the final 
stage of the equilibrium between gravity and capillary, i.e. no changes will take place if 
there is no further input of water. 

(11.3) 0 = 1 for z>z 

(11.4) 0 = i-(i-e0) 
r * \1/b' z —z i 

A 
z<z 

If in equation (11.4) z = 0, the equation becomes like: 

- ( *v / f r 

(11.5) 0O* = l - ( l - 0 o ) — N.B.z'^Lj. 
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1 teta 

Calculation of the total water content, ( 0 dependence on z): 

z 

(11.6) e = J l -
r * \Vb 

z -z\ 

A 
(i-e0) Ï-dz + \dz 

h if *_ y '0 

(11.6.1) @=jdz-j - — - (l-e0)üfz 
o oV A J 

«V • ^ lib 

(11.6.2) % = Lr-tiL—L {i-Q0)dz 
i{ k 

z - z Then if: y = and z = z* -Ly and dz = -L^dy, we can write: 

i m 

(11.7) 0 = L,- Jfl-eoKy^y 

(11.7.1) 0 = ^ - (i-e0)L, 

& +i 

6 + 1 A 

(11.7.2) 6 = 17. l-(l-e0)ia- ± 
6 +1 

fz-YT 

Starting from the previous relationship we can find — as a function of 0 



Appendix 11, page 3 of 5 

(11.8) 
k 

Ly-e b+i 
(ï-ëjz, b 

b 
b +1 

With the limits (minimum and maximum values) of: 

z * = 0 => 0 = Lj. 

i-(i-e0) 
rLjA b 

VM7 b + 1 

Permeability in relation with 0 , (hydraulic conductivity (K) depending on moisture 
content): 

(11.9) K(Q) = K J i - ( i - e )1/c c>0 

(11.9.1) z>z K{Q) = KS 

(11.9.2) z<z => *(e) = ff. 
• ^ \ l /< ; 

i-(i-e„) '£-/ 
A , 

,1/te 

The horizontal transmissivity of the layer can be found by integration along the depth Lj\ 

(11.10) T = JKS 
o 

TT \Uc i-(i-e0) 
^ • _ ^ 

l/fcc' 

A v M y 
K dz + \K„ dz 

(îi.io.i) r = j ^dz-J^( i -e 0 ) 1 / c Z - z 

0 0 k 
dz 

- f * -
(11.10.2) 7 = ^ ^ - ^ ( 1 - 8 0 ) ^ f \z—±-

oV M 

1/fcc 

dz 
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then if y = —-— and z = z* -Uy and dz - -L\dy [ A 
A {2=Z* y = Q 

2• IL, 

(11.11) T = KsLr-KsL1(l-%)lc jyUbcdy 

be +1 

(11.11.1) T = KsLr-KsLl(\-%fC bC {Z ' * 
bc + l A 

(11.11.2) T = KsLr 
L / ° ' bc + l\L,) 

The value of — as in equation (11.8) can be substituted into a transmissivity expression so 
A 

as to give transmissivity as a function of total water content. 

(11.12) T = KsLr 

be +1 

LT
V °' bc+l 

L . - 0 fe + lYc(fe+1) 

( i - e 0 )A * 

(11.12.1)1 = ^ 1 7 - i-iL(i-ë )^-^-r^±ii^f^z®>"6++li) 

L/ 0/ &c + H ft J I A J 

(11.12.2) T = KsLj. 

c -1 fcc +1 

1 -
h 

(L^^_bç_^^(b^\\fïM^ 

\^T J bc + l b J ( - - 1 
V A-y 

*c +1 

c (fc +1) 

The relationship holds for the minimum and maximum values of 0 ranging from: 

0 i A- i - ( i -e 0 ) %T( b ^ 
L\ \b + l 

Lr 
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This transmissivity equation (11.12.2) is similar to that of the conductivity equation 
mentioned in eq.(l 1.9) in relation with 6. 
We can therefore rewrite (11.12.2) as: 

(11.13)7 = * , Ly 

With 

r ( e VI 
l - a 1 — 

I LT J _ 

c -1 

Ur. 
and 

be +1 
c(b+i) bc iOr£) fb + i\7TnT) 

bc + l 
(l-e„)«<**» 

ß = 
bc + l 

c(b + l) 



Appendix 12 First twelve profiles. With higher moisture content at the bottom than at 
the top. Transition-phase from 0.5 till 0.75 m. below surface 

first twelve profiles 



Appendix 13 Second twelve profiles. With changed transition form from 0.5 till 0.7 or 
0.75 m. 
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Appendix 14 Third twelve profiles with lower moisture content at the bottom than at the 
top (reverse profiles from appendix 12). Transition from 0.25 till 0.50 m. 
below surface 

third twelve profiles 
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Appendix 15 Fourth twelve profiles with varied forms of transition phase from 0 till 0.75 
m. 

fourth twelve profiles 



Appendix 16 Ten extra profiles with an extreme low moisture content at the top of the 
profile and a high moisture content at the bottom of the profile. Transition 
is varying from 0.1 till .0.75 m. below surface. 

ten extra profiles 



Appendix 17 Compared flux index calculated with point by point moisture content or 
average moisture content 
+ = presenting appendix 12 

= presenting appendix 13 
o = presenting appendix 14 (note that this is the same as appendix 12) 
x = presenting appendix 15 
* = presenting appendix 16 
— = presenting the calculation of flux index with the average moisture 

content 
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Appendix 18 Relation of reduced moisture content with depth calculated with van 
Genuchten equation (5.3) represented by (-.-.) and our equation (11.4) 
represented by (—) 

reduced moisture content with depth, -.-. is van Genuchten and 
1 

is our expression 
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Appendix 19 Percentage of soil filled with water calculated with van Genuchten equation 
(5.3) represented by (x), compared with our equation (11.7.2) represented 
by(0) 
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total moisture content in the soil, (x) is van Genuchten, (o) is our expression 
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Appendix 20 Relation of hydraulic conductivity with depth calculated with van 
Genuchten equation (5.6) represented by (-.-.) and our equation (11.9) 
represented by (—) 

hydraulic conductivity with depth, -.-. is van Genuchten and is our expression 
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Appendix 21 Transmissivity calculated with van Genuchten equation (5.6) represented 
by (x), compared with transmissivity calculated with our equation (11.13) 
represented by (o) 

transmissivity with depth, (x) is van Genuchten, (o) is our expression 
T 
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Appendix 22 Increasing transmissivity with increasing moisture content calculated with 
van Genuchten equations (5.3) and (5.6) represented by -.-. and calculated 
with our equations (11.7.2) and (11.3) represented by — 

relation of transmissivity with moisture content, -.-. is van Genuchten, is our expression 
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Table 1 The explained variance (EV), the determination coefficient (DC) and the 
correlation coefficient (CC) of both calibration period (February till May 
1990) and validation period (June till December 1990). See TOPMODEL 
results in appendix 8 and appendix 9. 

EV 
Calibration 
0.8795 

EV 
Validation 
0.7234 

DC 
Calibration 
0.8782 

DC 
Validation 
0.7030 

CC 
Calibration 
0.9371 

CC 
Validation 
0.8385 

The mathematical definitions of the evaluation coefficients are the following 

Ëfe-n.)2 

EV = 1- i=l 

S(Qn-n,)! 

i=l 

(explained variance) 

I«? 
DC = 1- i=l 

Sfe-nJ2 
(determination coefficient) 

i=l 

CC = VDC (correlation coefficient) 

where n = number of point used for the calculation 
e = error Qr-Qs 
Qr = recorded discharge 
Qs = simulated discharge 
He = mean of the error 
|ir = mean of the recorded discharges 



Table 2 Soil-level water balance component (TOPMODEL). Obtained parameter values 
of both calibration period (February till May 1990) and validation period (June 
till December 1990). See TOPMODEL results in appendix 8 and appendix 9. 

PARAMETER 
m 

Sko 
Srmax 
Inter 

PHYSICAL MEANING 
Exponential decay rate of 
Transmissivity with depth 
Hydraulic conductivity of the soil 
Root zone storage 
Interception 

OBTAINED VALUE 
0.016 (m) 

200 (m/hr.) 
0.004 (m) 
0.00005 (m) (given value) 



Table 3.1 Calibrated values of parameters used to fit equation (6.6), as shown in 
appendix 17 

parameter in eq. (6.6) 
parameter in eq. (6.6) 

Character 
cl 
c2 

Estimated value 
3.25 
10 

Table 3.2 Calibrated values of parameters and soil characteristics used to fit van 
Genuchten equations with our equations as shown in appendices 18 till 22 

Parameter meaning 

artificial depth of the water-
talble 
parameter in eq. (5.7) 
initial reduced moisture 
content 
saturated hydraulic 
conductivity 
parameter in eq. (5.8) 
real saturated moisture 
content 
real residual moisture 
content 
parameter in eq. (5.3) 
parameter in eq. (5.3) 
parameter in eq. (5.3) 

parameter in eq. (5.6) 

Character 

k 

b 

ëo 

K. 

c 

e. 

er 

a 
n 
m 

LL 

Estimated value 

54 cm. 

5 
0.12 

0.02 cm/s 

15 
0.40 

0.05 

0.44 
1.72 
0.4186 (N.B. m = 1-1/«) 
2.5 


