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13.1 INTRODUCTION

Spatially distributed models of catchment response tend to be highly complex in

structure and contain numerous parameter values. Their calibration and valida-

tion is therefore extremely difficult but at the same time essential to obtain

confidence in the reliability of the model (Chapter 3). Traditionally, calibration

and validation has been mainly based on a comparison of observed versus simu-

lated runoff at the outlet of the catchment of interest, but it has been pointed out

numerous times that this is a very weak test of the adequacy of a model. Ideally,

the internal behaviour of the models, in terms of simulated patterns of state

variables and model output, should be tested, but examples of such internal

tests are only relatively recent. In 1994 Rosso (1994, pp. 18–19) pointed out

that ‘‘Conventional strategies for distributed model validation typically rely on

the comparison of simulated model variables to observed data for specific points

representing either external boundaries or intermediate locations on the model

grid . . . : Traditional validation based on comparing simulated with observed
outflows at the basin outlet still remains the only attainable option in many

practical cases. However, this method is poorly consistent with spatially distrib-

uted modeling . . . ’’. More recently, encouraging work has been done on demon-

strating how observed spatial patterns of hydrologically relevant variables can be

used for internal tests. Indeed, the case study chapters of this book (Chapters 6–

12) have clearly illustrated the enormous value of detailed spatial data in devel-

oping and testing distributed representations of catchment hydrological pro-

cesses. These chapters have used a plethora of different data types and models

and are representative of the progress in this area within the scientific commu-

nity. However, typically these studies have been performed in small, well instru-

mented research catchments. The models often have been developed or modified

by the group of people who did the data collection and also were the users of the

results; and the purpose of the model development was to obtain insight into

spatial catchment processes and process interactions.
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These conditions are quite different in practical applications. In a practical

case, that is, when a model is used and/or developed to assist in making manage-

ment or design decisions in a particular catchment, the catchments are usually

much larger and one can often only rely on data from the standard network that

are not nearly as detailed as those in research catchments. Often the standard

data are of unknown and/or undocumented quality. This tends to make model

calibration and validation in particular cases significantly more difficult and less

accurate. In many practical cases there is then an issue of whether, with the given

data, a spatially distributed model of catchment response can at all be considered

to reliably portray catchment behaviour.

In practical applications, model users often use model codes they have not

developed themselves and data that are provided by different agencies. It is

sometimes not clear how reliable the code is and sometimes it is unclear to the

user how the code exactly works. The lack of field experience also makes it more

difficult to appreciate which processes operate in the catchment and what is the

best model approach for representing them. The large scale of catchments often

considered in practical applications of distributed models tends to cause scale

problems similar to those discussed in Chapter 3 of this book. For example, it is

not uncommon to use Richards’ equation for elements that are as big as 500�

500m – this is an area that is larger than the size of the whole catchment in many

of the case studies in this book which have shown an enormous complexity that

goes far beyond the processes represented by Richards’ equation. The fact that

model users, model builders, data providers, and clients are different groups and

have differences in terminology, creates further problems. Currently there

appears to exist no unique and generally accepted terminology on model valida-

tion in the hydrological community and the many different and contradictory

definitions used tend to be confusing.

Finally, in practical applications, the purpose of the modelling is to make

predictions rather than to gain insight into spatial catchment behaviour. What

is considered a useful model for understanding catchment behaviour is not neces-

sarily useful for practical applications. Many case studies in the chapters of this

book used comparison of observed and simulated patterns not only to calibrate

models and ensure that they are working for the right reasons, but also to identify

from the pattern comparison, processes that the model cannot handle very well.

These may be the subject of future research work. On the other hand, the situa-

tion is quite different in the practical case. What is needed in this case is a reliable

model for the projected conditions of model application and the insights

obtained are only important to the extent they can be used to improve model

performance and/or interpretation of the results in terms of management or

design decisions. It is important to realise that the type of model application

i.e. investigative versus predictive, has profound implications on both model

structure (predictive models often having a simpler structure) and model calibra-

tion/validation (predictive models often having a better defined range of applic-

ability). The validation and calibration of distributed models in practical

applications is therefore quite different from that in research type applications.
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Unfortunately, in practical projects there is often not very thorough model

testing due to data and resource constraints. It is not uncommon for predictions

of spatial patterns to be made with models that have not been properly tested in

terms of their spatial behaviour. For example, Kutchment et al. (1996) applied a

distributed physically-based model to simulate the 3315 km2 Ouse basin in the

UK. They calibrated their model against runoff data only, but stated also that

the model can give ‘‘hydrologically meaningful estimates of internal values’’. Due

to lack of data and lack of tests on internal variables, this statement appears as

the authors’ own perception rather than a documented fact. This problem has

been recognised by some authors who are a little more circumspect about the

performance of distributed models. Jain et al. (1992) applied a distributed phy-

sically-based model to the 820 km2 Kolar catchment in India, where the runoff

data comprised the only available calibration and validation data. They con-

cluded that ‘‘The resulting final model calibration is believed to give a reasonably

good physical representation of the hydrological regime. However, a preliminary

model set-up and calibration . . . resulted in an equally good hydrograph match,

but on the basis of apparently less realistic soil and vegetation parameter values.

Thus, it may be concluded that a good match between observed and simulated

outlet hydrographs does not provide sufficient guarantee of a hydrologically

realistic description.’’ However, the practical problems for which distributed

models need to be applied remain, so the challenge is to better use the informa-

tion available to us and to seek additional information, to help strengthen the

confidence we can have in simulated responses from distributed models.

It is clear that proper validation and calibration of distributed models of

catchment behaviour is of the utmost importance. This is obviously an uncertain

endeavour. The primary role of model calibration and validation is to obtain a

realistic assessment of this uncertainty – of what confidence we can place on the

predictions of our model. In this chapter, these issues are addressed by proposing

a framework for model validation and calibration. Also, issues of terminology

will be clarified to develop a common language, and data issues relevant to

distributed catchment models in practical applications will be discussed. The

validation framework and data considerations will be illustrated in a case

study for the 440 km2 Karup catchment. The chapter concludes with a discussion

on possible interactions between model builders, model users, and clients that

could improve the understanding and treatment of uncertainty in practical appli-

cations of spatially distributed catchment models.

13.2 SOURCES OF SPATIAL DATA FOR PRACTICAL APPLICATIONS

Distributed hydrological models require spatial data. In this chapter, two differ-

ent terms are used for the data, depending on its type: parameter values are those

that do not vary with time while variables are time dependent. In a traditional

model application the parameter values and the driving variables (typically cli-

mate data) are input data, while the other variables are simulated by the model.

A Formal Approach to Calibration and Validation of Models Using Spatial Data 331



An overview of typical data types and sources is given in Table 13.1 together

with a characterisation of the typical availability of data from traditional sources

and the potential for operational use of remote sensing data. Basically, tradi-

tional data sources provide point or vector data. Even for many of the exceptions

to this, such as digital elevation maps or soil maps, the spatial data are inferred

from originally measured point data. In general, it is possible to obtain such

spatial data on catchment characteristics for use as model parameter input and

by assuming relationships between these data and model parameters (e.g.

between soil type and soil hydraulic properties, between vegetation types and

water use etc.), model parameter values can be estimated (albeit with an accuracy

determined by the validity of the assumed relationships – see discussion in

Chapter 2, pp. 23–4, 41). It is also generally possible to get hydroclimatological

time series for driving the model and for checking the overall catchment runoff.

However, there is almost always a lack of data to check the detailed spatial

patterns of internally simulated variables such as soil moisture, actual evapotran-

spiration and water depths. The only source for such data that can be charac-

terised as realistic on scales above plots and small experimental catchments, is

remote sensing data.

Remote sensing data have for a couple of decades been described as having a

promising potential to supply spatial data to distributed hydrological models, e.g.

Schulz (1988), Engman (1995) and De Troch et al. (1996). However, so far the

success stories, at least in operational applications, are in practice limited to

mapping of land use and snow cover, whereas scientific/technological break-

throughs are still lacking for assessing soil moisture, vegetation status, actual

evapotranspiration and water depths. Chapters 5 and 6 in this book give exam-

ples of research applications where progress is clearly being made on representing

variables such as soil moisture and saturated source areas, but as yet these

methods are not available for practical application.

With progress made in recent years at the research level, we may foresee

operational applications of remote sensing for practical modelling within the

next decade in areas such as:

. Assessments of water depths and inundation areas at larger scales (> 1 km

length) to be used for flood forecasting and flood mapping. This can today

be done during cloud-free periods by use of thermal data, and appears

promising in the future by use of SAR data. Furthermore, new high-resolu-

tion (few metres) visible satellite data are also promising.
. Assessment of vegetation and soil moisture status at field scale and above

to be used for crop forecasting, irrigation management and meteorological

forecasting.
. Assessment of vegetation status at field scale and below for supporting

precision agriculture.
. Improved accuracy of RADAR derived precipitation.

A key point to remember about remote sensing data is that it is a surrogate

measure – i.e. it depends on a relationship between properties of emitted or
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reflected radiation and a particular feature of interest such as soil moisture con-

tent. It is not a direct measure so, as with parameters like soil hydraulic proper-

ties estimated from soil type, the accuracy of derived measures is a function of the

quality of the surrogate relationships (see Chapter 3, pp. 41–5).

13.3 ISSUES OF TERMINOLOGY

13.3.1 Background

Before presenting a practical methodology for model calibration and valida-

tion, it is worth reflecting on the more fundamental question of whether models at

all can be validated, and issues of terminology. Konikow and Bredehoeft (1992)

argued that the terms validation and verification are misleading and their use

should be abandoned: ‘‘ . . . the terms validation and verification have little or

no place in ground-water science; these terms lead to a false impression of

model capability’’. The main argument in this respect relates to the anti-positivis-

tic view that a theory (in this case a model) can never be proved to be generally

valid, but can on the contrary be falsified by just one example. De Marsily et al.

(1992) argued in a response to Konikow and Bredehoeft (1992) for a more prag-

matic view: ‘‘ . . .using the model in a predictive mode and comparing it with new

data is not a futile exercise; it makes a lot of sense to us. It does not prove that the

model will be correct for all circumstances, it only increases our confidence in its

value. We do not want certainty; we will be satisfied with engineering confidence.’’

Part of the difference of opinion relates to interpretations of the terminology used.

Konikow (1978) and Anderson and Woessner (1992) use the term verification

with respect to the governing equations, the code or the model. According to

Konikow (1978) a model is verified ‘‘if its accuracy and predictive capability

have been proven to lie within acceptable limits of errors by tests independent

of the calibration data’’. The termmodel verification is used by Tsang (1991) in the

meaning of checking the model’s capability to reproduce historical data.

Anderson and Woessner define model validation as tests showing whether the

model can predict the future. As opposed to the authors above, Flavelle (1992)

distinguishes between verification (of computer code) and validation (of site-spe-

cific model). Oreskes et al. (1994), using a philosophical framework, state that

verification and validation of numerical models of natural systems theoretically is

impossible, because natural systems are never closed and because model results

are always non-unique. Instead, in their view models can only be ‘‘confirmed’’.

Within the hydraulic engineering community attempts have been made to estab-

lish a common methodology (IAHR, 1994). The IAHR methodology comprises

guidelines for standard validation documents, where validation of a software

package is considered in four steps (Dee, 1995; Los and Gerritsen, 1995): con-

ceptual validation, algorithmic validation, software validation and functional

validation. This approach concentrates on what other authors call code verifica-

tion, while schemes for validation of site-specific models are not included.
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The terminology and methodology proposed below has evolved from a back-

ground of more than twenty years’ experience with research, development and

practical applications of hydrological models. The proposed terminology and

methodology is aimed at being pragmatic and does not claim to be in full accor-

dance with scientific philosophy. Thus, it operates with the terms verification and

validation, which are being used on a routine basis in the hydrological commu-

nity, although with many different meanings. On the other hand, the term model

validation is not used carelessly here but within a rigorous framework where

model validation refers to site specific applications and to pre-specified perfor-

mance (accuracy) criteria. Thus, in agreement with past practical experience and

in accordance with philosophical considerations, a model code is never consid-

ered generally valid.

13.3.2 Definition of Terminology

The following terminology is inspired by the generalised terminology for

model credibility proposed by Schlesinger et al. (1979), but modified and

extended to suit distributed hydrological modelling. The simulation environment

is divided into four basic elements as shown in Figure 13.1. The inner arrows

describe the processes which relate the elements to each other, and the outer

arrows refer to the procedures which evaluate the credibility of these processes.

The most important elements in the terminology and their interrelationships are

defined as follows:

A Formal Approach to Calibration and Validation of Models Using Spatial Data 335

Figure 13.1. Elements of a modelling terminology and their interrelationships. Modified after

Schlesinger et al. (1979).



Reality. The natural system, understood here as the hydrological cycle or parts

of it.

Conceptual model. A conceptual description of reality, i.e. the user’s perception of

the key hydrological processes in the catchment and the corresponding simplifi-

cations and numerical accuracy limits which are assumed acceptable in the model

in order to achieve the purpose of the modelling.

Model code. Generic software program.

Model. A site-specific model established for a particular catchment, including

input data and parameter values.

Model construction. Establishment of a site-specific model using a model code.

This requires, among other things, the definition of boundary and initial condi-

tions and parameter assessment from field data.

Simulation. Use of a validated model to gain insight into reality and obtain

predictions that can be used by water managers.

Model qualification. An estimate of the adequacy of the conceptual model to

carry out the desired application within the acceptable level of accuracy.

Code verification. Substantiation that a model code is in some sense a true repre-

sentation of a conceptual model within certain specified limits or ranges of appli-

cation and corresponding ranges of accuracy.

Model calibration. The procedure of adjustment of parameter values of a model

to reproduce the response of a catchment under study within the range of accu-

racy specified in the performance criteria.

Model validation. Substantiation that a model within its domain of applicability

possesses a satisfactory range of accuracy consistent with the intended applica-

tion of the model.

Performance criteria. Level of acceptable agreement between model and reality.

The performance criteria apply both for model calibration and model validation.

In the above definitions the term conceptual model should not be confused with

the word conceptual used in the traditional classification of hydrological models

(lumped conceptual rainfall-runoff models).
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13.4 PROPOSED METHODOLOGY FOR MODEL CALIBRATION AND
VALIDATION

13.4.1 Modelling Protocol

The protocol described below is a translation of the general terminology and

methodology defined above into the field of distributed hydrological modelling.

It is furthermore inspired by the modelling protocol suggested by Anderson and

Woessner (1992), but modified concerning certain steps.

The protocol is illustrated in Figure 13.2 and described step by step in the

following.

1. The first step in a modelling protocol is to define the purpose of the model

application. An important element in this step is to give a first assessment

of the desired accuracy of the model output.

2. Based on the purpose of the specific problem and an analysis of the

available data, the user must establish a conceptual model.

3. After having defined the conceptual model, a suitable computer program

has to be selected. In principle, the computer program can be prepared

specifically for the particular purpose. In practice, a code is often selected

among existing generic modelling systems. In this case it is important to

ensure that the selected code has been successfully verified for the parti-

cular type of application in question.

4. In case no existing code is considered suitable for the given conceptual

model a code development has to take place. In order to substantiate that

the code solves the equations in the conceptual model within acceptable

limits of accuracy a code verification is required. In practice, code verifica-

tion involves comparison of the numerical solution generated by the code

with one or more analytical solutions or with other numerical solutions.

5. After having selected the code and compiled the necessary data, a model

construction has to be made. This involves designing the model with

regard to the spatial and temporal discretisation, setting boundary and

initial conditions and making a preliminary selection of parameter values

from the field data. In the case of distributed modelling, the model con-

struction generally involves reducing the number of parameters to cali-

brate (i.e. reducing the ‘‘degrees of freedom’’, Chapter 3, pp. 75–6) e.g. by

using representative parameter values for different soil types.

6. The next step is to define performance criteria that should be achieved

during the subsequent calibration and validation steps. When establishing

performance criteria, due consideration should be given to the accuracy

desired for the specific problem (as assessed under step 1) and to the

realistic limit of accuracy determined by the field situation and the avail-

able data (as assessed in connection with step 5). If unrealistically high

performance criteria are specified, it will either be necessary to modify the

criteria or to obtain more and possibly quite different field data.
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7. Model calibration involves adjustment of parameter values of a specific

model to reproduce the observed response of the catchment within the

range of accuracy specified in the performance criteria. It is important in

this connection to assess the uncertainty in the estimation of model para-

meters, for example from sensitivity analyses.

8. Model validation involves conduction of tests which document that the

given site-specific model is capable of making sufficiently accurate predic-

tions. This requires using the calibrated model, without changing the

parameter values, to simulate the response for a period other than the

calibration period. The model is said to be validated if its accuracy and

predictive capability in the validation period have been proven to lie

within acceptable limits or to provide acceptable errors (as specified in
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the performance criteria). Validation schemes for different purposes are

outlined below.

9. Model simulation for prediction purposes is often the explicit aim of the

model application. In view of the uncertainties in parameter values and,

possibly, in future catchment conditions, it is advisable to carry out a

predictive sensitivity analysis to test the effects of these uncertainties on

the predicted results (see Chapter 11 for one such procedure).

10. Results are usually presented in reports or electronically, e.g. in terms of

animations. Furthermore, in certain cases, the final model is transferred to

the end user for subsequent day-to-day operational use.

11. An extra possibility of validation of a site-specific model is a so-called

postaudit. A postaudit is carried out several years after the modelling

study is completed and the model predictions can be evaluated against

new field data.

13.4.2 Scheme for Construction of Systematic Model Validation Tests

Distributed hydrological models contain a large number of parameters, and it

is nearly always possible to produce a combination of parameter values that

provides a good agreement between measured and simulated output data for a

short calibration period. However, as discussed in Chapter 3, this does not

guarantee an adequate model structure nor the presence of optimal parameter

values. The calibration may have been achieved purely by numerical curve fitting

without considering whether the parameter values so obtained are physically

reasonable. Further, it might be possible to achieve multiple calibrations or

apparently equally satisfactory calibrations based on different combinations of

parameter values (see also Chapter 11). Ideally, the ultimate purpose of calibra-

tion is not to fit the calibration data but to fit reality. If the other error sources,

including the effects of non-perfect model structure and data uncertainties, are

not somehow considered, there is a danger of overfitting.

In order to assess whether a calibrated model can be considered valid for

subsequent use it must be tested (validated) against data different from those

used for the calibration. According to the methodology established above,

model validation implies substantiating that a site-specific model can produce

simulation results within the range of accuracy specified in the performance

criteria for the particular study. Hence, before carrying out the model calibra-

tion and the subsequent validation tests, quantitative performance criteria must

be established. In determining the acceptable level of accuracy a trade-off will,

either explicitly or implicitly, have to be made between costs, in terms of data

collection and modelling work, and associated benefits of achieving more accu-

rate model results. Consequently, the acceptable level of accuracy will vary

from case to case, and should usually not be defined by the modellers, but

by the water resources decision makers. In practice, however, the decision

maker often only influences this important issue very indirectly by allocating
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a project budget and requesting the modeller to do as good as possible within

this given frame.

The scheme proposed below is based on Klemeš (1986b) who states that a

model should be tested to show how well it can perform the kind of task for

which it is specifically intended. The four types of test correspond to different

situations with regard to whether data are available for calibration and whether

the catchment conditions are stationary or the impact of some kind of interven-

tion has to be simulated.

The split-sample test is the classical test, being applicable to cases where there

is sufficient data for calibration and where the catchment conditions are station-

ary. The available data record is divided into two parts. A calibration is carried

out on one part and then a validation on the other part. Both the calibration and

validation exercises should give acceptable results. This approach was taken in

Chapters 6, 7, 10 and 11.

The proxy-basin test should be applied when there is not sufficient data for a

calibration of the catchment in question. If, for example, streamflow has to be

predicted in an ungauged catchment Z, two gauged catchments X and Y within

the region should be selected. The model should be calibrated on catchment X

and validated on catchment Y and vice versa. Only if the two validation results

are acceptable and similar can the model command a basic level of credibility

with regard to its ability to simulate the streamflow in catchment Z adequately.

The differential split-sample test should be applied whenever a model is to

be used to simulate flows, soil moisture patterns and other variables in a given

gauged catchment under conditions different from those corresponding to the

available data. The test may have several variants depending on the specific

nature of the modelling study. If, for example, a simulation of the effects of a

change in climate is intended, the test should have the following form. Two

periods with different values of the climate variables of interest should be

identified in the historical record, such as one with a high average precipita-

tion, and the other with a low average precipitation. If the model is intended

to simulate streamflow for a wet climate scenario, then it should be calibrated

on a dry segment of the historical record and validated on a wet segment.

Similar test variants can be defined for the prediction of changes in land use,

effects of groundwater abstraction and other such changes. In general, the

model should demonstrate an ability to perform through the required transi-

tion regime.

The proxy-basin differential split-sample test is the most difficult test for a

hydrological model, because it deals with cases where there is no data available

for calibration and where the model is directed to predicting non-stationary

conditions. An example of a case that requires such a test is simulation of hydro-

logical conditions for a future period with a change in climate and for a catch-

ment where no calibration data presently exist. The test is a combination of the

two previous tests.

Examples of the four tests are given by Refsgaard and Knudsen (1996), and

Styczen (1995) provides an example of a test procedure based on the same prin-
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ciples for the validation of pesticide leaching models for registration purposes. A

general point related to all the tests, is that if the accuracy of the model for the

validation period is much worse than for the calibration period, it is an indication

of ‘‘overfitting’’; that is, there is likely to be a problem with the model structure

causing the parameters to be specific to the conditions used for calibration. The

ratio of accuracy during the calibration period to accuracy during the validation

period is sometimes used as a measure of the degree of overfitting.

It is noted that, according to this scheme, a distributed model cannot claim a

predictive capability in simulation of spatial patterns unless it has been specifi-

cally tested for this purpose. Thus, if a model has only been validated against

discharge data, which is very commonly the case, there is no documentation on

its predictive capability with regard to, for example, simulation of spatial pat-

terns of soil moisture and groundwater levels at grid scales. Claims on predictive

capabilities with regard to, for example, soil moisture variation in time and space,

require successful outputs from a validation test designed specifically with this

aim. When designing validation tests the following additional principles must be

taken into account:

. The scale of the measurements used must be appropriate for the scale of the

model elements (see Chapter 2, pp. 19–20). The scales need not be identical,

but the field data and the model results must be up/downscaled, so that

they are directly comparable.
. The performance criteria must be specified, keeping the spatial patterns in

mind.
. The validation test must be designed in accordance with a special emphasis

on the spatial patterns and the distributed nature of the model.

For illustrative purposes, a hypothetical example is given in the following.

Suppose that one purpose of a model application is to predict the patterns of

soil moisture in the topsoil, and that the validation data consist of a remote

sensing based SAR data set with a 30 m spatial resolution at four times during

a given period. Suppose that the SAR data set has been successfully calibrated/

validated against ground truth data and that the error can be described statisti-

cally (mean, standard deviation, spatial correlations). Suppose finally that the

hydrological model uses a horizontal grid of 60 m and can match the vertical

depth of the topsoil measured by the SAR. The above three principles could be

implemented as follows:

. Scaling. The comparisons between model and data should be carried out at

a minimum scale of 60 m. The data could also be aggregated to larger scales

if that were sufficient for the subsequent model application. In any case the

error description of the SAR data must be corrected to correspond to the

selected scale, implying that the standard deviation of the error is reduced

due to the aggregation process (see Chapter 2, p. 23).
. The performance criteria could, for example, be chosen to reflect various

aspects such as:

A Formal Approach to Calibration and Validation of Models Using Spatial Data 341



– Capability to describe correct overall levels. This may include criteria on

comparison of mean values and standard deviations of SAR data and

model results.

– Capability to describe spatial patterns. This may include comparison of

correlation lengths or division of the entire area into subareas and com-

parison of statistics within each subarea.

– Capability to describe temporal dynamics. This may include criteria

on comparison of SAR and model time series for selected areas, such

as regression coefficient and model efficiency (Nash and Sutcliffe,

1970).

In general, the numerical values of the performance criteria should depend

on the uncertainty of the data, as described by the error statistics, and the

purpose of the modelling study.
. The type of validation test should be decided from the same principles as

outlined above. For instance, if SAR data were available for just part of

the model area, a proxy-basin split sample test can be applied where

model results, calibrated without SAR data, were compared in the over-

lapping area. The performance criteria would then be assumed to indi-

cate how well the model will perform for the area not covered by SAR

data.

13.4.3 Use of Spatial Data

Distributed hydrological models are structured to enable the spatial varia-

tions in catchment characteristics to be represented by having different para-

meter and variable values for each element. Often model applications require

several thousands of elements, meaning that the number of parameters and

variables could be two or three orders of magnitude higher than for a lumped

model of the same area. Obviously, this generates different requirements for

lumped and distributed models with regard to parameterisation, calibration and

validation procedures.

A critique expressed against distributed models by several authors concerns

the many parameter values which can be modified during the calibration pro-

cess. Beven (1989, 1996) considers models which are usually claimed to be

distributed physically-based as in fact being lumped conceptual models, just

with many more parameters. Hence, according to Beven (1996) a key charac-

teristic of the distributed model is that ‘‘the problem of overparameterisation is

consequently greater’’.

To address this problem in practical applications of distributed models, it is

necessary to reduce the ‘‘degrees of freedom’’ by inferring spatial patterns of para-

meter values so that a given parameter only reflects the significant and systematic

variation described in the available field data. This approach is exemplified by the

practice of using representative parameter values for individual soil types, vegeta-

tion types or geological layers along with patterns of these types (see also the
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discussion in Chapter 3, pp. 75–6 and examples of using this approach in Chapters

6, 9 and 10). This approach reduces the number of free parameter coefficients that

need to be adjusted in the subsequent calibration procedure. The following points

are important to consider when applying this approach (Refsgaard and Storm,

1996):

. The parameter classes (soil types, vegetation types, climatological zones,

geological layers, etc.) should be selected so that it becomes easy, in an

objective way, to associate parameter values. Thus the parameter values in

the different classes should, to the highest possible degree, be assessable

from available field data.
. It should explicitly be evaluated which parameters can be assessed from

field data alone and which need some kind of calibration. For the para-

meters subject to calibration, physically acceptable intervals for the para-

meter values should be estimated.
. The number of real calibration parameters should be kept low, both from a

practical and a methodological point of view. This can be done, for

instance, by fixing a spatial pattern of a parameter but allowing its absolute

value to be modified through calibration.

Reducing the number of free parameters in this way helps to avoid methodolo-

gical problems in the subsequent phases of model calibration and validation. An

important benefit of a small number of free parameters adjustable through cali-

bration is that the whole parameter assessment procedure becomes more trans-

parent and reproducible. The quality of the results, however, depends on the

adequacy and accuracy of the imposed patterns. It is also important to consider

to what extent the imposed pattern dominates the pattern of the simulated output

(see Chapter 3, p. 76, and Figures 6.13, 9.12 and 10.15). Another example is the

use of Thiessen polygons for representing spatial precipitation patterns where it is

possible that soil moisture may be dominated by precipitation quantities making

the simulated spatial patterns just reflect the Thiessen polygons. It may often be

required to aggregate both model results and field data to a scale where the

imposed pattern does not dominate.

Thus, the challenge for the hydrologist has been expanded beyond the task of

tuning parameter values through calibration to the art of defining hydrologically

sound methods for reducing the number of parameters to be calibrated.

13.5 CASE STUDY

The above methodology is illustrated step by step in the study described in

Refsgaard (1997). The first seven steps are summarised with rather brief descrip-

tions in Section 13.5.2, while the model validation step is addressed more thor-

oughly in Section 13.5.3.
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13.5.1 The Karup Catchment

The 440 km2 Karup catchment is located in a typical outwash plain in the

western part of Denmark. From a geological point of view the area is rela-

tively homogeneous, consisting of highly permeable sand and gravel with

occasional lenses of moraine clay. The depth of the unsaturated zone varies

from 25 m at the eastern groundwater divide to less than 1 m in the wetland

areas along the main river. The aquifer is mainly unconfined and of glacial

deposits. The thickness of the aquifer varies from 10 m in the western and

central parts to more than 90 m to the east. The catchment has a gentle

sloping topography and is drained by the Karup River and about 20

tributaries.

The Karup catchment has been subject to several hydrological studies (e.g.

Stendal, 1978; Miljøstyrelsen, 1983; Styczen and Storm, 1993) and a comprehen-

sive database exists both for surface water and ground water variables. The

catchment area and the measurement sites referred to in the following are

shown in Figure 13.3.
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Figure 13.3. The 440 km2 Karup catchment with the river network in a 500 m model grid together

with the location of the discharge gauging stations and groundwater observation wells referred to in

the text. (From Refsgaard, 1997; reproduced with permission.)



13.5.2 Establishment of a Calibrated Model – the First Steps of the
Modelling Protocol

Step 1. Definition of Purpose

The overall objectives of the case study are to illustrate the parameterisation,

calibration and validation of a distributed model and to study the validation

requirements with respect to simulation of internal variables and to changing

spatial discretisation. In this context the purpose of the model is to simulate the

overall hydrological regime in the Karup catchment, especially the spatial pattern

of discharges and groundwater table dynamics.

Step 2. Establishment of a Conceptual Model

The assumptions made regarding the hydrological system are described in

detail in Refsgaard (1997). The main components of the conceptual model can

be characterised as follows:

. The groundwater system is described by an unconfined aquifer comprising

one main aquifer material with the same hydraulic parameters throughout

the catchment and five minor lenses with distinctly different parameters.

The aquifer system is modelled as two-dimensional.
. The unsaturated zone is described by one-dimensional vertical flows. The

soil system is via maps and profile descriptions described by two soil types

characterised by different hydraulic parameters.
. Four vegetation/cropping classes are assumed: agriculture, forest, heath

and wetland.
. The main river system and the tributaries which could be accommodated

within the 500 m spatial model discretisation are included in the model. The

wetland areas are assumed to be drained by ditches and tile drainpipes. The

stream–aquifer interaction is assumed to be governed by the head differ-

ences in the river and the main aquifer and controlled by a thin, low

permeability layer below the riverbed.
. Daily values, averaged over the catchment, of precipitation, potential eva-

potranspiration and temperature are used.

Step 3. Selection of Model Code

The code selected for the study was MIKE SHE (Refsgaard and Storm, 1995).

In the present case the following modules were used: two-dimensional overland

flow (kinematic wave), one-dimensional river flow (diffusive wave), one-dimen-

sional unsaturated flow (Richards’ equation), interception (Rutter concept),

evapotranspiration (Kristensen and Jensen concept), snowmelt (degree-day con-

cept) and two-dimensional saturated flows (Boussinesq).

Step 4. Code Verification

As MIKE SHE is a well proven code with several verification tests as well as

many large scale engineering applications, including prior tests on the present
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area and on similar cases, no additional code verification was required in this

case.

Step 5. Model Construction

The details regarding spatial discretisation of the catchment, setting of bound-

ary and initial conditions and making a preliminary selection of parameter values

from the field data are described in Refsgaard (1997). The number of parameters

to be calibrated was reduced to 11 by, for example, subdividing the domains

based on soil classes with uniform soil parameters in each subdivided area. Three

of the parameters related to the aquifer properties and stream-aquifer interac-

tion, while the eight remaining ones were soil hydraulic parameters. Thus the

degrees of freedom in describing the spatial pattern of ground water levels in

practice reduces to three parameters that can be fitted through calibration. One

of the costs of such simplification is that one (spatially constant) value for aquifer

hydraulic conductivity may not be sufficient to adequately describe the spatial

patterns in groundwater flows and groundwater levels. A previous calibration of

groundwater transmissivities for the same aquifer (Miljøstyrelsen, 1983) suggests

that the transmissivities vary substantially more than can be explained by the

variation in aquifer thickness in the present model.

Step 6. Performance Criteria

The performance criteria were related to the following variables:

1. Discharge simulation at station 20.05 Hagebro (the outlet of the catch-

ment) with a graphical assessment of observed and simulated hydrographs

supported by the following two numerical measures:

. average discharges of observed and simulated records, OBSave and

SIMave, and
. model efficiency, R2, calculated on a daily basis (Nash and Sutcliffe,

1970).

2. Groundwater level simulations at observation wells 21, 41 and 55 located

in the downstream part of the catchment and also used by Styczen and

Storm (1993) plus observation wells 8, 9, 11, 12 representing a cross-

section at the upstream part of the catchment.

These criteria were used for the calibration and the first part of the validation

tests. For the second part of the validation tests, focussing on the capability to

describe internal variables and spatial patterns, additional criteria were defined

(see below).

Step 7. Model Calibration

Most of the parameter values were assessed directly from field data or trans-

ferred from experience in other similar catchments. The remaining eleven para-

meter values were assessed during calibration through a trial-and-error process.

The model calibration was carried out on the basis of data for the period 1971–
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74. Altogether, the calibration results are of the same accuracy as the results in

Styczen and Storm (1993), and are, as such, considered acceptable.

13.5.3 Model Validation

The validation tests have been carried out in two steps:

. Step 8a. Validation on the same station/wells as used for the calibration.

. Step 8b. Validation on additional data representing internal variables not

utilised during the calibration process.

The validation tests were designed in accordance with the three guiding princi-

ples, outlined in Section 13.4.2. The validation test type is a traditional split-

sample test for Step 8a and a proxy-basin split-sample test for Step 8b.

Scaling. The discharge data are aggregated values integrating the runoff over

the respective catchments. This applies both to the field data and the model

simulations, so no scaling inconsistency occurs here. The groundwater level

data from observation wells are point data as opposed to the model simulations

which represent average values over 500 m grids. The groundwater levels are

known to vary typically by 1–2 m over a 500 m distance (Stendal, 1978).

Hence, observed and simulated groundwater levels cannot be expected to

match more closely than 1–2 m with regard to levels but somewhat better with

regard to temporal dynamics.

The performance criteria take the various aspects into account as follows:

. The overall levels are expected to match within 10% with regard to average

discharge and within 2 m with regard to groundwater levels. The 2 m

criteria should be seen in view of a typical variation in observed ground-

water levels of 1 12 –2 m within 500 m (Stendal, 1978).
. The temporal dynamics is expected to match reasonably well. No specific,

numerical criteria have been identified for this purpose, but the visual

inspection will focus on amplitude and phasing of the annual fluctuations.
. The capability to describe internal spatial patterns has been tested by using

additional data for the following stations, for which data were not used at

all during the calibration process:

– discharge values at the three stations 20.06 Haderup (98 km2), 20.07

Stavlund (50 km2) and 20.08 Feldborg (17 km2) (Figure 13.3).

– groundwater tables at observation wells 63, 64, 65 and 66, located in the

area between the main river and the tributary with the three discharge

stations 20.06, 20.07 and 20.08 (Figure 13.3).

Key results from this validation test are shown in Figures 13.4 and 13.5. These

results from one discharge station and seven groundwater observation wells were

comparable to the results from the calibration period and have been assessed as

acceptable. Hence the model has now been successfully validated for simulation
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of catchment discharge and groundwater levels in these seven observation wells

with the expected accuracy similar to those shown in Figures 13.4 and 13.5.

The interesting question now is how reliable is the model for simulation of

internal variables and spatial patterns. This was addressed during step 8b.

Results from the first 28 months of the validation period, where data are

available for all the above stations, are seen in Figures 13.6 and 13.7 for

discharge and groundwater tables, respectively. As can be seen from the hydro-

graphs, the water balance, and the model efficiency, the simulation results are

significantly less accurate than for the calibrated stations. The simulated dis-

charges at the three tributary stations are significantly poorer than for the

calibrated station 20.05 in two respects. Firstly, there is a clear underestimation

of the baseflow level and the total runoff for the three tributary stations, where

the 10% accuracy on the water balance performance criteria is not fulfilled for

any of the three stations. Secondly, the simulation shows a significantly more

flashy response than the observed hydrographs. The simulated groundwater

tables (Figure 13.7) show correct dynamics, but have problems with the levels.

The groundwater level error at well no. 64 is just above the 2 m specified as the

accuracy level in the performance criteria on groundwater levels. Taking into

account that the gradient between wells 64 and 65, which are located in two

neighbouring grids, is wrong by about 3 m, the model simulation of ground-

water levels can not be claimed to have passed the performance criteria in

general. The primary reason for the differences in baseflow levels appear to

be that the internal groundwater divide between the main river and the main

tributary is not simulated correctly, with the result that the three tributary

stations according to the model are draining smaller areas than they do in

reality.

From the conducted validation tests, it may be concluded that the model

cannot be claimed to be valid for discharge simulation of subcatchments, nor
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Figure 13.4. Simulated and observed discharge for the entire catchment for the validation period

together with figures for average observed and simulated flows, OBSave and SIMave, and model

efficiency on a daily basis, R2. (From Refsgaard, 1997; reproduced with permission.)



for groundwater levels in general over the entire catchment area. Following

the methodology represented in Figure 13.2, we should now re-look at the

model conceptualisation and model construction, and perform additional cali-

bration and tests to improve confidence. To do this we would need additional

data. This could be more discharge data from other subcatchments, or addi-

tional data on groundwater levels to derive more detailed spatial patterns of

ground water response. It would be hoped that using new and more detailed

data will improve the model so that it meets the desired performance criteria.

In the context of a practical application, more resources would need to be

obtained to carry out these improvements. This is where the interaction with

managers regarding acceptable accuracy and available budgets becomes

critical.
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The locations of the wells are shown in Figure 13.3. (From Refsgaard, 1997; reproduced with

permission.)
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Figure 13.6. Simulated and observed discharges, average flows, SIMave and OBSave, and model

efficiencies, R2, from the validation period for three internal discharge sites 20.06 (98 km2), 20.07

(50 km2) and 20.08 (17 km2), which have not been subject to calibration. The locations of the

discharge stations are shown in Figure 13.3. (From Refsgaard, 1997; reproduced with permission.)



13.6 DISCUSSION AND CONCLUSIONS

The need for model validation in distributed hydrological modelling was dis-

cussed in Chapter 3. Loague and Kyriakidis (1997) also concluded that the

hydrologists need to establish rigorous model evaluation protocols. Gupta et

al. (1998) argued that the whole nature of the calibration problem is multi-objec-

tive with a need to include not only streamflow but also other variables.

While some attention has been paid to systematic validation of lumped hydro-

logical (rainfall-runoff) models (e.g. WMO, 1975, 1986, 1992), very limited

emphasis has so far been put on the far more complicated task of validation of

distributed hydrological models, where spatial variation of internal variables also

has to be considered. Based on a review of some of the few studies focussing on

validation of distributed models with respect to internal variables and multiple

scales, the following conclusions can be drawn:

. Distributed models are usually calibrated and validated only against runoff

data, while spatial data are seldom available.
. In the few cases, where model simulations have been compared with field

data on internal variables, these test results are generally of less accuracy

than the results of the validation tests against runoff data.
. Authors, who have not been able to test their models’ capabilities to predict

internal spatial variables, often state that their distributed models provide

physically realistic descriptions of spatial patterns of internal variables.

In summary, it is possible to simulate spatial patterns at a quite detailed level and

produce nice colourgraphics results; but due to lack of field data it is in general

not possible to check to which extent these results are correct. This fact is pre-
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four well sites for which no calibration has

been made. The locations of the wells are

shown in Figure 13.3. (From Refsgaard,

1997; reproduced with permission.)



sently one of the most severe constraints for the further development of distrib-

uted hydrological modelling. It is believed that although predictions of spatial

patterns both by distributed models and by remote sensing are subject to con-

siderable uncertainties, the possibilities of combining the two may prove to be of

significant mutual benefit. There is an urgent need for more research on this

interface. A recent example of such an exercise by Franks et al. (1998), who

combined SAR based estimates of saturated areas with TOPMODEL simula-

tions, shows encouraging results.

A particular area, where limited work has been carried out so far, is on the

establishment of validation test schemes for the situations where the split-sample

test is not sufficient. The only rigorous and comprehensive methodology reported

in the literature is that of Klemeš (1986b). It may correctly be argued that the

procedures outlined for the proxy-basin and the differential split-sample tests,

where tests have to be carried out using data from similar catchments, from a

purely theoretical point of view are weaker than the usual split-sample test, where

data from the specific catchment are available. However, no obviously better

testing schemes exist. Hence, this will have to be reflected in the performance

criteria in terms of larger expected uncertainties in the predictions.

One of the important practical fields of application for distributed models is

prediction of the effects of land use changes (Ewen and Parkin, 1996; Parkin et

al., 1996). Many such studies have been reported; however, most of them can be

characterised as hypothetical predictions, because the models have not been

subject to adequate validation tests (Lørup et al., 1998). In this case it would

be necessary to apply a differential split sample test but the data requirements are

considerable and will be difficult to meet in practical applications without

detailed information on patterns of hydrological response under different land

use and climatic conditions.

It must be realised that the validation tests proposed in this chapter are so

demanding that many applications today would fail to meet them. This does not

imply that these modelling studies are not useful, only that their output should be

realised to be somewhat more uncertain than is often stated and that they should

not make use of the term ‘validated model’.

Success criteria need to be clearly articulated for the model calibration and

validation that focus on each model output for which it is intended to make

predictions. Hence, multisite calibration/validation is needed if predictions of

spatial patterns are required, and multi-variable checks are required if predic-

tions of the behaviour of individual sub-systems within the catchments are

needed. Thus, as shown also in the case study, a model should only be assumed

valid with respect to outputs that have been explicitly validated. This means,

for instance, that a model which is validated against catchment runoff cannot

automatically be assumed valid also for simulation of erosion on a hillslope

within the catchment, because smaller scale processes may dominate here; it will

need validation against hillslope soil erosion data. Furthermore, it should be

emphasised that with the present generation of distributed model codes, which

do not contain adequate up- or down-scaling methodologies, separate calibra-
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tion and validation tests have to be carried out every time the element size is

changed.

As discussed above, the validation methodologies presently used, even in

research projects, are generally not rigorous and far from satisfactory. At the

same time models are being used in practice and daily claims are being made on

validity of models and on the basis of, at the best, not very strict and rigorous test

schemes. An important question then, is how can the situation be improved in the

future? As emphasised by Forkel (1996), improvements cannot be achieved by

the research community alone, but requires an interaction between the three main

‘‘players’’, namely water resources managers, code developers and model users.

The key responsibilities of the water resources manager are to specify the

objectives and define the acceptance limits of accuracy performance criteria for

the model application. Furthermore, it is the manager’s responsibility to define

requirements for code verification and model validation. In many consultancy

jobs, accuracy criteria and validation requirements are not specified at all, with

the result that the model user implicitly defines them in accordance with the

achieved model results. In this respect it is important in the terms of reference

for a given model application to ensure consistency between the objectives, the

specified accuracy criteria, the data availability and the financial resources. In

order for the manager to make such evaluations, some knowledge of the model-

ling process is required.

The model user has the responsibility for selection of a suitable code as well as

for construction, calibration and validation of the site-specific model. In parti-

cular, the model user is responsible for preparing validation documents in such a

way that the domain of applicability and the range of accuracy of the model are

explicitly specified. Furthermore, the documentation of the modelling process

should ideally be done in enough detail that it can be repeated several years

later, if required. The model user has to interact with the water resources man-

ager on assessments of realistic model accuracies. Furthermore, the model user

must be aware of the capabilities and limitations of the selected code and interact

with the code developer with regard to reporting of user experience such as

shortcomings in documentation, errors in code, market demands for extensions,

etc.

The key responsibilities of the developer of the model code are to develop and

verify the code. In this connection it is important that the capabilities and limita-

tions of the code appear from the documentation. As code development is a

continuous process, code maintenance and regular updating with new versions,

improved as a response to user reactions, become important. Although a model

code should be comprehensively documented, doubts will, in practice, always

occur once in a while on its functioning, even for experienced users. Hence, active

support to and dialogue with model users are crucial for ensuring operational

model applications at a high professional level.

Although the different players have different roles and functions, a special

responsibility lies with the research community. Unless we take a lead in improv-

ing the situation within our own community, the overall credibility of hydro-
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logical modelling is at risk. Thus a major challenge for the coming decade is to

further develop suitable rigorous validation schemes and impose them to all

hydrological modelling projects. Part of this challenge lies in the collection and

use of spatial patterns of key model inputs, parameters and outputs so that the

calibration and validation exercises can fully quantify the model capabilities.
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14
Summary of Pattern Comparison and Concluding Remarks

Rodger Grayson and Günter Blöschl

14.1 INTRODUCTION

It also seems obvious that search for new measurement methods that would

yield areal distributions, or at least reliable areal totals or averages, of hydro-

logic variables such as precipitation, evapotranspiration, and soil moisture

would be a much better investment for hydrology than the continuous pursuit

of a perfect massage that would squeeze the nonexistent information out of the

few poor anaemic point measurements . . .Klemeš (1986a, p. 187S)

. . . the collection of data without the benefit of a unifying conception (embo-

died in a model or theory) may submerge us in an ever deepening sea of

seemingly unrelated facts. Hillel (1986, p. 38)

These two wonderful quotes from 1986 encapsulate the motivation for the work

presented in this book. Just what was so special about 1986 is difficult to say,

perhaps it was to do with the combined developments in computer technology

and the desire for a sounder scientific base for hydrology. In any case, while these

calls were not new, they were restated in a powerful way. Progress was being

stymied by a lack of appropriate data and the often weak links between those

who undertook the modelling and measurement. Careful observation and mea-

surement is of course the foundation on which science is built and hydrology is

not short of striking examples. Pioneering observations of runoff processes in the

1960s and early 70s by Emmett (1970), Betson (1964), Dunne and Black

(1970a,b) and others, expanded the view of how runoff was produced (although

many ideas were established much earlier, e.g. Hursh and Brater, 1941). But as

noted by Betson and Ardis (1978) these new concepts took a long time to be

explicitly incorporated into hydrological models, although their bulk effects

could be represented implicitly via calibration of parameters that the modeller

probably did not associate with the process. Interest lay primarily in getting the

catchment runoff right and the simpler a model the better, when this is the aim
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(Dawdy, 1969). But when used for investigative purposes, the need for models to

mimic the real processes and be ‘‘right for the right reasons’’ (Klemeš, 1986a)

becomes paramount. However, mimicking real processes adds complexity, which

in turn expands the amount and type of data needed for testing.

In the early chapters of this book we argued that in catchment hydrology, the

measurement of spatial patterns is necessary to further our understanding of

hydrological processes and to properly test and develop spatially explicit hydro-

logical models. The case studies represent some of the few attempts to test this

assertion by combining detailed spatial observations and modelling in a catch-

ment hydrology context. The studies also serve to test whether the response of

funding agencies and organisations to those powerful calls, that continued

through to the 90s, can be vindicated. The case studies cover an extraordinary

range of dominant processes, catchment sizes, data types and modelling

approaches. Environments range from the semi-arid, convective storm domi-

nated region of Arizona, through the tropical forests of the Amazon, to catch-

ments in Australia, France, Belgium, Norway, Denmark and Canada; from the

steep mountains of Austria to the rolling country of Idaho. Catchment sizes

range from less than 1 hectare to more than 10,000. Data types include simple

nested stream gauging data, numerous point samples of soil moisture using a

number of methods, piezometric level, snow water equivalent, runoff detectors,

soil chemical and vegetative indicators of recharge and discharge, and a range of

remote sensing techniques (satellite SAR, airborne passive microwave, multispec-

tral data, RADAR precipitation, and aerial photography). Most measurements

have been quantitative but some have been descriptive or binary. The models

have also covered a wide range of dynamic modelling approaches with different

distributed structures, as well as stochastic and distribution function approaches.

The one thing all of these studies can claim in common is the rare honour of

comparing observed to simulated patterns.

14.2 WHAT HAVE WE LEARNED FROM THE COMPARISONS OF OBSERVED
AND SIMULATED PATTERNS?

All case studies of this book have been concerned with comparing simulated and

observed patterns of hydrologic variables to inform modelling. A summary of the

most important conclusions reached on the basis of these comparisons in each of

the chapters is given in Table 14.1.

In the following section, we attempt to compile a bigger picture from the

outcomes of these studies in terms of the more general contributions to hydro-

logical science. These fall into three main categories related to processes, data,

and modelling.

Processes
A number of the studies have shown that often, a single process dominates

hydrological response in a particular catchment. This dominant process depends

on the climate and other environmental factors. In the arid/semi-arid climate of
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Walnut Gulch (Chapter 6) rainfall space-time variability was vastly more impor-

tant than other controls, based on an analysis of rainfall data at the sub-hectare

scale and a sensitivity analysis using the KINEROS model. For the very different

climate of Reynolds Creek (Chapter 7) it was demonstrated that wind drift is by

far the most important process affecting space-time patterns of snow water

equivalent, by comparing observed snow water equivalent patterns with two

simulated scenarios, with and without a representation of snow drift. In the

humid climate of the Tarrawarra catchment (Chapter 9) saturated source area

runoff was the dominant runoff mechanism as concluded from simple initial

analyses of the observed TDR soil moisture patterns and later confirmed by

Thales simulations. The simulations also confirmed that subsurface water move-

ment changes abruptly in spring and autumn. During summer (dry), vertical

water movement was dominant while in winter (wet), lateral water movement

was dominant. Finally, a comparison of simulated and observed recharge/dis-

charge patterns in the Prairie climate of Trochu (Chapter 12) indicated that

recharge and discharge patterns were controlled by the coupling of the regional

aquifer with the surface through the unsaturated zone, which dominated the local

water budget. This finding was corroborated by a sensitivity study comparing

scenarios with and without coupling to observed recharge/discharge patterns.

The scenario without coupling could be made to match observed patterns only

when unrealistically high values of recharge were assumed.

Comparisons of simulated and observed patterns have also shed light on the

nature of space-time variability of hydrologic variables that probably would not

have been possible by simple visualisation of the data alone. For example, ana-

lyses of RADAR rainfall data in Chapter 4 suggested that the space-time varia-

bility of rainfall is characterised by dynamic scaling, i.e. the rainfall fluctuations

in space and time can be represented by a power law when plotted against scale

after appropriate renormalisation. This property was used for generating rainfall

patterns by means of stochastic simulations (downscaling) that when compared

to RADAR rainfall patterns, looked realistic. Analyses of remotely sensed

(ESTAR) soil moisture patterns in Walnut Gulch (Chapter 6) indicated that,

following a rainstorm, these patterns were organised but this organisation

faded away after the storm, and the pattern became random. The authors sug-

gested that this change-over is a reflection of the changing control on soil moist-

ure of rainfall versus patterns of surface soil characteristics. A similar change-

over in the variability of soil moisture, however this time on a seasonal basis, was

identified at Tarrawarra (Chapter 9). Spatially organised patterns that were

related to terrain occurred in winter while spatially random patterns occurred

in summer. This change-over was identified by visual inspection of the TDR

measurements and further explained by comparison with model results. In La

Cuenca (Chapter 10) where infiltration excess and pipe flow were important

runoff mechanisms, the type of spatial variability in soil hydraulic conductivity

was inferred from a comparison of observed patterns of frequency of runoff

occurrence with a number of scenarios with different types of soil variability

represented. It was found that a combined deterministic (by soil type) and
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stochastic pattern of conductivity produced patterns of runoff occurrence that

were most similar to the observed patterns.

Clearly, the detail of these insights into catchment behaviour was made pos-

sible by the availability of measured patterns.

Data
While it is clear that the patterns were useful in their own right, several studies

showed that they are even more useful if used in combination with time series

data. Patterns and time series are therefore complementary and the case studies

have shown that these different types of data (space variability and time varia-

bility, respectively) can be used to identify different properties of the catchment

behaviour. In Chapter 7 conventional runoff hydrographs were used to identify

the snow melt runoff volume from the catchment. In a similar fashion, runoff was

used to close the water balance of the Tarrawarra catchment (Chapter 9) by

enabling an estimation of deep drainage into bedrock. In La Cuenca (Chapter

10) runoff hydrographs were used to complement the spatial patterns, but this

time at the event scale, to calibrate the Manning roughness parameter. In each of

these cases, the information available in the time series was used for things that

could not be well identified from the spatial data. Use of the two types of

information together was the key to realistic simulation of space-time patterns

of processes in each study. Similarly, in Minifelt (Chapter 11) soil porosity

(related to the dynamics) was calibrated from mainly time series data (borehole

data of the shallow groundwater table), while hydraulic conductivity was cali-

brated from mainly snapshots of spatial patterns of the groundwater table. It was

the complementary nature of spatial pattern and time series data that enabled

successful modelling.

Perhaps surprisingly, patterns of binary data were used in about half of the

case studies; i.e. in the trade off between spatial resolution and information from

a particular point (discussed in Chapter 2), the scales were tipped towards spatial

resolution. All of these studies showed that a wealth of information can be

revealed from a binary pattern. In Kühtai (Chapter 7) snow cover patterns

(snow/no snow) were used; in Zwalmbeek and Coët-Dan (Chapter 8) patterns

of saturated source areas (saturated/not saturated) were used; in La Cuenca

(Chapter 10) patterns of runoff occurrence (for a single event, runoff occurred/

did not occur) were used; and in Trochu (Chapter 12) patterns of recharge/dis-

charge (either recharge or discharge) were used. The data used at Trochu are

particularly interesting as they have been derived from qualitative observation

including chemical/vegetation indicators. These indicators integrate over time so

are representative of the long-term mean of recharge/discharge conditions (Tóth,

1966). Although water tables for a given point in time (snap shots) would have

been easier to measure, the binary recharge/discharge data were much more

appropriate to test the equilibrium vadose zone model used in Chapter 12.

The spatial variability of physical soil properties is particularly critical in

catchment hydrology, yet we have relatively poor ways of estimating them at

the catchment scale. It is therefore not surprising that a number of case studies in
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this book have scrutinised the reliability of soils data and their effect on the

representation of catchment response. For Walnut Gulch (Chapter 6), where

the infiltration excess runoff mechanism dominates, TOPLATS was used to

simulate scenarios of soil moisture patterns. One of the scenarios was based on

uniform soil hydraulic properties, while the other scenario used pedotransfer

functions from the literature to estimate the soil hydraulic properties from

mapped soil type. A comparison of the soil moisture patterns from the two

scenarios with observed soil moisture patterns from airborne PBMR, indicated

that the one based on soil type was too patchy and the scenario using uniform

soil properties was more consistent with the observations. At Tarrawarra

(Chapter 9) one scenario used soil type to spatially distribute hydraulic conduc-

tivity measurements, assuming uniform conductivity within each soil type zone.

This scenario produced artificially high soil moisture values at the interface of the

soil types that could be identified by comparisons with observed soil moisture

patterns. A similar comparison at La Cuenca (Chapter 10) indicated that the

assumption of uniform conductivity in each of their three land types was not

appropriate and a random component had to be added to the deterministic

pattern imposed by land type. Clearly, the variability of soil physical properties

within soil types can be as large or larger than the variability between soil types.

This suggests that the widespread practice in distributed modelling of allocating

soil hydraulic properties on the basis of soils type (using either pedo-transfer

functions or typical measurements from each soil) is likely to result in poor

simulations of patterns in soil moisture and runoff.

With respect to data issues, the case studies have highlighted the value of

complementary data (spatial patterns and time series), the utility of binary pat-

terns (which are often simple to collect compared to quantitative patterns) and

some particular problems in representing soil properties in models. We next

address the utility of these data for informing model development.

Modelling
An important reason for comparing simulated and observed patterns was to

assess the credibility of the distributed catchment models, i.e. how well can they

represent individual processes that operate in the catchment, and which processes

are perhaps not represented very well? This assessment resulted in suggestions for

changes in model structure or model parameters (or perhaps inputs) that are

needed to refine the model simulations.

Most of the chapters in this book concluded that the models worked quite

well, albeit after calibration, and that the main processes were very well repre-

sented. However, they also concluded that it is possible to use subtle differences

between simulated and observed patterns to inform us about how the models

could be improved. At Kühtai (Chapter 7), for example, the comparison of snow

cover patterns suggested that the model underestimated snow water equivalent in

cirques. This was traced back to not representing emitted radiation from sur-

rounding terrain. Similarly, a tendency to overestimate (and underestimate) snow

cover on south facing (and north facing) slopes, was interpreted as evidence that
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the model should account for the dependence of snow albedo on energy input. At

Reynolds Creek (Chapter 7) the comparison of simulated and observed patterns

of snow water equivalent suggested that the simulated drift is more sharply

defined than the observed drift. This was traced back to differences in the

wind conditions between the year used for calibrating the model and the year

where the model was tested. A suggested remedy was to use a more sophisticated

deterministic wind drift model that takes into account differences in wind con-

ditions from year to year, although more data would probably be needed to

properly test this idea. At Tarrawarra (Chapter 9) subtle differences between

simulated and observed rates of the temporal change in soil moisture patterns

in autumn suggested that the lateral soil hydraulic conductivity may in fact

change with time. This was indicated by faster subsurface redistribution in

early autumn than in late autumn. It was suggested that this was due to temporal

changes in conductivity caused by the closing of cracks that had formed over

summer, thereby reducing lateral conductivity. However, testing of this would

need additional data. At Minifelt (Chapter 11) where shallow water table pat-

terns were used to calibrate the spatial patterns of soil physical properties in

TOPMODEL, it was difficult to physically interpret the calibrated patterns.

This was suggested to be evidence that there may be structural problems with

the TOPMODEL approach for Minifelt, and relaxing the TOPMODEL assump-

tions may improve spatial predictions. Also, the uncertainty analysis based on

spatially uniform soils parameters (which is a more common TOPMODEL appli-

cation) gave different predictions and different uncertainty bounds depending on

whether time series of borehole data or patterns of piezometer data were used to

constrain the model parameters. This also suggested that there may be substan-

tial structural uncertainty with TOPMODEL as applied in the Minifelt example.

In about half of the case studies (Reynolds Creek, Tarrawarra, La Cuenca,

Minifelt) comparisons of simulated and observed patterns were used not only to

assess the reliability of the model, but also to calibrate some of the model para-

meters as mentioned above. Both assessment and calibration were done by a

visual pattern comparison. Some of the case studies, however, used more objec-

tive and sophisticated methods for model testing and parameter identification. At

Walnut Gulch (Chapter 6) four-dimensional data assimilation (4DDA) methods

were used to update the model state variables of the TOPLATS model by using

remotely sensed (PBMR) and in situ point measurements of soil moisture. It was

concluded that 4DDA (already being in operational use in atmospheric model-

ling) holds substantial promise for operational use in spatially distributed hydro-

logical modelling. There is an obvious parallel with operational runoff

forecasting, where updating model state variables (albeit in the time domain) is

common practice today. A formal parameter uncertainty analysis was performed

in Chapter 11 based on the GLUE procedure which gave a very useful assessment

of the reliability of model parameters and helped define the value of various data

types in constraining the model parameter uncertainty. Although the method is

computationally demanding it can handle nonlinear models and it can make use

of observed spatial patterns. In Chapter 11, parameter uncertainty was plotted
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against the topographic wetness index, which allowed differences in uncertainty

between the gully and ridge areas of the catchment to be examined. The valida-

tion tests were taken even further in Chapter 13 for the Karup catchment. This

was a significantly larger application than the case study chapters in the book and

focussed on use of models in a more practical context. The MIKE-SHE model

was calibrated and than validated based on a formal procedure presented by the

author, using data from a number of internal stream gauges and boreholes. In

this respect it was more typical of what may be possible in practical applications

of spatially distributed models outside small research catchments. The author

concluded from the comparisons of observed and simulated hydrologic variables

at a number of locations, that when a formal framework of validation tests is set

a priori, it may be difficult to meet the validation criteria in practice. He con-

cluded that formal protocols are needed for model validation and that imple-

mentation of these for practical applications will require more dialogue between

model developers, users and the managers who use simulations in their decision

making, so that capabilities and limitations are clearly articulated.

In this section, we have summarised in some detail, the conclusions of the case

studies, highlighting where the use of measured patterns, often in combination

with more traditional measurements, were useful in explaining processes and

developing models within relatively small research catchments. As discussed in

Chapter 13, the larger scale, more practically oriented problems to which dis-

tributed models are applied can also benefit from the use of pattern data, but that

such data are much less common in the ‘‘real world’’. We predict that in the

coming years, more effort will be placed on collecting and using patterns at the

larger scale so that the benefits discussed in the case studies can be realised in

more practical applications.

14.3 OUTLOOK

The use of spatial patterns in catchment hydrology is in its infancy, but initial

results are encouraging and provide sound reasons to believe that there are great

improvements to be made in our understanding of catchment hydrological pro-

cesses; and in quantifying the way they affect, and are affected by, spatial varia-

bility across a range of scales. More specifically, the work presented in this book

illustrates that to realise these improvements, we need appropriate data.

Appropriatemeaning that it tells us about system behaviour, tests critical assump-

tions in our understanding and in our models of that understanding, and pro-

vides enough information to resolve the problems of non-uniqueness and

parameter identifiability inherent in complex models. Spatial patterns of hydro-

logical response are an appropriate data source in this respect. So while collecting

and collating large spatial data sets will be important to the development of

spatial models and improved process understanding, just where are the specific

areas where significant progress can be made? In the following few paragraphs we

provide a brief assessment of key areas.
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14.3.1 Improvements to Model Inputs

Numerous hydrological studies spanning over many decades have shown the

importance of precipitation on hydrological response. Now with RADAR esti-

mates of spatial patterns in precipitation and newmethods such as those described

in Chapter 4 for characterising space-time variability, we are on the threshold of a

major advance in the use of spatial precipitation information in distributed mod-

els. To fully realise the potential of this information, we may well need changes to

model structure, and will certainly need changes in the attitudes of hydrological

modellers who have been firmly wedded to the use of raingauge data for calibra-

tion and testing. Several of the case studies showed that simple binary patterns can

be powerful tests of distributed models and provide useful information on thresh-

old phenomena such as saturated source areas. There would appear to be further

scope for use of this type of data, but again some changes in attitude towards

‘‘non-quantitative’’ data, and possibly changes to model structure, may be needed.

At least in the immediate future, remotely sensed (RS) data can be thought of in

this context and might be best used to assist in reducing the degrees of freedom in

distributed hydrological models by providing patterns, rather than absolute

values, of important inputs and parameters. Model structures are being improved

to better exploit pattern data via improved software engineering (such as integra-

tion with GIS platforms) and this should serve as encouragement for the devel-

opment of hydrological algorithms that are specifically intended for the scale and

nature of RS data. Chapter 5 clearly illustrated that we have a long way to go in

fully understanding and being able to represent spatial patterns of evaporation.

Given that evaporation can be over 90% of the water budget in some environ-

ments, it is obvious that studies into dealing with spatial measurement and the role

of land surface heterogeneity will continue to be critical to improvements in,

particularly, large-scale models.

Spatially distributed modelling requires the use of interpolation for a number

of purposes, including the matching of model and measurement scales of infor-

mation used for input and testing. There is a need for improved interpolation

methods that better enable us to incorporate our understanding of physical

phenomena. While there are a range of methods already available, these need

to be improved in their ability to represent organisation in spatial patterns of

hydrological importance.

14.3.2 Improvements to Model Testing

It is envisaged that comparisons between observed and simulated patterns will

eventually become part of standard procedures for model testing. As well as

needing the observed patterns, we also need improved quantitative techniques

for comparing the similarities and differences between patterns. Some simple

methods have been presented at the end of Chapter 3, but few of these have so

far been used in practice. With rich areas of research on topics such as pattern

recognition, we expect that the sophistication of pattern comparisons will greatly
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increase as hydrologists come to realise the value of patterns for model develop-

ment and testing. Comprehensive uncertainty analysis also needs to be further

developed for spatially distributed models. The potential of these methods for

assessing the separate sources of uncertainty (input information, parameter

values, model structure and data used in testing) is large, but at present they

are not computationally tractable for most distributed models. Methodological

developments as well as improvements in computer power are likely to lead to

wider use of such techniques.

14.3.3 Challenges for Model Conceptualisation

The primary challenge of hydrologists has been, and remains, the prediction

of hydrological response in ‘‘ungauged’’ areas – i.e. areas for which we have no

hydrological response information. There is still a need to improve methods for

generalising results from small catchments such as those described in this book,

to other catchments; from small catchments to large catchments; and for being

able to predict hydrological response under changed land use and climatic con-

ditions in catchments of all sizes. All of these needs can be met only with better

understanding and representation of fundamental processes, and their spatial

variability across a range of scales. Distributed modelling generally has moved

beyond just trying to scale up small catchment models to large scales because of

problems with identifiability and scale dependence. As has been suggested for

some time by many authors, we need models for a range of scales that are

parsimonious, but that reflect the manifestation of important processes at

those different scales. In moving beyond the notion of ‘‘trying to model every-

thing’’ we should be developing methods to identify dominant processes that

control hydrological response in different environments (landscapes and cli-

mates) and at different scales, and then develop models to focus on these domi-

nant processes (a notion we might call the ‘‘Dominant Processes Concept’’

(DPC)). This would provide a framework for the development and application

of techniques specially designed to deal with those controls and help to avoid

some of the overparameterisation problems that occur when processes that are

not important are represented in models. Developments along the lines of the

DPC may help with the generalisation problems that have haunted hydrologists

since the science began.

14.4 FINAL REMARKS

As mentioned in the introduction, there have been many calls for data collection

and analysis to go hand in hand, for improved understanding of processes,

and for the scientific endeavour of measurement to be recognised. There is

a range of evidence that these calls have elicited a response. For example,

Water Resources Research has had ‘‘data notes’’ for some time (Hornberger,

1994) and the number being published is increasing. There is an increasing

awareness that the development of a spatial model is not of itself useful, unless
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it can be properly tested so that it can provide more credible predictions, or more

insight into process understanding. Large field campaigns are continuing and

the valuable role of smaller catchment, process-focussed, studies is being recog-

nised as the researchers have integrated their work with theoretical and modelling

developments to ensure the results contribute to a wider understanding

of patterns of hydrological variability. We hope that the case studies presented

in this book, and the broader conclusions from this extraordinary range of

studies, have unequivocally illustrated the value of this investment, and act as

encouragement for more, and more innovative, studies into spatial patterns in

catchment hydrology.
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