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ABSTRACT

TOPMODEL (a TOPography based hydrological MODEL) is now 20 years old and has been the subject of numerous
applications to a wide variety of catchments. This paper represents a critical review of some of the issues involved in
application of the TOPMODEL concepts, including the basic assumptions involved; the derivation of topographic index
distributions from digital terrain data; additional model components; meaning and calibration of the model parameters;
and issues involved in model validation and predictive uncertainty. The aim is to provoke a thoughtful approach to
hydrological modelling and the interaction of modelling and ®eld work. Some recommendations are made for future
modelling practice. # 1997 by John Wiley & Sons, Ltd.
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INTRODUCTION: TOWARDS THOUGHTFUL HYDROLOGICAL MODELLING

One of the features of recent progress in hydrological modelling has been the more widespread availability of
digital terrain models and the integration of hydrological modelling with geographical information systems.
TOPMODEL (a TOPography based hydrological MODEL), now over 20 years old, provides one of the few
easy to use model structures that can make use of digital terrain model (DTM) data. As such, it has been
used in a wide variety of applications. Beven et al. (1995) provide a recent review of the history of
TOPMODEL and its variants and a summary of applications. They note that TOPMODEL is not a single
model structure that will be of general applicability, but more a set of conceptual tools that can be used to
simulate hydrological processes in a relatively simple way, particularly the dynamics of surface or subsurface
contributing areas.

The simplicity of the model comes from the use of the topographic index, k � a=tan b, ®rst introduced by
Kirkby and Weyman (1974; see also Kirkby, 1975), where a is the area draining through a point from
upslope and tan b is the local slope angle. This index, or the later soil±topographic index a=T0 tan b
introduced by Beven (1986), is used as an index of hydrological similarity. All points with the same value of
the index are assumed to respond in a hydrologically similar way (see, for example, Figure 1). Thus it is not
necessary to make calculations for all the points in a catchment area, only for di�erent values of the index,
spanning the distribution function for a catchment (e.g. Figure 2). High index values will tend to saturate
®rst and will therefore indicate potential subsurface or surface contributing areas. The expansion and
contraction of such areas as the catchment wets and dries is then indicated by the pattern of the index.

Beven et al. (1995) have reviewed the evidence for the success of the index in predicting patterns of
saturation in di�erent studies. Sometimes the patterns appear to be reasonable, sometimes not. This should
be expected. Not only does the use of the index greatly simplify the catchment dynamics but the assumptions
on which the underlying theory is based appear quite restrictive. This suggests therefore that the model must
be used with care, and perhaps modi®ed to suit particular circumstances (see, for example, the approach of
PinÄ ol et al., 1997, and Ambroise et al., 1996a,b).
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Figure 1. Map of the ln�a=tan b� topographic index for the Slapton Wood catchment, Devon, UK, based on a 10 m raster grid
digital terrain model

Figure 2. Distribution function of the ln�a=tan b� topographic index for the Slapton Wood catchment, Devon, UK, corresponding to
the map of Figure 1
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In other words, it is suggested that hydrological modelling should be approached in a thoughtful way. In
this TOPMODEL has two major advantages: simplicity and the possibility of visualizing the predictions of
the model in a spatial context. Both are important. The simplicity of the model code allows the model
structure to be changed to re¯ect the modeller's perceptions of the hydrological response of a particular
system. This may not be simply a matter of adjusting parameter values, as in many other distributed
modelling systems, if there is a perception that the equations of the model do not adequately re¯ect the
processes (see Beven, 1989, 1993, 1996a; Grayson et al., 1992; discussion below). Rapid visualization of the
spatial predictions is also important since obvious de®ciencies of the model may become apparent, even
though discharges may be simulated to an acceptable level of accuracy. Although it may be di�cult to assess
the accuracy of the spatial predictions in a quantitative way, it may be possible to reject some competing
model formulations in this way (see below). It is not, of course, always as easy as that. An incompatibility
between model and perceptions is more often resolved by a change in boundary conditions, auxiliary
conditions or model formulation.

The idea of modifying model structures, of course, smacks of expediency, with overtones of being `non-
scienti®c'. It is, however, arguably no more expedient or non-scienti®c than continuing to accept that
Darcy's law can be used to represent ¯ows through structured soil pro®les if the right e�ective parameter
values can be calibrated in alternative `physically based' modelling approaches. Both are examples of what
Morton (1993) calls mediatingmodels, examples of which are found throughout the environmental sciences.
Such models mediate between an underlying `theory', which may be partly qualitative in nature, and
quantitative prediction. Morton suggests that while such models re¯ect physical intuition they may contain
some more or less arbitrary elements for convenience; they tend to be purpose speci®c with parameters and
auxiliary conditions that are di�erent for di�erent purposes; they may have some explanatory power but are
not expected to develop into full theories; and, in particular, they have assumptions that are false and that are
known to be false. Just like hydrological models, in fact. We know that we cannot reproduce the complexity of
the geometry, boundary conditions and processes of hydrological systems, much of which is unknowable
using current measurement techniques. We therefore simplify on the basis of past hydrological theorizing,
often in a way that we know is more convenient than true, blithely applying small-scale theories at the much
larger scales where predictions are of interest (Beven, 1995, 1996a). Such is true of TOPMODEL; such is
also true of all other hydrological models applied at the catchment scale (for recent discussions with
respect to the application of Darcy's law see Schrader-Frechette, 1989; Hofmann and Hofmann, 1992;
Oreskes et al., 1994).

An additional consideration in thoughtful hydrological modelling is the role of data in hydrological
modelling. Mediating models can be adapted to particular systems by calibration of parameter values (and
sometimes boundary conditions) against observations. This makes the problem of false assumptions less
restrictive than it might otherwise be, since calibration can often compensate for such de®ciencies. It is clear,
however, that some data might be more discriminatory than others in rejecting competing model formula-
tions. This is discussed at greater length below. First, we will take a look at the fundamental assumptions
underlying the TOPMODEL concepts in the light of a thoughtful approach to hydrological modelling.

A CRITIQUE OF THE TOPMODEL ASSUMPTIONS

The fundamental assumptions underlying the topographic index of hydrological similarity used in
TOPMODEL are:

(1) that the dynamics of the water table can be approximated by uniform subsurface runo� production per
unit area (or successive steady states compatible with areally averaged rates of recharge) over the area, a,
draining through a point, and

(2) that the hydraulic gradient of the saturated zone can be approximated by the local surface topographic
slope, tan b.
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Note that in this second assumption the tangent is used rather than the sine, since it is plan distance
velocity that is required when all storages are expressed in terms of depths per unit plan area.
To these assumptions must be added a further assumption about the nature of the local transmissivity

pro®le with depth. Traditionally, TOPMODEL has used an exponential decline of transmissivity with
depth or de®cit as T � T0 exp�ÿfzi�, where T0 is the transmissivity at saturation, z is the local depth to the
water table and f is a scaling parameter controlling the rate of decline. This leads to the index ln�a=tan b�.
The equations can equally be formulated in terms of storage de®cit owing to drainage, using
T � T0 exp�ÿDi=m�, where D is the local drainage de®cit and m is the scaling parameter. Beven (1984)
has shown that this pro®le is appropriate for a variety of soil hydraulic conductivity data sets (but not
everywhere), which can, in principle, be used to derive transmissivity pro®les (but see below). Kirkby (1988;
1997) demonstrates that the exponential transmissivity pro®le has advantages when the subsurface
downslope saturated ¯ow equation, which under assumption (2) above is a kinematic wave equation, is
solved for the transient case. The exponential case, for uniform recharge rates has only short-lived transients,
and rapidly approaches a uniform ¯ow per unit upslope area. Transients are much longer lived for other
pro®les such as the linear and parabolic cases proposed by Ambroise et al. (1996a, see Table I). In these
cases, the quasi-steady-state dynamics of the TOPMODEL assumptions may not be appropriate and might
be expected to have an e�ect on the parameter values required.

In the case of zero recharge, the exponential transmissivity and constant hydraulic gradient assumptions
result in a ®rst-order hyperbolic recession curve for discharge over time (Table I). This is not always a good
representation of the recession curve for a particular catchment. Ambroise et al. (1996a) have shown how the
index approach can be extended to linear and parabolic transmissivity pro®les. The resulting indices are
di�erent: (a=tan b) for the linear case and

���p a=tan b� in the parabolic case. Lamb et al. (1996) provide a
means of using an arbitrary recession curve within a generalized TOPMODEL framework.

Under the steady-state assumption, and an assumption that f is constant in space, the exponential pro®le
leads to a relationship between mean water table and local water table of the following form:

f � �z ÿ zi� � �ln�a=tan b� ÿ l� ÿ �ln T0 ÿ ln T0� �1a�
or, in terms of storage de®cit, for constant m:

� �D ÿ Di�=m � �ln�a=tan b� ÿ l� ÿ �ln T0 ÿ ln T0� �1b�
where zi and Di are the local water table depth and de®cit, respectively; �z and �D are the catchment average
values; l is the catchment average of ln�a=tan b�; T0 is the local value of transmissivity at saturation of the
soil; ln T0 is the catchment average of ln T0 ; and f and m are parameters controlling the exponential decline
of transmissivity with depth (see Beven et al., 1995 for a full derivation from the assumptions). If a constant
readily drained porosity with depth (Dy) is assumed, f and m can be related as f � m=Dy. The use of the
storage de®cit form has the advantage of reducing the eventual number of model parameters by one, since at
least one parameter (Dy) is required to convert water table depth to storage or storage de®cit for water
balance accounting. Similar relationships can also be derived for linear and parabolic pro®les (Ambroise
et al., 1996a; see Table I). In each case there is also an associated function for the subsurface discharge from
the catchment (Table I, see also Iorgulescu and Musy, this issue, for the case of a general power function
pro®le).

In words, Equations (1a) and (1b) suggests that the scaled di�erence between average and local water table
depths can be calculated from the di�erence between local and average ln�a=tan b� values, less the di�erence
between the local and average transmissivity at saturation. For a homogeneous soil, the second term will, of
course, go to zero. In this case, the model predicts that the di�erence between local and average water
table depths is a function only of the topographic index and the parameter f or m. In all cases, the
predictions depend on the shapes of the distributions of topographic index and transmissivity, not the
absolute values.
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Of particular interest are points where the water table depth is predicted to be zero. These points are those
where the soil is saturated to the surface. As the catchment wets and dries, the number of points predicted as
being saturated will expand and contract in accordance with the pattern of the topographic index values
(Figure 1). It is worth noting that the predictions can also be made for the saturation of particular soil
horizons or depths, not only for surface saturation (e.g. Robson et al., 1992).

It is easy to see, however, that there are a number of problems with these assumptions. The ®rst raises a
number of concerns. Recharge rates can be spatially non-uniform and may change over time during a storm
period so that a steady state is never reached. The development of perched water tables will limit the validity
of any index-based approach. The e�ective area draining through a point, a, will be very di�cult to assess
and may itself vary with the wetting and drying of the catchment, as noted in the ®eld by Burt and Butcher
(1986) and inferred by analysis by Barling et al. (1994). A kinematic analysis also suggests that the transition
times between steady states may, in fact, be analytically very long, although all the model requires is that the
water table maintains its shape, quasi-parallel to the surface, as it moves up and down with increasing and
decreasing saturated zone storage, so that the linear (in the case of the exponential transmissivity pro®le)
relationship between water table depth and topographic index is maintained.

Table I. Summary of TOPMODEL relationships for three di�erent types of downslope transmissivity pro®le
(after Ambroise et al., 1996a)

Type of transmissivity pro®le

Exponential Parabolic Linear

Given the following functions of transmissivity, TDi
with soil storage de®cit, Di below saturation, where m is a scaling

parameter:

TDi
� T0iexp�ÿDi=m� TDi

� T0i �1 ÿ Di=m�2 TDi
� T0i �1 ÿ Di=m�

Under the TOPMODEL assumptions of a steady recharge rate and a downslope hydraulic gradient equal to the local
slope angle, then the relationship between local storage de®cit and mean storage de®cit is given by

di ÿ �d � ÿ�ln zi ÿ gl � �1 ÿ di�=�1 ÿ �d� � ����
zi

p
=gr �1 ÿ di�=�1 ÿ �d� � zi=gu

where di � Di=m is a scaled storage de®cit, �d is the mean storage de®cit, zi is the local value of the soil±topographic
index ln�a=T0tan b�, and

gl � 1
A

R
A ln�zi�dA gr � 1

A

R
A

����
zi

p
dA ga � 1

A

R
A zidA

gl , gr and ga are the spatial averages of the logarithmic, square root and normal variants of the soil±topographic index
and A is the catchment area.
For any given mean de®cit, �d, local pro®le saturation is reached for all points where the index meets the condition:

ln zi 5gl � �d
����
zi

p
5gr=�1 ÿ �d) zi 5ga=�1 ÿ �d�

The total drainage from the saturated zones, Qb , is calculated by summing all the subsurface ¯ows along the channel
(Beven, 1986) giving:

Qb � Q0 exp�ÿ �d� Qb � Q0�1 ÿ �d�2 Qb � Q0�1 ÿ �d�
where Q0 is the discharge when the mean scaled de®cit �d � 0, calculated as

Q0 � A exp�ÿgl� Q0 � Agÿ2r Q0 � Agÿ1a

For the case of drainage without recharge, the time functions of the base¯ow recession curve are given by

First-order hyperbolic Second-order hyperbolic Exponential

Qb � Qs�1 � tQs=Am�ÿ1 Qb � Qs�1 � t
�����������
Q0Qs

p
=Am�ÿ2 Qb � Qs exp�ÿtQ0=Am�
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This leads to concerns about the second assumption. The water table may well be nearly parallel to the
surface for thin soils over an impermeable bed on moderate slopes when, if there is a continuous downslope
¯ow beneath a water table, the hydraulic gradient must be close to the slope angle. This situation will change,
however, as the soil gets deeper, or if there is a strong spatial or temporal change in recharge rate. Rapid
recharge during a storm to a shallow water table at the base of the slope, with slower recharge further
upslope, can lead to the type of groundwater ridging phenomenon proposed by Sklash and Farvolden
(1979). Many other local e�ects of groundwater dynamics may also lead to changes from this pattern, and
irregularities in the bedrock leading to particular spatial patterns in downslope ¯ow (e.g. Hu� et al., 1982).

It may be possible to take account of some of these e�ects by changing the formulation of the model.
Quinn et al. (1991), for example, showed how the same type of index approach could be used to represent
deeper systems by using a representative local water table slope to de®ne the e�ective hydraulic gradient
rather than the surface slope. The index approach then implies that the water table will move up and down in
parallel, i.e. keeping the same shape, rather than in the form of Dupuit parabolas, or other more theoretically
acceptable shapes, as the catchment wets and dries. In fact, lacking adequate ®eld measurements, the
reference water table shape could be formulated by a Dupuit±Forchheimer or similar analysis for a reference
¯ow or storage, the index approach only being used to greatly simplify later calculations during wetting and
drying. The index approach may not be as theoretically acceptable as a fully dynamic solution but it may be
very di�cult to show that it is any less reasonable, given the natural and unknown heterogeneity of
transmissivities and storage coe�cients in the ®eld.

As an aside, the index approach could also be used as an approach to the di�cult problem of representing
the e�ects of ®eld drainage at the catchment scale. Calculation of characteristic reference pro®les for ¯ow to
the drains for di�erent drain spacings and soil characteristics, and using the areas and water table slopes for
those pro®les to calculate the index values, would provide a distribution of index values even where the land
surface is completely ¯at. The index distribution would integrate over all the drain systems, but would imply
that the water table moves up and down in parallel as before. This idea [which is di�erent to the repre-
sentation of ®eld drains used by Kim and Delleur (1997)] remains to be tested.

In summary, the assumptions that underly the TOPMODEL index approach are a crude approximation of
reality that will not hold everywhere. However, the approach o�ers simplicity, inexpensive calculations and a
minimum number of `e�ective' parameters, with a quasi-physical interpretation to be estimated in repre-
senting the subsurface storage. Most importantly, as noted above, the predictions can be mapped back into
space for visualization of the results and comparison with local ®eld measurements where available or
appropriate. Of the concerns about the assumptions, perhaps the most important is in the estimation of an
e�ective value of a for each point. It is known that for many models the most di�cult period to simulate
successfully is the wetting up period after a long dry spell. During a dry period, it is possible in many
environments that the downslope ¯ow may not be continuous all over the hillslope; saturated zones may
become localized and disconnected. The e�ective a values will reduce, only to re-expand during wetting. The
development of a dynamic a TOPMODEL is, however, still awaited. The functional approach used by PinÄ ol
et al. (1997) is a simple step in this direction, but needs to be improved. An obvious approach is to use the
a=tan b values obtained by assuming that the upslope contributing areas extend to the catchment divides, to
indicate what the e�ective areas might be under di�erent wetness conditions. Woods (1996) has proposed an
alternative approach based on a parameterization of the spatial pattern of recharge. These ideas also await
further study.

A CRITIQUE OF THE DERIVATION OF THE TOPOGRAPHIC INDEX

There is no ideal way of deriving the topographic index from survey, contour or raster DTM data (see, for
example, Quinn et al., 1995; Wolock and McCabe, 1995; Mendicino and Sole, 1997). The most common
form of digital terrain data is now the raster grid, with grid sizes ranging from less than 10 m to 1 km or
more, depending on the size of the catchment. It is worth noting that grid sizes that are large in relation to the
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length of hillslopes cannot be used to derive meaningful a=tan b distributions which are intended, physically,
to re¯ect ¯ow pathways. The process of deriving index values can be followed with such large grid sizes, of
course (see Braun et al., 1997), but the distribution function is then acting purely as a conceptual control on
e�ective contributing areas in the catchment and may have no physical interpretation. The form of the index
distribution is known to be dependent on the DTM grid size from which it is derived (Iorgulescu and Jordan,
1994; Wolock and Price, 1994; Zhang and Montgomery, 1994; Bruneau et al., 1995; Quinn et al., 1995;
Franchini et al., 1996; Saulnier et al., 1997; Mendicino and Sole, 1997). The strong link found between grid
size and other calibrated parameters values, discussed in the next section, may also re¯ect the loss of physical
information at large grid sizes.

Other physical information may be lost even at ®ne scales. A common problem in determining ¯ow
pathways in digital terrain analysis is the problem of sinks in the DTM. A related problem is that of `river'
grid squares, where the actual river width may be much less than the grid size (Quinn et al., 1995; Saulnier,
1996). The DTM itself may not include information relevant to the determination of ¯ow pathways. One
advantage of the semi-manual analysis used in the original implementation of TOPMODEL (Beven and
Kirkby, 1979; Beven et al., 1984) was that the e�ects of ®eld boundary drains and road drains in restricting
the accumulation of upslope area could be taken into account, resulting in better simulations of saturated
areas. These and other small channels, not easily represented in a raster DTM, may also have an important
e�ect on runo� routing. The original form of TOPMODEL (Beven and Kirkby, 1979), for example, allowed
for a variable time delay histogram routing that took account both of small channels and the spread of the
contributing areas during a simulation.

Geological information might also be important. DTM data are now available that have made it possible
to calculate the a=tan b distribution for the whole of the conterminous United States (D. M. Wolock,
personal communication) but that does not imply that it will have any signi®cance as an index of
hydrological similarity at all, particularly in areas underlain by extensive aquifers.

In fact, once it is accepted that the function of Equations (1a) and (1b) is merely to provide a non-linear
contributing area for the catchment (as in many other conceptual models), it is quite possible to avoid the
digital terrain analysis altogether and conceptualize the index distribution. Various studies have, for example,
implemented a gamma distribution to represent the topographic index (e.g. Sivapalan et al., 1990; Wolock
et al., 1990; Obled et al., 1994; Franchini et al., 1996). The use of the gamma function allowed Sivapalan et al.
(1990) to introduce similarity parameters for scaling the responses of di�erent catchments (although with eight
similarity parameters, di�cult to determine, this still leaves a signi®cant number of degrees of freedom!!). The
advantage of this functional approach is that there is then no strong dependence on the gross physical
simpli®cations represented by assumptions (1) and (2) above. The disadvantage is that at least two additional
parameters are invoked; topographic analysis at least allows the distribution function to be determined a priori.

There is still no guarantee that, even in shallow soils in a humid temperate environment, a=tan b is the
appropriate index of hydrological performance. Beven et al. (1995) have reviewed some of the evidence
(which is mixed), while more recently Merot et al. (1995) have proposed an index based on elevation above
the nearest stream, and Woods (1996) an index based on a spatially variable recharge function. The problem
of model con®rmation, however, is not easily separated from that of parameter calibration and will be
discussed further below.

THE MODEL PARAMETERS Ð SO FAR

The concepts underlying TOPMODEL have thus far involved just the topographic index and three
parameters: f, T0 and a parameter, Dy, to convert water table depth to storage de®cit (normally taken to be
the `readily drained' porosity of the soil and assumed constant with depth). The last can be eliminated if
Equation (1b) is used, giving storage de®cits directly. Note that storage de®cit here refers only to gravity
drainage; no account has yet been taken of additional de®cits that might develop as a result of
evapotranspiration.
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The ®rst two parameters occur in both the equation linking local and average water table depths
[equation (1a), or the storage de®cit equivalent] and the subsurface discharge functions of Table I. These
functions can be integrated over time under conditions of zero recharge to derive the recession curve of
discharge with time. Comparison with the shapes of observed recession curves allows a ®rst estimate of an
e�ective value for the parameter f (or m) to be obtained. It also allows some discrimination between the
assumed shapes of transmissivity pro®les (see Ambroise et al., 1996a). However, some care needs to be taken
here as similar shapes of recession curves can be obtained under di�erent sets of assumptions. For example,
the parabolic transmissivity pro®le leads to a second-order hyperbolic function of discharge over time under
zero recharge conditions. This is dependent on the TOPMODEL assumption of a shallow system in which
the e�ective hydraulic gradient is constant in time and equal to the slope angle, and is equivalent to a second-
order power law relationships between discharge and storage. It is, however, also possible to obtain the same
second-order hyperbolic recession curve for zero recharge assuming a linear transmissivity (constant
hydraulic conductivity) pro®le with depth under the Dupuit±Forchheimer assumptions in an aquifer
draining to a horizontal bed given a fully incised channel (see, for example, Brutsaert and Nieber, 1977).
Di�erent assumptions about recharge rates will also lead to di�erent curves. Thus the set of assumptions
made for a particular catchment should be examined critically.

In nearly all TOPMODEL studies, the f parameter (or its storage de®cit equivalent, m) has been assumed
to be spatially constant. Saulnier (1996) has shown recently that this assumption can be relaxed to take
account of di�erences in the local rate of fall of transmissivity with water table depth, although the equations
then require that f be known everywhere in the catchment. Equations (1a,b) do allow that the T0 parameter
might vary spatially (if it is assumed to be homogeneous the second bracketed term on the right-hand side
disappears). It is known, from ®eld measurements, that point hydraulic conductivities (predominantly
measured vertically) do vary signi®cantly in space with standard deviations as high as 1 unit on a logarithmic
scale. Very little information is available from the ®eld on downslope transmissivity values, as required in the
model, particularly at the `hillslope' scale that would be appropriate for use as e�ective values in the model.
The determination of downslope conductivity or transmissivity values from borehole or tracer experiments
can be di�cult to undertake and interpret, especially on steeper hillslopes, but certainly many soils show
strong anisotropy associated with preferential ¯ow pathways.

Lacking any information about the spatial pattern of T0 most modelling studies have calibrated a
catchment average value. It has then been common to ®nd that values of the T0 parameter determined by
model calibration often appear to be very large. Some studies have also revealed a dependence of T0 values
on the grid scale of the digital terrain model used in the derivation of the ln�a=tan b� index. Some values
reported in a variety of TOPMODEL applications are summarized in Table II.
There may be a number of reasons why high values of T0 are found. First, it must be recalled that the

T0 value is the transmissivity extrapolated to when the soil is just saturated to the surface. For soils in
which the downslope transmissivity decreases rapidly with depth to the water table, the appropriate value
might well be much higher than indicated by conductivity measurements made over ®nite depths and
often for vertical, rather than downslope, ¯ow. The second reason is that high values might be realistic
since it has been found that using `more normal' conductivity values in Darcian ®nite element simulations
means that it takes a very long time indeed for a reasonably long slope to drain after a storm input
(e.g. Binley and Beven, 1991), leading to unrealistically slow recession curves. The third reason is related to
the possibility of downslope preferential ¯ow pathways. Where these exist, perhaps even as natural pipes in
some catchments (e.g. Gilman and Newson, 1980), downslope transmissivity values may be very high
indeed. A fourth, related, reason is that the calibrated transmissivities may re¯ect the e�ective wave speeds
in the catchment more than the mean velocities of ¯ow. In near-saturated soils, wave speeds may be very
much faster than Darcian velocities. The e�ect of pressure transmission at the wave speed beneath the
water table also implies that extensive connectivity of high conductivity ¯ow pathways may not be
necessary to induce rapid responses of the saturated zone to changes in recharge rates at the scale of the
hillslope.
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Finally, and probably most importantly, in the combined soil±topographic index ln�a=T0tan b�, a high T0

value can compensate for any overestimation in the e�ective a value. There is some indication of this in the
work of Saulnier (1996), who shows that the signi®cant increase in the calibrated T0 value with DTM grid
size is greatly reduced if the valley bottom `river' grid elements are not allowed to accumulate area from
upstream, i.e. are restricted to the local hillslope a values (see Table II). Note that if this compensation
mechanism is important and if under certain conditions a catchment has dynamic a values, there is an
implication that the e�ective T0 values might also be dynamic. This is an indication of the great di�culty in
separating out physically meaningful, e�ective parameter values at the catchment scale within a calibration
exercise (see Beven, 1993, 1995; Freer et al., 1996).

ADDITIONAL MODEL COMPONENTS

The discussion so far has concentrated on the essential concepts of TOPMODEL, which is primarily
concerned with a simpli®ed model of the saturated zone and its control of surface and subsurface con-
tributing areas. However, to complete a continuous simulation model it is necessary to introduce further
components to deal with interception, snow accumulation and melt, in®ltration, evapotranspiration, the
unsaturated zone and ¯ow routing, either in a way in which parameters of those processes can be ®xed a
priori, or, if some calibration is required, with a minimum number of parameter values. This is a daunting
task given the known complexity and heterogeneity of hydrological processes; indeed, Beven (1996a) has
argued that it is an impossible task since parameter values cannot be measured in the ®eld at the scales
required and there is not enough information in the rainfall±discharge record to calibrate the parameters
representing the distribution of responses in the catchment. Thus, there will be no single appropriate model
formulation for these additional components. Indeed, a wide variety of implementations within the
TOPMODEL framework, with di�erent parameter sets, already exist (for a recent review see Beven et al.,
1995). All require calibration in applications to real catchments, although it has sometimes been surprising
how well the model has simulated catchment discharges using only measured or estimated parameter values
(e.g. Beven et al., 1984; Ambroise et al., 1996b).

UNCERTAINTY AND THE VALUE OF DATA

Model calibration should immediately imply uncertainty. Recent studies have shown that in hydrological
models such as TOPMODEL there are many di�erent sets of parameter values that will simulate observed
data almost equally well in terms of some quantitative goodness-of-®t measure, such as the sum of least
squares or equivalent coe�cient of determination or e�ciency measure (Figure 3). One set of parameter
values will be the optimum, at least for that period of calibration data, but many others, perhaps from very
di�erent parts of the parameter space, would be `acceptable' simulators of the data (see Beven, 1993). If the
concept of optimal parameter sets is rejected, as being an historical anachronism resulting from previous lack
of computing power, some very di�erent calibration strategies can be considered. Beven and Binley (1992)
have introduced the generalized likelihood uncertainty estimation (GLUE) methodology as a way of taking
account of multiple acceptable parameter sets (or model formulations). This is a Bayesian method based on
Monte Carlo simulations in which the predictions of each model/parameter set realization are given a
likelihood weighting according to how well that model has ®t the observed data used for comparison. New
observations can be used to update the likelihood weights associated with each model/parameter set. Beven
(1993), Romanowicz et al. (1994), Fisher and Beven (1996), Freer et al. (1996) and Lamb et al. (1997)
demonstrate the use of GLUE in TOPMODEL applications, while Buckley et al. (1995), Franks et al. (1997),
Romanowicz et al. (1996) and Zak et al. (1997) report applications to other environmental modelling
problems.

In e�ect the GLUE methodology can be viewed as an exercise in model rejection rather than calibration.
The value of new data in this context is that it allows more competing models to be given a low likelihood or
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Table II. A review of parameter values used in di�erent TOPMODEL applications ordered by catchment area

Catchment Area DTM Dx l m (m) T0 (m
2/h) Reference Comment

(km2) (m)

GardsjoÈ n G1, Sweden 0.0063 5 5.1 1.8 Seibert et al., 1997 f � 13 mÿ1, variable Dy
Saeternbekken MINIFELT, 0.0075 2 5.0 0.0053 1.31 Lamb, 1996
Norway

ECEREX B, French Guiana 0.015 2.5 5.62 0.0035 7 Molicova et al., 1997
Ringelbach, France 0.34 5 5.942 0.041 2.75 Ambroise et al., 1996b Parameters for exponential

transmissivity function version
Alloux, Switzerland 0.036 10 6.9 0.022 2.18 Iorgulescu and Jordan, 1994
Cal Parisa, Spain 0.36 15 6.21 0.0112 0.338 Gallart et al., 1994 T0 derived from Q0 � T0 exp�ÿl�
La Teula, Catalonia, Spain 0.385 0.1 78.94 PinÄ ol et al., 1997 Best of several di�erent versions
L'Avic, Catalonia, Spain 0.516 0.099 78.76 PinÄ ol et al., 1997 Best of several di�erent versions
Mahatango Creek WD38, 0.64 30 4.37 0.016 1.39 Troch et al., 1993 T0 derived from e�ective
PA, USA conductivity and soil depth;

m from e�ective porosity and f
Slapton Wood, UK 1 10 7.87 0.004±0.25 0.01±30 Fisher and Beven, 1996 Parameter ranges used in Monte

Carlo experiments
CorbassieÁ re, Switzerland 1.85 10 7.4 0.031 0.64 Iorgulescu and Jordan, 1994
Imnavit Creek, Alaska 2.1 20 6.74 0.003 6 Ostendorf, 1996;

Ostendorf et al., 1996
Hafren, Wales 3.4 50 6.8 0.013±0.018 3±50{ Robson et al., 1992; Di�erent parameter values for

di�erent calibration periods
Sleepers River, W3, VT, USA 3.9 30±90 6.56±8.41 0.05±0.060 0.0009±0.0038 Wolock and McCabe, 1995 Di�erent parameters derived from

di�erent DTM grid sizes and
analysis algorithms;
T0 derived from Q0 � T0 exp�ÿl�

Lehstenbach, Germany 4.2 10 8.29 0±0.01 0±2.0 Ostendorf and Parameter ranges used in Monte
Mandershied, 1997 Carlo experiments

White Oak Run, VA, USA 5 � 5.32 0.0104 0.0012 Beven and Wood, 1983 T0 derived from Q0 � T0 exp�ÿl�
White Oak Run, VA, USA 5 30 6.04±6.08 0.027 0.0007±0.0012 Wolock and McCabe, 1995 Di�erent parameters derived from

di�erent DTM grid sizes and
analysis algorithms;
T0 derived from Q0 � T0 exp�ÿl�

Kirkton, Balquhidder, UK 6.85 100 7.78 0.018 0.97 Robson et al., 1993 f � 5�5 �5�5� mÿ1, values in
(0.020) (0.97) brackets for calibration to

di�erent period
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Monachyle, Balquhidder, UK 7.70 100 7.7 0.008 0.89 Robson et al., 1993 f � 12�6�4�86� mÿ1, values in
(0.021) (0.42) brackets for calibration to di�erent

period after deforestation
Mahatango Creek WE38, USA 7.2 30 4.03 0.016 0.76 Troch et al., 1993 T0 derived from e�ective

conductivity and soil depth;
m from e�ective porosity and f

Crimple Beck, UK 8 � 6.9±8.1 0.00126±0.0033 Beven and Kirkby, 1979; Using multiple subcatchment
Beven et al., 1984 representation

Crimple Beck, UK 8 � 7.73 0.0067 1.197 Beven and Wood, 1983 T0 derived from Q0 � T0 exp�ÿl�
Maurets, France 8.4 20±120 6.18±7.69 0.025±0.027 2.05±21.37 Saulnier et al., 1997 For di�erent DTM grid sizes

including river pixels in ln�a=tan=b�
distribution

Maurets, France 8.4 20±120 6.40±6.96 0.025 1.05±1.5 Saulnier et al., 1997 For di�erent DTM grid sizes after
excluding river pixels from
ln�a=tan b� distribution

Wye, UK 10.5 � 5.7±6.6 0.0114±0.0216 Beven et al., 1984 Using multiple subcatchment
representation

Wye, UK 10.5 50 7.6 0.0093 8.27 Quinn and Beven, 1993
Wye, UK 10.5 10±100 5.0±9.8 0.0093 0.223±27.11 Quinn et al., 1995 Di�erent parameters derived from

di�erent DTM grid sizes
Coet Dan, France 12 30±100 0.027 400±2200 Bruneau et al., 1995 Di�erent parameters derived from

di�erent DTM grid sizes
Turbolo Creek, Italy 30 7.03 0.007 2.41 Mendicino and Sole, 1997
Jalovecky Creek, Slovakia 23.1 0.021 1.73 Holko and Lepisto, 1997
Hodge Beck, UK 36 � 4.5±7.8 0.0095±0.0338 Beven et al., 1984 Using multiple subcatchment

representation
ReÂ al Collobrier, France 70 60 7.31 0.017 1765 Obled et al., 1994 Using constant velocity channel

routing
ReÂ al Collobrier, France 70 60 7.31 0.038 52.6 Obled et al., 1994 Using calibrated gamma function

channel routing
Davidson, NC, USA 105 � 6.58 0.0344 0.504 Beven and Wood, 1983 T0 derived from Q0 � T0 exp�ÿl�
North Fork Rivanna, 456 � 7.64 0.0092 11.75 Beven and Wood, 1983 T0 derived from Q0 � T0 exp�ÿl�
VA, USA

� Manual terrain analysis from contour data
{ Upper limit of range included
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rejected. Di�erent types of data, however, might have di�erent discriminatory power in this approach.
Vertical hydraulic conductivity measurements might have little value, measurements of saturated contribut-
ing areas at di�erent discharges might allow much greater discrimination. After a while, adding data of the
same type (e.g. more and more discharge data) may have little value in distinguishing between models or
parameter sets, but adding a di�erent type of data (e.g. saturated contributing areas) might then be very
useful.

Some qualifying comments must be added at this point. Experience with the GLUE approach shows that,
as a result of interactions between the parameter values, acceptable or behavioural models often come from
very wide ranges of the parameter space, even extending up to the edges of parameter ranges drawn very
widely. This makes the physical interpretation of feasible parameter sets quite di�cult (which should be
borne in mind when considering past parameter values resulting from optimizing calibration). Tightening
the criteria for acceptance of the model leads to many more models being rejected. Two problems may then
arise. One is that the introduction of new data may lead to the rejection of all models (in the traditional
interpretation, a poor performance in the validation phase of a split-record test compared with performance

Figure 3. Scatter plots of goodness-of-®t expressed as a modelling e�ciency (proportion of observed variance explained) for the
application of TOPMODEL to the Slapton Wood catchment over a period in winter. Each dot represents a separate simulation with
di�erent random parameter values. The four parameters varied were: the depth scaling parameter, m; the downslope transmissivity at
soil saturation, T0 ; the root zone available water capacity, SRMAX; and the vertical time delay per unit of de®cit; Td . With the
exception of m, the parameters show good (and bad) simulations over wide ranges of the parameter space. Only simulations above an

e�ciency of 0.7 are shown
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in the calibration period which should, perhaps, be reason enough for rejection). The second is that the range
of the predictions may not span the observations, implying either that the acceptance criteria should be
relaxed or, of course, that a better model should be found. The latter may be easy to conclude, it may be
di�cult to implement. This is, however, one way for the science to proceed and develop. Since most
hydrological models, even those with a small number of parameters, have enough degrees of freedom to
allow them to ®t a discharge record to a reasonably acceptable level, Beven (1996a) discusses the possibility
of posing the model calibration problem in terms of hypothesis testing within a GLUE-type framework.
Given certain data, then model formulations can be considered in terms of being consistent or not with those
data. The consistency will ultimately be limited by errors in the data and the mismatch between the model
concepts and the real hydrological responses, but given some criteria for acceptability, it will be possible to
pose hypotheses about the competing models that can be tested by the collection of more (and perhaps
novel) data, allowing more possibilities to be rejected.

MODEL VALIDATION AND RELAXING MODEL ASSUMPTIONS

The predictive uncertainty discussed above has implications for the validation of the TOPMODEL concepts.
The simpli®cations inherent in the topographic index approach to hydrological modelling mean that it can
only every be a very approximate predictor of the spatial heterogeneity of responses in a catchment. The hope
is that it does re¯ect at least some of the expectations about the e�ects of topography on hydrological
response, but it cannot be expected to be correct in detail. Clearly, the index approach necessarily neglects
some of the subsurface ¯ow dynamics in order to achieve its simplicity of application, but other unknown
factors, such as changes in the local soil transmissivity, channelling of subsurface ¯ows in a way that does not
re¯ect the surface topography, e�ects of soil depth variations, etc., must be expected to cause di�erences in
the temporal and spatial predictions of the model, relative to observations (this is necessarily true for all
distributed hydrological modelling strategies, see Beven, 1996a). A further problem is that those observa-
tions that are available for comparison with the model predictions may themselves be very local in nature.
Even piezometer measurements of water table depth may re¯ect the response only over a small area around
the piezometer, and most measurements of soil moisture are very local in nature. Measured saturated
contributing areas are better in the sense that they may cover a larger area, but may also be somewhat
approximate both in mapping and in deciding whether a path of land is really saturated or only nearly
saturated if there is thick vegetation cover.

It has already been stated that given even minimal parameter calibration then it will usually be possible to
get a reasonable ®t to the catchment discharges. Any further validation (or model rejection) should then
hinge on the prediction of the internal responses of the catchment. This can be done in the case of
TOPMODEL since the predictions can be mapped into space on the basis of the index distribution, but this
immediately gives rise to a problem: what constitutes an adequate spatial prediction for an approximate
model? The application of TOPMODEL to the 34 ha Ringelbach catchment in the Vosges, France, provides
an example (see Ambroise et al., 1996a,b; Freer et al., 1996). In that study, predictions of the pattern of
saturated areas based on the topographic index revealed some broad agreement between the measurements
and predictions, but clearly also some points of di�erence. The version of TOPMODEL used is based on a
homogeneous transmissivity, so that the spatial predictions are a function only of the topographic index. It is
therefore probable that allowing the local transmissivity to vary in a soil±topographic index so as to match
the observed saturated area would lead to improved predictions. There is some ®eld evidence that the
conductivities of the soil are lower in the valley bottom. This does not, therefore, seem to be an unreasonable
modi®cation of the model. If this is done, however, then the measured saturated areas cannot be used to
validate the model predictions. It also does not allow the modi®cation of transmissivity values in the area
outside the measured saturated area, where additional knowledge of water table depths would be required.

A similar situation arises in the application of TOPMODEL to the small Saeternbekken catchment in
Norway (Lamb et al., 1997a,b). The availability of over 100 water table measurements at a number of
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di�erent discharges allows some account to be taken of local variations in transmissivity. It was found, in
fact, that there appeared to be a correlation between the local adjustments of transmissivity required to
improve the predictions of water table depths and the local a=tan b value (with a number of possible
interpretations). Including this relationship in the model introduces only one extra parameter to be calib-
rated, rather than allowing local adjustments for all the observation sites. The predictions are improved, but
still result in signi®cant error at some locations. Other studies where such local adjustments have been tried
have been reported by Jordan (1994), where comparisons with water table predictions were good at some
measurement times and poor at others; and Siebert et al. (1997), where local adjustments of transmissivity
appeared to have value. Again, the same paradox arises: faced with the problem of such heterogeneity of
responses it does not seem fair to evaluate the predictions of a model based on a homogeneous soil, but
taking knowledge of the heterogeneity into account means that the data cannot be used for con®rmation of
the model.

It would be possible to insist that if a model is allowed to take spatial observations into account, then the
predictions should continue to be acceptable over a period of time (i.e. a similar sort of split-record test to
that often used for discharge prediction). This does not solve the problem entirely, however, since the
modelling of the spatial pattern of responses (accepted as being approximate) would clearly improve by
taking further observations into account (for example, by Bayesian updating of the likelihood weights on
parameter sets within the GLUE methodology); at least up to a point since there is a possibility that local
measurements of response have an intrinsic variability associated with the scale of phenomena that they
re¯ect, which may be di�erent from the scale of the modelling. There is also a limit to which a model may be
con®rmed or validated associated with the uncertain knowledge of boundary conditions such as those of the
imposed rainfall rates and evapotranspiration ¯uxes.

Two questions present themselves in this context. One is concerned with the value of di�erent types of data
in model con®rmation or rejection. This is not a subject that has been widely addressed in the hydrological
literature (although see the use of uncertainty measures in Beven and Binley, 1992). The second is under what
criterion can a model, or parameter set within a model, be rejected when it is known that the model
predictions are only intended to be approximate and are associated with some degree of uncertainty. These
are both subjects for future work.

A CRITIQUE OF FUTURE APPLICATIONS

In the discussions above the aim has been to evaluate the issues involved in the application of an approxi-
mate distributed model with a view to provoking thoughtful rather than thoughtless future applications. I
have no doubt at all that there will be thoughtless future applications of TOPMODEL in situations where the
assumptions of the model are totally invalid or where the a=tan b distribution has been derived using an
elevation grid with a spacing longer than the hillslopes in the catchment (there may be a better way in large
catchments; analyse some representative subcatchments from di�erent physiographical regions in detail and
weight those by the area they represent, see, for example, Beven and Wood, 1983). There will also be
applications in which the model is used only as a non-linear runo� production function with simple
optimization of parameter values against some observed discharge record but in which any parameter values
may be quite meaningless. A good calibration to the discharge record does not necessarily mean that the
model concepts are suitable for application to a catchment, some other means of model evaluation may also
be necessary. With a model that makes spatially distributed predictions, the obvious check is against
spatially distributed data. The discussion above, however, suggests that the use of spatial data in model
calibration and con®rmation is not straightforward and how to do this should be the subject of further work.
It should also be remembered that calibrated parameter values, and the range of values giving acceptable

®ts to observations, will necessarily re¯ect the sources of error in the modelling process. These will include
errors in the input forcing data and the observations with which the model can be, to some extent, com-
pensated by interactions between calibrated parameter values, even where, for example, the use of a
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parabolic transmissivity pro®le implies longer lived transients following changes in recharge rates (Ambroise
et al., 1996b). Lack of knowledge of subsurface ¯ow pathways and heterogeneity of hydraulic characteristics
will also have an e�ect on model calibration.

Future studies must also be aware of the grid scale±parameter value interaction and for the potential for
dynamic a values, particularly in catchments with a strong drying season. There is clearly potential for the
development of a `dynamic upslope contributing area' TOPMODEL, perhaps along the lines suggested in
this paper, which would retain some of the simplicity of the concepts but would necessarily introduce at least
one further scaling parameter. Obled et al. (1994) have also revealed interactions between the ¯ow routing
algorithm used and other parameter values.

It will be very di�cult to separate out these di�erent e�ects on the calibrated values of parameters, so that
any physical interpretation of ®tted values should be made with care. It has been argued before (Beven, 1993)
that it might be better to address the resulting potential for multiple acceptable parameter sets, or model
equi®nality, directly and treat the model and its parameter set as an entity. Such equi®nality should be taken
into account in future applications (e.g. Freer et al., 1996). It is worth stressing that this is not unique to
TOPMODEL but should be considered generic in this type of modelling activity (see, for example, the
discussion of geomorphological modelling in Beven, 1996b).

The wide range of papers in this issue are, in themselves, an indication of the variety of applications of the
TOPMODEL concepts in the future. They reveal both the successes and di�culties of hydrological
modelling, and particularly of distributed hydrological modelling. It is to be hoped that the inducement to
thoughtful modelling provided by the TOPMODEL concepts will result in improved understanding of the
modelling process and the value of data, and greater appreciation and evaluation of the uncertainties
associated with hydrological prediction.
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