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1

1.1

INTRODUCTION

Background

Although already during the Hellenic Civilization correct perceptions of
the hydrological cycle had been put forward (e.g. Theophrastus, 371/370 —
288/287 B.C.), it was not until the 17th century that it was shown in
quantitative terms that precipitation alone would be sufficient to support
the annual flow of rivers. Pioneering scientists advancing quantitative
hydrology include the Frenchman Pierre Perrault (1608 — 1680), the Italian
Edmé Mariotte (1620 — 1684), and the Briton Edmond Halley (1656 —
1742). Perrault showed in a catchment in the Seine basin that the annual
rainfall was approximately six times greater than the annual flow in the
river, thus indicating that precipitation indeed was capable of supporting
the river flow. Mariotte did the same for a much bigger basin (the river
Seine near Paris) and he also concluded that the annual rainfall was more
than six times greater than the annual runoff. Halley’s measurements
showed that the amount of water evaporated from the oceans was clearly
sufficient to sustain the flows of rivers.

Measurement based evidence indicating that rainfall alone could
sustain river flow laid basis for searching mathematical relationships
between precipitation and streamflow. Mathematical problem formulation
is convenient in that it provides a documentable and repeatable way for
problem definition and analysis. It can also be relatively objective,
assuming that the structure of the model is based on well proven, widely
accepted hydrological and/or system analytical principles.

As simulation of rainfall-runoff relationships has been a prime focus of
hydrological research for several decades, an abundance of mathematical
models has been proposed to quantify transformation of precipitation into
streamflow. Following Beck (1991), mathematical rainfall-runoff models
can crudely be classified as metric, conceptual and physics-based. Metric
models are strongly observation-oriented, and they are constructed with
little or no consideration of the features and processes associated with the
hydrological system. Conceptual models describe all of the component
hydrological processes perceived to be of importance as simplified
conceptualisations. This usually leads to a system of interconnected stores,
which are recharged and depleted by appropriate component processes of
the hydrological system. Finally, physics-based models attempt to mimic
the hydrological behaviour of a catchment by using the concepts of
classical continuum mechanics.

Even if the hydrological circulation of water could be accurately
simulated in a study basin, it would be evident that problems associated
with water resources could not be solved by hydrologists alone. Increasing
collaboration between hydrologists, economists, ecologists, water users,
and decision makers is vital on the track towards more sound policies in
water resources management. Collaboration between different disciplines
and interest groups calls for more efficient sharing of data sets and
methods, which may exist but not be compatible with each other.
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Objectives of the present study

Objectives of this thesis fall under three main topics. Firstly, this thesis
aims at providing insight into selecting an adequate modelling strategy for
a rainfall-runoff study (Section 4.1). Different strategies to model
development are discussed and compared. Paper / compares metric and
conceptual modelling approaches and discusses implications of increasing
complexity in process description. A more physics-based approach is
undertaken in Papers II and VI, which address, respectively,
parameterisation of a semi-distributed model based on topographic data
and simulation of other hydrological variables in addition to streamflow.
Paper IV contributes to the objectives of the present thesis by presenting a
case study where parametric uncertainty of a simple metric model is
objectively quantified. In Paper V, following the metric modelling
strategy, only little is assumed about the model structure a priori and data
are used to infer whether differences in the hydrologic response can be
detected and exploited in an improved model.

Secondly, this thesis seeks methods for predicting streamflow in
ungauged catchments (Section 4.2). ‘Ungauged’ means here that flow
records of sufficient length are not available to support calibration of
model parameters against measured streamflow. Producing streamflow
estimates for catchments lacking flow gauging has attracted a lot of
interest among hydrologists, but the problem still remains somewhat
unresolved. Opinions have been uttered (see e.g. Refsgaard, 1997) that a
model should only be assumed to be valid with respect to outputs that have
been explicitly validated. This is rather frustrating, if the objective is
especially to model streamflow in areas where there are no streamflow
measurements for either calibration or validation. Still, it is foreseeable
that estimates of streamflow in ungauged catchments continue to be
needed. In fact, many of the most acute problems concerning water
quantity and quality are found in the third world countries, where long
historical records are often not at hand. Paper III of the present thesis
discusses a statistical approach to ungauged predictions. The objective is
to study how well the hydrologic response of an ungauged catchment can
be regionalised from other catchments belonging to the same region. Paper
11 addresses the ungauged problem from another perspective. It discusses
how accurately streamflow can be reproduced when applying a more
physics-based approach where most of the model parameters are fixed a
priori and only little calibration is allowed.

Finally, as the third topic of the thesis, a methodology for integrating
environmental simulation models and data sources is discussed (Section
4.3, Paper VII). 1t is not only lack of data which causes problems for an
environmental modeller. Even if the data are available, they may be
scattered among numerous sources and exist in heterogeneous formats.
The same is true for simulation models. Agreement on techniques of how
to transfer information between data sources and models is one of the key
issues to be solved in integrated management of environmental problems.
Model and data source integration is further motivated in the present
thesis, as it itself is based on data sets from three continents and
application of several simulation models.
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2.2

RAINFALL-RUNOFF MODELLING

Rational method

Probably the first serious attempts to estimate flood flow volumes can be
traced back to a group of Irish engineers, who were given the task to
design drainage channels in 1842 (Biswas, 1970). Ten years later, in 1851,
Thomas Mulvaney (1822 — 1892) presented a paper which can be
considered as the origin of the so-called rational method for flood peak
estimation (Dooge, 1957). The method can be written as

qmax :f;’PmaxA (l)

where ¢,,,, is the maximum rate of runoff, £, is the runoff coefficient, P,
is the maximum rate of rainfall, and 4 is the area of the catchment. The
rational method has stood the test of time well as a simple tool to estimate
peak flows. The latest edition of the Handbook of Hydrology presents the
rational method in the flood runoff chapter (Pilgrim and Cordery, 1992),
and Pilgrim (1986) names it as the most widely used method for drainage
design in urban areas.

Unit hydrograph

It took 80 years before significant progress over the rational method was
achieved in representing rainfall-runoff relationships mathematically. It
came with the method proposed by Sherman (1932) which allowed
calculation of continuous hydrographs as opposed to merely delivering a
peak flow estimate of the maximum flood event. Sherman called his
method a unit-graph method, but it is presently better known as the unit
hydrograph method. In essence, the unit hydrograph is equivalent to the
systems analysis concept of the impulse response function, which depicts
the response, x(f), of a system to an infinitesimally short unit input. The
output of a linear system, resulting from a continuous input, i(¢), is given
by the following convolution integral

x(f) = j i(0)r(t—1)dr 2)

where r(¢) is the impulse response function.

In the case of rainfall-runoff computations, the input in Equation (2) is
rainfall multiplied by the (surface) runoff coefficient. This is because,
mainly due to evapotransporative losses, not all of the rainfall is converted
into streamflow. Furthermore, Sherman thought the output of Equation (2)
to represent only the quick, surface runoff component. The so-called base
flow, which is the part of a hydrograph preceding a storm and continuing
after recession of a flow peak, he attributed to discharge of groundwater.

11
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Since its proposal the unit hydrograph has established itself as a widely
used engineering tool for assessing real floods, and for creating design
floods from hypothetical storms. Pilgrim and Cordery (1992) describe the
HEC-1 model (http://www.hec.usace.army.mil/publications/pubs_distrib/
hec-1/hecl.html) as the most widely used model in the United States, and
it includes the unit hydrograph as one of the two available computation
methods for runoff generation. Recent publications reporting application
of the unit hydrograph include Cheng and Wang (2002) and Littlewood
(2001). In Finnish conditions, Mustonen (1963) derived unit hydrographs
separately for storm events of short and long duration using data from a
small, cultivated catchment (0.12 km?).

The linearity assumption behind the unit hydrograph methods was later
subject to criticism and it was suggested that the unit hydrograph itself, not
only the share of rainfall becoming effective rainfall, might vary with the
storm intensity (e.g. Minshall, 1960). Consequently, some papers have put
forward unit hydrographs that depend on the intensity of the effective
rainfall (Chen and Singh, 1986; Ding, 1974). Results presented in Section
4.1 of the present thesis clearly suggest that given any plausible series of
effective rainfall, a single unit hydrograph may not be sufficient to
adequately describe conversion of effective rainfall into streamflow in the
two smallest catchments (0.18 and 0.63 km?) of the study.

Conceptualisation of rainfall-runoff relationships

Usually analysts have some kind of a perception in their mind about the
behaviour of the hydrological system under study. The rationale for
incorporating such concepts into the structure of a hydrological model can
be an attempt to reproduce streamflow more accurately at the point of
interest, or the need to include representations of various hydrological
fluxes and runoff pathways into the model.

In 1934 Zoch (1934) developed equations relating rainfall to the rate of
runoff, based on the assumption that the rate of runoff is proportional to
the rainfall remaining with the soil. This is probably among the first
published studies, where a linear store is applied to represent the delay
between rainfall and streamflow. Later Nash (1957) showed how the
response of a cascade of such linear stores could be characterised as a
mathematical function involving two parameters. Nash’s primary
motivation was to introduce a computationally convenient form for an
instantaneous unit hydrograph in order to relate its parameters to
catchment characteristics. But he also made the concept of linear stores as
a delay mechanism in runoff computations populaff] This paved the way
for the development of conceptual rainfall-runoff models, usually
comprising interrelated stores recharged and depleted by appropriate
component processes of the hydrological system.

One of the first conceptual, hydrological models for continuous
streamflow simulation was that of Linsley and Crawford (1960), which
was developed to assess increase of the capacity of one of the water-

" The cascade of linear stores with equal time constants is often referred to as the Nash’s cascade,
although he himself attributed the concept in the 1957 paper to Sugawara and Maruyama (1956).

12



supply reservoirs of the Stanford University. The structure of the model
(Figure 1) is typical of many conceptual streamflow models, comprising
storages representing upper level soil moisture, lower level soil moisture,
groundwater, and water in the channel. The same group published later the
well-known Stanford Watershed Model (Crawford and Linsley, 1966).

Increased computing power advanced development of conceptual
models, and since the early efforts in the 1960°s a plethora of alternative
structures for conceptual hydrological models have been suggested
worldwide. Such models include the HBV model (Bergstrom and
Forsman, 1973) in Sweden, the Sacramento model in the United States
(Burnash et al., 1973), the TANK model (see e.g. Franchini and Pacciani,
1991) in Japan, the MODHYDROLOG model (Chiew and McMahon,
1994) in Australia, the XIANJIANG model (Zhao et al., 1980) in China,
the ARNO model in Italy (Todini, 1996), and the SATT-I model in
Finland (Vakkilainen and Karvonen, 1982).

PRECIPITATION
RUNCFF FROM IMPERVIOUS AREA
DEPLETION
RUNCFF ABOVE INFILTRATION TO
CAPACITY STREAMFLOW
DEPLETION UPPER LEVEL CHANNEL TO
MOISTURE STORAGE STREAMFLOW
ACCRETION TO GROUNDWATER TO
GROUNDWATER STORAGE STREAMFLOW
EVAPORATION  |DEPLETION| LOWERLEVEL "LOST" MEAN
TOATMOSPHERE MOISTURE GROUNDWATER DAILY FLOV

LIMITED BY THE POTENTIAL
EVAPOTRANSPIRATION

Figure 1. A flow diagram of the Linsley and Crawford model. Adopted
from Linsley and Crawford (1960). For comparison, see schematic
representation of the IHACRES model, which has been applied in the
present thesis (Figure 9).

Conceptual rainfall-runoff models have found wide application in practical
problems. As an example, the operational flood forecasting system in the
United States is based on the Sacramento model (see e.g. Thiemann et al.,
2001), and in Finland on the HBV model (Vehvildinen, 1992).

24 Physics-based runoff modelling

Advances in computing technology not only played a significant role in
the development of conceptual hydrological models. They certainly also
promoted emergence of distributed hydrological models. Distributed
models — in contrast to lumped models which consider large entities (such
as the entire catchment) — split the modelling domain into several units. It
does not need to be so, but distributed hydrological models tend to have a

13
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clearly formulated physical basis underlying their process descriptions,
and hence they often fall into the category of physics-based models.

At the end of the 1960’s Freeze and Harlan (1969) proposed a blueprint
for a ‘physically-based hydrologic response model’. They envisaged a
model which combines physics-based descriptions of various hydrological
subsystems and whose parameters are spatially distributed over the
modelling domain. Two years later Freeze (1971) presented a model
structure, which probably can be considered as the first realisation of the
above-described blueprint. He proposed a three-dimensional, saturated-
unsaturated flow model and explored development of pressure head
distributions under different hypothetical scenarios with a particular focus
on the yield of a groundwater basin subject to water extraction. Later he
extended the model to include a simple one-dimensional channel flow
scheme, which was fed by the subsurface model described in the 1971
paper (Freeze, 1972a; Freeze, 1972b). Freeze’s pioneering work attracted
many followers. Well-documented physics-based, distributed hydrological
models include the SHE model (Abbott et al., 1986) developed as a joint
European effort, the IHDM model (Rogers et al., 1985) in the United
Kingdom, the DHSVM in the United States (Wigmosta et al., 1994), the
model of Kuchment et al. (2000) in Russia, and the THALES model
(Grayson et al., 1992a) in Australia.

In the Freeze and Harlan (1969) blueprint, output of the envisaged
model is seen to provide ‘a total picture of the hydrologic system’
including ‘the streamflow hydrograph at any point within the basin, the
groundwater flow pattern and the soil moisture regime’. As the motivation
to pursue the physics-based, distributed modelling strategy the authors
suggest that a better understanding of the internal processes could be
beneficial to the solution of practical problems. After thirty years of
distributed hydrological modelling the motivation remains the same.
Assessment of problems dealing with water quality, erosion, and human
impact on catchment response (such as drainage, irrigation, forest
management, and urban development) places high demands on the
quantitative hydrologist. Simulation models should consider spatial
distribution of dominant processes, be capable of separating between
various water transport mechanisms, and allow predictions to be made to
catchments lacking historical records used for parameter calibration.

But even today, satisfactory physics-based modelling descriptions of
hydrological processes continue to evade hydrologists. Soon after
publication of the first distributed hydrological model (see above Freeze,
1971; Freeze, 1972a; Freeze, 1972b) it was realised that although such
models can provide detailed hydrologic predictions within the catchment,
it is very doubtful whether the simulated values adequately represent the
‘true’ behaviour of the catchment. When Stephenson and Freeze (1974)
applied the Freeze (1971) model to field data measured in a small
upstream source area in Idaho, the United States, they encountered
considerable difficulties in finding an agreement between measured and
computed hydrologic variables without actually calibrating model
parameters. In most (if not all) subsequent comparisons between observed
data and simulation results of a physics-based runoff model, parameter
values have been calibrated. Although physical parameter values in



principle are physically measurable in the field, calibration seems to be
nearly always necessary.

Probably the most often heard argument against soundness of
mathematical formulations depicting hydrological processes is related to
the discrepancy between the measurement and computation scales (see e.g.
Beven, 1989; Beven, 1996; Grayson et al., 1992b; Jensen and Mantoglou,
1992). When physical model parameters applicable in some smaller scale
are averaged over the grid scale, they are commonly referred to as
effective parameters. It can be argued that such effective parameters,
which lump the effect of several small-scale processes into (a much larger)
grid scale, are actually equivalent to parameters of lumped, conceptual
models (see e.g. Beven, 1989; Beven, 1996). They cannot be directly
measured in the field. One suggested avenue for bridging the gap between
measurement and computation scales is to simplify the model structure in
such a manner that it would be compatible with the scale where the effect
of local heterogeneities inherent in the natural system becomes attenuated
(Grayson et al., 1992b). Beven (1996) speculates that if it were possible to
measure directly the volume of water stored in a block or hillslope of soil,
then hydrological theories might be developed at that scale.

Problems arising from the difficulties to measure hydrologically
relevant catchment characteristics at appropriate scales need to be
overcome before physics-based runoff modelling can proceed much
further. In a recent paper by Beven (2001), it is stated that the
characteristics for subsurface flow processes are essentially unknowable
with present measurement methods. Remote sensing techniques have been
seen as a promising avenue for data acquisition for distributed
hydrological models. However, Kite and Pietroniro (1996), in their
comprehensive review of the use of remotely sensed data in hydrological
modelling, note that ‘there are few case studies that show practical
benefits’. The difficulty in using remote sensing information is that it does
not provide direct estimates of hydrological variables or parameters, but an
interpretative model is required, which itself is subject to uncertainties
(Andersen et al., 2002; Beven, 2001).

Computational burden in distributed runoff models is now less
problematic than earlier, although it still can be an issue when predictive
uncertainty of a model is assessed through laborious Monte Carlo
simulations (see Beven, 2001; Beven, 1996). Computational demands,
however, along with the difficulties of measuring hydrological variables
and parameters in the field, motivated introduction of the semi-distributed
modelling schemes. Probably the most-cited such model is that of Beven
and Kirkby (1979), which utilises distributed observations on the
catchment topography to estimate the extent of contributing (i.e. saturated)
areas. The model was later called, owing to the importance of the
topographic control in the model structure, the TOPMODEL and it has
received a substantial amount of attention in the form of model
applications (Durand et al., 1992; Holko and Lepistd, 1997), proposals for
alternative formulations (Ambroise et al., 1996), and critical assessments
of the model structure and model sensitivity (Franchini et al., 1996;
Wolock and Price, 1994). Another common approach to simplify the
spatial description of the study region is to identify areas which are
assumed to possess similar hydrological behaviour, and then lump such
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areas together to form a single computation unit (Becker and Braun, 1999;
Fliigel, 1995; Karvonen et al., 1999; Schultz, 1993).

To conclude the discussion on distributed, physics-based hydrological
modelling, it is noted that the future of such modelling efforts can be much
brighter than what could be interpreted from the critics presented above.
Firstly, and most importantly, there is a strong consensus that distributed
predictions on hydrological variables within a catchment are required.
This is almost without exception expressed in all studies dealing with
distributed hydrological modelling, irrespective of whether the authors are
promoting or criticising current modelling practices. Such a collective
demand is likely to continue to generate efforts that aim at furthering
understanding of how to represent a catchment’s hydrological behaviour in
a distributed setting. An easier access to distributed data, owing to both
remote sensing techniques and more organised acquisition and storage of
point data, encourages a wider application of models capable of handling
spatial variability. For example, Andersen et al. (2002) and Biftu and Gan
(2001) report on recent studies where remotely sensed data have been
applied in hydrological modelling with some success. Distributed,
physics-based rainfall-runoff modelling is a controversial topic, which is
prone to invoke discussion and split opinions. This can be seen from
several response articles to critical assessments of physics-based
hydrological modelling (Loague, 1990; Refsgaard et al., 1996; Smith et
al., 1994). As argued by Refsgaard (1997), distributed models may still be
the best tools presently available for certain tasks, such as assessing the
effects of land use changes on a catchment’s hydrological behaviour.
Efforts for narrowing the gap between what hydrologists want to do and
what they can do will continue.

How to deal with uncertainty?

The increase in computing power did not only allow for more complicated
model structures to be fabricated; it also enabled automatic optimisation
methods to be applied to estimation of parameter values. Soon it was
realised that obtaining a unique, ‘true’ set of parameter values for a
rainfall-runoff model is not a trivial exercise, even though computing
power would not be a limiting factor.

In the often-cited paper by Johnston and Pilgrim (1976) the authors
concluded that, in spite of more than two years of full-time work
concentrating on one catchment, a true optimum set of model parameter
values could not be identified. It is not surprising that Johnston and
Pilgrim (1976), who used real field data, failed in obtaining a unique set of
model parameter values. A little later Pickup (1977) studied basically the
same model with synthetic data, and even under such idealised conditions
the true set of parameters used for generation of the flow record could not
be recovered. It is intuitively conceivable, and has also been demonstrated
in previous studies (see e.g. Kuczera and Williams, 1992; Sorooshian and
Gupta, 1983), that data errors arising from uncertain measurements, and
inadequacies in the model structure can lead to troublesome parameter
identifiability. Furthermore, in synthetic studies it is easier to assure
sufficient variability of the hydro-meteorological data. Variability of the



data enhances identifiability by activating different model parameters
responsible for representing different catchment conditions (Gan et al.,
1997; Sorooshian et al., 1983). Sorooshian and Gupta (1983) state in their
conclusions that ‘most conceptual R-R [short for rainfall-runoff] models
cannot be properly identified even when ‘perfect’ (synthetic) data is used.
The presence of errors in the model makes the identification problem even
more difficult’.

Statistical methods have appeal in uncertainty analysis as they
implicitly take into account that all model structures are, to some extent, in
error and all measured data are also subject to error. Mein and Brown
(1978) published one of the early studies to address parameter
identifiability in rainfall-runoff models in a statistical setting. They
derived a covariance matrix for the fitted parameter vector of a conceptual
rainfall-runoff model. Kuczera (1983a) used Bayesian methodology and
data from a small (0.623 km?) experimental catchment to derive posterior
distributions for a nine-parameter catchment model. In Kuczera (1983b)
the Bayesian methodology was applied to address how measurements on
variables other than streamflow (interception and soil moisture
observations were considered) can be utilised to reduce parameter
uncertainty. Beven and Binley (1992) also base their Generalized
Likelihood Uncertainty Estimation (GLUE) (see also Freer et al., 1996) on
Bayesian reasoning. Thiemann et al. (2001) present a Bayesian
methodology for recursive parameter estimation in rainfall-runoff models.

Dealing with wuncertainty in hydrological modelling is not
straightforward. It can be computationally demanding, and the amount of
data may appear to be too small to justify statistical assessments. When the
latter is the case, a question worth asking is whether there are enough data
to produce credible simulation results. Considering that models are quite
imperfect representations of the real hydrological processes, it is important
to address the problem of uncertainty. Only then can decision makers
evaluate how much weight can be placed on the simulation results for
management of water resources.

However, if all hydrologists, owing to their insight into the level of
uncertainty, decided to abstain from giving an opinion in water resources
planning problems, then others, who are less knowledgeable in hydrology,
would have to venture a guess.

2.6 Why not let the data tell?

The concept of the unit hydrograph is an empirical one (see Section 2.2). It
relies on the data and does not really consider what the physical processes
involved in runoff generation are. Such metric models tend to have a
simple structure and their data and computational requirements are usually
less than for other types of hydrological models. Furthermore, due to the
simple structure, it is in general easier to derive statistical measures of
uncertainty for metric models than for more complex conceptual or
physics-based models. In fact, the discharge response to rainfall is
relatively simple to model at the catchment scale; following a rainfall, the
stream discharge rises and then falls again with a certain characteristic
timing (Beven, 1996). Jakeman and Hornberger (1993) and Perrin et al.
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(2001) both conclude that complexity of a (lumped) rainfall-runoff model
could be restricted to a structure involving only a handful of parameters.

According to some hydrologists, it does not need to be that simple
models developed by rigorous statistical analysis could not be related to
the real phenomena. Young (2001; 2002) discusses a modelling
philosophy called ‘data-based mechanistic modelling’, where statistical
tools are first applied to identify the most parametrically efficient model
structure, and following this initial identification stage the resulting model
is interpreted in a physically meaningful, mechanistic manner. Young
(2002) states that the model is only accepted as a credible representation of
the system if ‘in addition to explaining the data well, it also provides a
description that has direct relevance to the physical reality of the system
under study’. Here the reasoning underlying conceptual models is
essentially turned around. Instead of imposing a priori a structure on the
model, and then trying to fit that structure to the observed data, the model
structure is interpreted only after analysis of the data. Jakeman et al.
(1994) express similar ideas in their ‘data and theory to model’ approach
where the modelling process is started with simple assumptions and
additional complexity in the model structure is accepted only when
observed data and theory warrant it.

Whichever modelling strategy is selected for representing rainfall-
runoff relationships, measured data will have a vital role in determining
how successful the modelling exercise is likely to be. It is now
increasingly accepted that more emphasis needs to be placed on gathering
field data in order to achieve improvements in environmental modelling
(see e.g. Beven, 2002; Goodrich and Woolhiser, 1991; Vertessy et al.,
1993). Pioneering efforts in collection of hydrological data include the
following two contributions. Firstly, the United States Geological Survey
and its antecedent organisations initiated systematic collection and
publication of streamflow data for representative streams across the nation
towards the latter half of the nineteenth century (Biswas, 1970). And
secondly, in the 1930’s the Finnish National Board of Agriculture
arranged a network of representative catchments extending across the
nation (Kaitera, 1936) where, in addition to streamflow, precipitation and
snow water equivalent were also observed. The catchments were mapped
and information describing topography, vegetation, and soils was
recorded.

The ungauged case

The preceding section concluded with highlighting the value of data in
rainfall-runoff studies. However, a studied catchment may not have
historical runoff records due to lack of flow gauging, or the catchment of
interest may be subject to proposed changes in land use practices, and the
aim of the study may be to assess hydrological impacts of such practices.
In the first case the catchment is literally ungauged for flow, whereas in
the latter case it is ungauged in the sense that the existing flow records are
not representative of the changed conditions. This section explores
existing methods to deal with situations when little or no streamflow data
are available from the site of interest to support model calibration.



The problem of predicting streamflow in ungauged areas is not new.

Already Sherman (Sherman, 1932; see Section 2.2) noted in his paper that
‘when no streamflow records from a particular area are available, it is
possible to determine a unit graph by analogy from unit graphs from
similar basins with like topographical characteristics’. Snyder (1938)
proposed a quantitative relationship between the two parameters of his
function for a unit hydrograph and catchment characteristics. Nash’s
(1957) motivation to describe the unit hydrograph with a function
involving just two parameters was the desire to link those parameters to
catchment characteristics (see Section 2.3). Assuming that the identified
relationships between runoff model parameters and catchment descriptors
hold for the catchment lacking flow gauging, runoff simulations can be
carried out for the ungauged catchments by estimating model parameters
from the physical catchment descriptors (topography, soil depths, flow
network geometry etc.). This type of methodology where information is
transferred from one or more catchments to another is commonly called
regionalisation (e.g. Bloschl and Sivapalan, 1995), and has been widely
used in runoff modelling (see the review in Bates, 1994).
Bates (1994) lists five critical topics on which successful regionalisation
of rainfall-runoff model parameters depends. These are 1) accurate
estimation of model parameters for gauged catchments, 2) selection of
catchment descriptors that affect catchment response to rainfall, 3)
delineation of homogenous regions, 4) degree to which the model
parameters are correlated with catchment characteristics, and 5) correct
specification of the regression model for each region. Topic 1) was
addressed in Section 2.5, and topics 2), 4), and 5) are self-explanatory.
Delineation of homogenous regions, topic 3), warrants further discussion.

To have a greater confidence in extrapolating hydrological behaviour
from catchments with flow records to an ungauged catchment, all these
catchments should form a relatively homogeneous group (Nathan and
McMahon, 1990; Pilgrim, 1983; Post and Jakeman, 1996). The simplest
method to delineate hydrologically homogeneous regions is merely to
consider geographical proximity. Such a grouping is easy to perform but,
as argued by Wiltshire (1986), geographical proximity may not be a very
useful indicator of hydrological similarity. Statistical techniques such as
cluster analysis have also been applied to identify hydrological
homogeneity using data on climatological and/or terrain attributes
(Acreman and Sinclair, 1986; Burn and Boorman, 1993; Tasker, 1982).
The need first to group catchments according to hydrological similarity
indicates that regionalisation is a technique for interpolating catchment
response within a group of catchments possessing a relatively similar
behaviour. Potter (1987) noted, in the context of predicting flood
quantiles, that the greatest challenge in applying regionalisation techniques
is defining homogeneous regions.

It is far from straightforward to be confident that all dominant controls
on the catchment behaviour have been included into a regionalisation
analysis. The paper by Post and Croke (2002) provides an illustrative
example of this (see Figure 2). Three different relationships linking
summer precipitation to percent yield (share of rainfall becoming
streamflow) were developed for three groups of catchments. In particular
the catchments in the Bowen region behave in a very different way
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compared to the other two groups, and the reason for this difference is
unknown (Post and Croke, 2002). Now if the catchments in the Bowen
region were ungauged, and the percent yield in those catchments was to be
predicted using information from the other catchments in Figure 2,
regionalisation would yield erroneous results.

Often in regionalisation studies the predictive focus has been on a
certain flow regime. In particular, estimation of flood indices for ungauged
catchments has received a great deal of attention (e.g. Farquharson et al.,
1992; Mimikou and Gordios, 1989; Zrinji and Burn, 1994). Nathan and
McMahon (1990) considered low flow characteristics, which may be of
importance with respect to the ecological health of a river system.
Hyvérinen (1984) presented correlations between concurrently occurring
summer and winter flows in a set of Finnish catchments. More recently,
studies aimed at simulating continuous flow records have started to
emerge. Vandewiele and Elias (1995) reconstruct monthly runoffs for
basins considered to be ungauged; while Post and Jakeman (1999), Sefton
and Howarth (1998), and Wheater et al. (2002) predict daily flow time
series by developing relationships between the parameters of a daily time
step rainfall-runoff model and physical catchment descriptors.
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Figure 2. Predicting percent yield from summer precipitation in three
groups of catchments. Adopted from Post and Croke (2002).

Physics-based rainfall-runoff models should have physically meaningful,
measurable parameter values, and hence they should be capable of
simulating streamflow in ungauged catchments lacking historical flow
records required for parameter calibration. The difficulties of the current
generation physics-based models were discussed at length in Section 2.4,
and are not repeated here. The geomorphologic instantaneous unit
hydrograph (GIUH) of Rodriguez-Iturbe and Valdés (1979) links the basin
response to (measurable) geomorphologic parameters, and can hence be
interpreted as a physics-based method of predicting flows for ungauged
catchments. However, the methodology presented in Rodriguez-Iturbe and
Valdés (1979) attempts to describe the streamflow response to surface



runoff, not directly to precipitation and other meteorological variables, and
is not alone applicable to ungauged predictionst]

2.8 Tracing the origin and route of runoff

Often it may be sufficient to simulate the volume of streamflow at a
certain location with no consideration of the travel path or origin of water
appearing in the stream. Increasingly, however, hydrologists are faced
with questions where explicit knowledge of the sources, residence times,
and travel routes of water that eventually emerges in the stream is
essential. Problems related with water quality, such as leaching of
nutrients and contaminants from cultivated land, require consideration of
physical, chemical, and biological processes, which are dependent on
transport routes and flow residence times. A better understanding of flow
pathways is one of the key advances required in tackling catchment-scale
water management issues in a more general setting where merely
predicting water quantities is not enough. Kendall et al. (1995) states that,
of all the methods to understand hydrological behaviour in small
catchments, tracer studies have been most useful in shedding light on the
hydrological processes because they integrate small-scale variability and
give an effective indication of catchment-scale processes.

Isotopes of oxygen and hydrogen forming water molecules are
commonly used as tracers of water sources. The two main processes
governing oxygen and hydrogen isotopic concentrations of waters within a
catchment are 1) phase changes, and 2) mixing of waters having a
different isotopic composition (Kendall et al., 1995). The following simple
mixing model is typically used to identify contributions of stream water
from two distinct sources:

Qs = Qsz + Qsz

3)
CSQS = CS]QS] + CS2QS2

where Q; is the total stream discharge, Q;; is the source one contribution to
the total discharge, Q,, is the source two contribution to the total
discharge, C; is the tracer concentration in stream water, Cj; is the tracer
concentration in source one, and C,, is the tracer concentration in source
two.

Hydrograph separation has been undertaken for a long time. As
discussed in Section 2.2, unit hydrograph based methods normally involve
a separation of the total hydrograph into baseflow and quick component of
runoff. Traditionally the quick component has been associated with
surface runoff, and baseflow with discharge of groundwater into the
stream. The latter concept is intuitively very conceivable, as at times of no
precipitation (or snowmelt) the flow of stream must be sustained by waters
stored in the ground. The origin of the fast responding runoff component,

2 It is worth noting that the authors do not promote the GIUH as a tool for ungauged predictions,
but rather as a means to understand ‘the nature and development of existing hydrologic
hierarchies’.
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however, is much more open to debate. According to isotope and chemical
hydrograph studies it appears that most stormflow in humid temperate
environments is ‘old water’ (Kendall et al., 1995 ref . Bishop, 1991).
Kendall (1995) defines old water as the water that existed in a catchment
prior to a particular storm or snowmelt period; hence the quick responding
part of streamflow would not then originate from the precipitation (or
snowmelt) triggering the flow event. Sklash and Farvolden (1979) found
groundwater to be a major component (sometimes more than 80% in peak
discharge) virtually in all of the runoff events that they documented in
their study. Results of Rodhe (1987) contribute between 32% and 95% of
the streamflow to groundwater. Lepistd et al. (1994) studied the
relationships between event water fraction and event rainfall in Siuntio
and found that the new water fraction becomes dominant only in response
to intense storms.

Although isotope tracing can provide valuable insights into sources of
water found in streams, it cannot directly determine what the runoff
generating mechanisms are and how the water reaches the stream (Kendall
et al,, 1995). Some information about flowpaths can be inferred when
reactive solute isotopes are used in the tracer studies, as they can reflect
the reactions that are characteristic of certain flow routes (Bullen and
Kendall, 1991). As noted by Robson et al. (1992), the need to incorporate
flowpath dynamics is a key ingredient in producing reliable water quality
models. Traditional methods, using only streamflow data for hydrograph
separation, can only differentiate between quick and slow response of
streamflow. In order to obtain information about sources, residence times,
and flowpaths of water in a catchment, additional data are required. Such
data can consist of observations on internal hydrological variables
(groundwater levels, soil moisture), or tracer measurements. Uhlenbrook
and Leibundgut (2002) present a tracer-aided catchment model, where
tracer investigations have been used to gain insights into runoff generation
processes, and to validate modelling results.

Integration requires communication

This section addresses linking of various resources, which can be data sets
or analysis tools. Such resources can include hydrological data and
rainfall-runoff models, but also resources from other disciplines can be
required. As pointed out in Section 1.1, integrated environmental analyses
involving several disciplines and interest groups will increase in
importance. An essential aspect of integration is the methodology which
provides for communication between various parties. Without
communication there is no integration.

Difficulty in linking data sets and analysis tools is one of the barriers to
be overcome in developing integrated water resources management
techniques (e.g. Huang and Xia, 2001). Development of modelling tools
and acquisition of data sets often deal with relatively specific problems
and this leads to troublesome model and data transferability. Parker et al.
(2002) summarise deliberations of forty-five scientists dealing with
integrated assessment and modelling in environmental problems, and they
identified communication to be the critical factor in the success or failure



of integrated studies. Clearly, agreement on techniques of how to transfer
information between data sources and models is one of the key issues in
the integrated management of complex environmental problems.

Integration of simulation models has been implemented in many
environmental assessment studies (e.g. Aspinall and Pearson, 2000; Booty
et al.,, 2001; Huang et al., 1999). Computation frameworks particularly
designed for handling different models — with minimal effort required for
the integration — are sometimes called open modelling engines (Reed et
al., 1999) or open modelling systems (Blind et al., 2001; Cate et al., 1998).
Communication between model and data resources and the model user is
crucial in the concept of the open modelling framework. The Internet —
being an efficient means of communication — provides an attractive
platform also in environmental studies to link models and data sets with
each other. Section 4.3 presents results from a study where environmental
models are coupled to a data source via the Internet.
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3 SITES AND METHODS

First part of this section (subsections 3.1-3.5) briefly presents the sites
whose data were used in this thesis. The remaining subsections give an
outline to hydrological models (3.6-3.7) and data transfer techniques (3.8)
included in the present thesis. For each site and method it is indicated in
which Paper(s) /-VII it appears. Figure 3 depicts locations of the sites.
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Figure 3. Location of Andrews WS2, Coweeta Hydrologic Laboratory,
Rudbick, and Vantaanjoki (a), and location of Salmon Brook (b).
Indicative values of the mean annual rainfall (MAP) also shown.

3.1 Andrews Watershed 2

Andrews Watershed 2 (0.63 km2) is one of the research catcments in the
H. J. Andrews Experimental Forest, Oregon, USA. Watershed 2 (Figure 4)
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is completely forested with Douglas-fir and western hemlock as the
dominating tree species. Elevation within the catchment ranges from 548
metres to 1070 metres and soils are predominantly composed of loams and
clay loams.

The climate is maritime with wet, mild winters and dry, cool summers.
The mean monthly temperature ranges from 1 °C in January to 18 °C in
July. Average annual precipitation varies with elevation from about 2300
mm at the base to over 3550 mm at upper elevations, falling mainly in
November through March. Rain predominates at low elevations; snowfall
is more common at higher elevations. Highest streamflow occurs generally
in November through February during rain-on-snow events.

The Andrews Watershed 2 data have been used in Paper 7, where more
detailed site information can also be found.
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Figure 4. Watershed 2 in Andrews Experimental Forest, Oregon, USA.

Coweeta Hydrologic Laboratory

The Coweeta Hydrologic Laboratory (Figure 5) is located in the Nantahala
Mountain Range of North Carolina, in the United States. The 2185 ha
laboratory consists of two adjacent basins, of which Coweeta Basin (1626
ha) has been the primary site for hydrological experimentation. Since the
establishment of Coweeta in the early 1930's, 32 weirs have been installed
to monitor stream flows in the Laboratory. Currently 17 catchments, with
areas ranging from 9 to 61 ha, are gauged for streamflow (Post et al.,
1998). Average annual precipitation ranges from low-elevation levels of
1870 mm to 2500 mm at higher elevations. It is spread relatively evenly,
having a slight maximum in March and minimum in October. Less than
two per cent of the total precipitation falls as snow (Post et al., 1998).
Deciduous oak species dominate the canopy vegetation, with an abundant
evergreen undergrowth consisting of rhododendron and mountain laurel. A
comprehensive description of the Coweeta Hydrologic Laboratory is given
in Swank and Crossley (1988). Data from Coweeta have been used in
Papers 7, 11, and IV.
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Figure 5. A map of the Coweeta basin, North Carolina, USA. Modified
from the Coweeta web pages http://coweeta.ecology.uga.edu/.

3.3 Salmon Brook

Salmon Brook (0.82 km2) is located in the low-relief Darling Range of
southwestern Western Australia, and it is a Western Australian Benchmark
Catchment (Figure 6). The mean annual rainfall is 1200 mm.
Evapotranspiration consumes about 90 per cent of the annual rainfall (Ye
et al.,, 1997). The region is dominated by jarrah (Eucalyptus marginata)
forest. Surface soils are predominantly highly permeable sands and gravels
(Ye et al., 1997). Salmon Brook data have been applied in Paper 1.
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Figure 6. Salmon Brook catchment in Western Australia. Modified from
figures provided by Richard Silberstein (CSIRO Land and Water, WA,
Australia) and Department of Environment, Water and Catchment
Protection (Australia).

3.4 Rudbéck

Half-hourly streamflow and meteorological data were available from a
small research catchment of the Finnish Environment Institute located in
Siuntio, southern Finland (Rudbéck, 0.18 km?2). The catchment (Figure 7)
is covered by a mature forest stand dominated by Norway spruce.
Elevation ranges from 34 to 65 metres above mean sea level. Bedrock is
exposed on the hilltops and soils are composed of silty and sandy
moraines with an average depth of 1 to 2 metres to the bedrock. More
details on the site are published in Lepist6 (1994) and Lepistd and Kivinen
(1997).

The climate in Siuntio is temperate with cold, wet winters and
precipitation is typically of relatively low intensity. Approximately 30 per
cent of precipitation falls as snow. Mean annual precipitation, uncorrected
for wind effects, was 700 mm during 1991-96. Mean monthly
temperatures in February and July are —2 °C and 16 °C, respectively.

In 1996 a measurement campaign was initiated to provide
meteorological, snow and streamflow data for calibration and validation of
hydrological models (Koivusalo and Kokkonen, 2002; Koivusalo and
Kokkonen, 2003; Koivusalo et al., 1999). The data from 1996 to 2001
include hourly records of precipitation, air temperature, relative humidity,
wind speed, downward and reflected short-wave radiation, and long-wave
radiation from an open site next to the catchment. Catchment data include
hourly streamflow, and weekly measurements of snow depth and snow
water equivalent, depth to the groundwater table, and throughfall beneath
the canopy. Rudbédck data have been used in Papers /1, V, and V1.
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Figure 7. Rudbick catchment in Siuntio, southern Finland.

Vantaanjoki basin

The Finnish Environment Institute provided daily streamflow records from
two sub-catchments of the Vantaanjoki basin (Figure 8), a 58 km’
catchment gauged at Santamiki and a 1235 km® catchment gauged at
Myllyméki. The streamflow data covered the periods from 1971 to 1995
and from 1961 to 2001 for Santamiki and Myllymaiki, respectively.
Landuse in the Vantaanjoki basin comprises forest (46 %), agricultural
land (29 %), urban areas (12 %), peat land (9 %), and open water bodies
(3.5 %). Urban areas are concentrated in the south and the fraction of
forest covered area increases towards the north. Forests are mainly
scattered in the landscape as isolated patches. The elevation within the
basin ranges from sea level up to 135 metres. Santaméki station is located
at an elevation of 43 metres and Myllymaéki station is just above sea level.
The Salpausselkd ridge runs from south-east to north-west and divides the
basin into two regions. Large depositions of sand and gravel are found in
the ridge area. Sand and moraine soils predominate north of the ridge, and
fine-grained materials are dominant south of the ridge. The climate south
of the Salpausselkd ridge is similar to that of Siuntio, and north of the
ridge it has a slightly more continental character. HWED (1994) provides
a more detailed discussion on the Vantaanjoki area.

Precipitation and air temperature data were taken from meteorological
stations operated by the Finnish Meteorological Institute (Figure 8). For
Santaméki catchment the data were from Nurmijérvi, which is located 14
kilometres from the gauging station. Areal values of precipitation and air
temperature for the Myllyméki catchment were computed with the
Thiessen method (e.g. Smith, 1992) using point data from four stations
(Helsinki-Vantaa airport, Nurmijarvi, Tuusula, Hyvink&4) located within
the catchment. Areal estimates of the snow water equivalent were based on



snow course measurements from Tuusulanjarvi sub-catchment. Data from
the Vantaanjoki basin have been used in Paper V.

.
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Figure 8. Vantaanjoki basin, southern Finland. Meteorological stations at
Helsinki-Vantaa airport, Nurmijarvi, Tuusula, and Hyvinkdd are also
shown.

3.6 IHACRES hydrological model

Identification of Hydrographs And Components from Rainfall,
Evaporation and Streamflow data (IHACRES) is a simple lumped rainfall-
runoff model, which has been applied in Papers 7, /I, II, and IV.

The model can be divided into a nonlinear and a linear module. The
nonlinear or rainfall loss module converts rainfall to rainfall excess or
effective rainfall, which is defined to be the share of rainfall that
eventually becomes streamflow. The linear module, which represents the
transformation of rainfall excess to streamflow, allows flexible
configuration of linear stores connected in parallel and/or series. The store
configuration is determined from the orders of the a and b polynomials of
the following simple linear system

X, =—a,x,, —...—a,x,_, +bu, +bu, , +...+b u, (4

where x; is the output at time step &, u; is the input at time step &, and
ai...a, and by...b,, are coefficients. When 7 is two and m is one there are
two stores in parallel, a configuration applicable in many hydrological
systems (Young, 1992) and used in Papers I, III, and IV. The other
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configuration used in this thesis is a single linear store, which can be
found in Papers 7, II, and V.

For a linear system composed of two parallel stores, one store will have
a quicker decay from its peak response to an input pulse. The ‘quick’
output at time step & reads

() _ (9)
x " =-a,x + Bu, (5)

where ¢, and f, are coefficients. Similarly, the ‘slow’ output can be
written

(s) _ ()
X =—ax + Py (6)

In this form the linear module is fully described by three parameters,
which are

o 7,=—A/In(-a,) is the time constant governing the rate of
recession in the quicker of the two parallel stores (A denotes the
time step interval)

e 7,=-A/In(-a,) is the time constant governing the rate of

N

recession in the slower of the two stores
o v, =B, /B, +B,) is the pattitioning coefficient between the

two stores, the proportion of quickflow to total flow
A more detailed discussion on the linear module can be found in Jakeman

et al. (1990) and Jakeman and Hornberger (1993). Figure 9 shows a
systems diagram for the model with two stores in parallel.

Rainfall data
PET / temperature data
Effective Cuick flow Total flow
rainfall —»
generation Slow flow
NONLINEAR LINEAR
MODULE MCODULE

Figure 9. Schematic representation of the IHACRES rainfall-runoff
model.



Two different kinds of the nonlinear loss module have been applied in this
thesis. The more conceptualll loss module (Evans and Jakeman, 1998) is
basically a store which is recharged by precipitation P and depleted by
evapotranspiration £ and effective rainfall U. However, the state of the
store is not expressed as water level but as a catchment moisture deficit
CMD. The catchment moisture store accounting scheme is given at time
step k by

CMD, =CMD,_, —P, +E, +U, %

Evapotranspiration, E; at time step k, is characterized here as a function of
potential evaporation (or temperature 7, as a surrogate for potential
evapotranspiration, PET};) and catchment moisture deficit. Effective
rainfall is assumed to be dependent on catchment moisture deficit only.
The parameterizations for evapotranspiration and effective rainfall are

defined as
E, =c,PET, exp(~c,CMD,) ®)
¢, —CMD, if CMD,, <0
Uy =1"CMD, +c,  if 0<CMD, <c, 9)
o if CMD, >c,

where ¢, ¢;, c3, ¢4 are model parameters.

In the more statistical loss module the effective rainfall is computed using
U,=s"P, (10)

where p is a model parameter which modulates the effect of the catchment
wetness index s;. The index s; is calculated by a weighting of the
precipitation time series, the weights decaying exponentially backward in
time:

S, =clg+(l—kw)sk_1 (11)

The parameter £, defines the rate at which the catchment wetness declines
in the absence of rainfall. The parameter ¢ represents the increase in
storage index per unit rainfall in the absence of evapotranspiration. It is
chosen so that the volume of effective rainfall is equal to the total
streamflow volume over the calibration period. To account for fluctuations
in evapotranspiration, the following simple function of potential
evaporation is used:

3 Level of ‘conceptualisation’ is understood as the degree to which the model structure and its
parameters can be related to catchment-scale hydrological processes.
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k,(PET)=k’ exp|(c, — PET)/ f] (12)

where f is a PET (or temperature) modulation parameter on the rate of
evapotranspiration and ¢, is an arbitrary constant at which value %, (¢) =

X3
The more conceptual nonlinear module has been applied in Papers / and
1V, whereas the more statistical one can be found in Papers /, 11, I1l, and

IV. A nonlinear module, which is similar to the more conceptual module
presented above, is also applied in Paper V.

3.7 Characteristic profile hydrological model

The Characteristic Profile Model (CPM) describes soil water movement
and runoff generation processes in a characteristic profile, which begins at
a water divide and ends in a channel (Figure 10). For construction of the
CPM, information on surface and bedrock topographies, and hydraulic
properties of soils are required. The CPM is a quasi-two-dimensional
model in the sense that vertical and lateral water fluxes are computed
separately. Lateral flow is assumed to take place only in the saturated
zone. The characteristic profile is divided into vertical soil columns, and
for each column vertical water fluxes are computed from the Richards
equa‘[ionEI (Richards, 1931) describing unsaturated-saturated flow in the
soil-root system. The Richards equation reads

h_ O g M KB _ i _
= = azﬂKz(h) &J = —St)-an) (13)

where s is the soil water potential, K.(#) is the vertical hydraulic
conductivity, z is the distance from the soil surface, ¢ is the time, C(%) is
the differential water capacity, S(k) accounts for the transpiration in the
root zone, and Q(h) accounts for the lateral flow in the saturated zone. The
computed soil moisture distributions determine the groundwater levels in
all columns.

Downslope groundwater movement between vertical soil columns is
computed from Darcy’s law

dH
Gt = _KSDW (14)

where ¢, is the horizontal flow (per unit width) between two columns, K
is the saturated hydraulic conductivity, D is the thickness of the saturated
zone, and dH/dI is the groundwater table gradient between the columns. In
each column the net groundwater flow, i.e. the difference between flows

*In VI the Richards equation is approximated with the successive steady-state approximation of

Skaggs (1980).
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from an upslope column to a downslope column, is used to determine Q(%)
in Equation (7) as the volume of water added to (or subtracted from) the
column per unit volume, and per unit time.

The upslope end of a characteristic profile lies at a water divide, and it
is assigned with a no-flow boundary condition in the horizontal direction.
The boundary condition at the downslope end of the profile is of a fixed
head type, and it determines the water level in the channel. Water flow
from the soil profile into the channel gives the slow response or the base
flow component of the total runoff. Flow from the channel into the soil
profile is not allowed. At the bottom of the profile there is a no-flow
boundary at the interface between the soil and the impermeable bedrock.

Throughfall / snowmelt
Transpiration

Water divide Surface runoff from

throughfall / snowmelt
—————————————— Surfaoe runoff from exfiltration
- - Y- -~ Fixed water level

Groundwater flow in theditch
Base flow

Figure 10. An illustration of runoff generation mechanisms in the CPM.

CPM has been applied in Papers /I and VI. Procedures for computation of
transpiration, interception, and overland flow are described in the above
papersE.l In both Paper /I and Paper VI delay caused by the channel
network is accounted for by routing the runoff yielded by the CPM
through a single linear store. As the catchment studied in Papers /I and VI
is small (0.18 km?) such a simple model structure was deemed sufficient.

3.8 IUH — gamma distribution function

In Paper V the IUH is formulated as the two-parameter gamma
distribution, which reads

1
IUH(t) = ——¢t*'e™"'”, a>1, >0 15
(1) T (@) e B (15)

where « is the shape parameter, S is the scale parameter, and I" is the
gamma function. One-hour unit hydrographs were computed via numerical
integration of IUH(t) in segments having a length of 1/100 hour. In time-
convolutions one hour unit hydrograph was always used. Whenever the

5 With the exception that the interception procedure applied in V7 is described in its companion
paper Koivusalo and Kokkonen (2002).
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data discretisation was coarser, the data were distributed uniformly into
one-hourly intervals.

Data transfer

The present thesis applies the eXtensible Markup Language (XML), which
is a widely used format for structured documents and data on the Web, for
specifying the semantics of the model input. An agreed method for
documenting and communicating the input requirements of a simulation
model enables the model to receive the required input from a data source
over the Internet.

Development of eXtensible Markup Language (XML) started in 1996
and it was adopted as a World Wide Web Consortium (W3C,
http://www.w3.org) standard in February 1998. Although XML as its own
standard is fairly new, the methodology has a solid background in the
Standard Generalized Markup Language (SGML), which was developed
in the early 1980s, became an ISO standard in 1986, and has been widely
used for large documentation projects. The designers of XML adopted the
best parts of SGML, guided by the experience gained with development of
the HyperText Markup Language (HTML), and produced a markup
language whose expressive power almost matches that of SGML, but is
more regular and simpler to use.

XML is a text-based markup language for describing what the data is,
rather than just specifying how to display it, as is the case with HTML.
Similar to HTML, markup is composed of a set of tags i.e. identifiers
enclosed in angle brackets. The tag, its matching end tag, and the parsed
character data between the tags form an element of the XML data. An
element can contain child elements allowing XML to represent
hierarchical data structures. Additional information can be provided in an
attribute, which is a qualifier within a tag. A Document Type Definition
(DTD) can be used to define the structure of an XML document. A DTD
lists the set of legal element names, specifies the hierarchy of the elements,
and gives a listing of allowed attribute names. With a DTD different
parties can agree on a particular XML application for data exchange.

XML-DBMS (Bourret, 2003) is a middleware for transferring data
between XML documents and relational databases. It views an XML
document as a hierarchical tree of data-specific objects and links these
objects to a relational database using an XML-based mapping language.
XML-DBMS is freely available at http://www.rpbourret.com/xmldbms/ as
Java and Perl versions.
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RESULTS AND DISCUSSION

How to select a modelling strategy?

In Section 3 it became clear that an abundance of methods has been
proposed to represent relationships between rainfall and streamflow
mathematically. Many classifications for dividing rainfall-runoff models
into distinct categories are available in the literature; that of Beck (1991)
was presented in Section 1.2. Many models, however, do not neatly
conform to any of such general categories, but rather contain elements
from several modelling approaches. This is natural, as often models are
tailored to suit specific case studies. Since the ‘total picture of the
hydrologic system’, as phrased by Freeze and Harlan (1969), is not
available, it is necessary to consider particular objectives, and also
constraints imposed by availability of data and computing power, when
selecting a modelling strategy.

In Paper / it is argued that when only limited data (daily rainfall,
streamflow, and temperature) are available, it is difficult to justify
substantial ‘conceptualisation’” of complex processes. Level of
conceptualisation is understood here as the degree to which the model
structure and its parameters can be related to catchment-scale hydrological
processes. Increasing the level of conceptualisation enables the model to
take into account various water fluxes, which are perceived to be of
importance for the particular problem at hand. But, if there are no data to
validate predicted water fluxes, there is a danger that the inadequacy of the
model to reproduce those fluxes goes unnoticed. In Figure 11, simulated
streamflow and evapotranspiration series are shown for two different
model structures (for details, see Paper /). The difference in the modelled
streamflow between these two models is very small, but they generate
drastically different evapotranspiration time series. It is evident that
streamflow data alone do not help in assessing the structural adequacy of
the representation of evapotranspiration.
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Figure 11. Simulated runoff and evapotranspiration series for two model
structures.

As discussed in Section 2.4, models possessing physics-based process
descriptions attempt to utilise data that are directly measurable in the field
or in a laboratory. In Paper /I a method is described as to how to
incorporate topographical information into a semi-distributed rainfall-
runoff model. The approach taken was to construct a flow direction grid
from a digital elevation model, and then follow flowpaths from all grid
cells located at the catchment border to the point where they first crossed a
channel belonging to the drainage network of the catchment. Figure 12
plots the longitudinal sections for all computed flowpaths, i.e. the
elevation above channel level as a function of distance along the flowpath.
Three distinct groups can be identified by examining the figure, and a
fourth group was formed from short flowpaths less than 60 metres in
length. Within each group an average longitudinal section was calculated
to represent the entire group. The proportion of the catchment area that
each average longitudinal section was assumed to represent was obtained



by comparing the number of flowpaths belonging to each group (Figure
12).
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Figure 12. Surface topography for all computed flowpaths (thin lines).
Typical flowpaths are shown as thick lines, and their relative shares are
given in parentheses.

Only two model parameters were systematically calibrated in Paper //; one
against snow water equivalent, and one against streamflow. In addition,
potential transpiration was scaled by comparison of long-term sums of
measured and modelled streamflow. Figure 13 shows measured and
calculated streamflows for the study period. Performance of the semi-
distributed model was compared against a simple lumped model
(IHACRES) having five calibration parameters, and no substantial
differences were found in their capabilities to simulate streamflow (Figure
13). Figure 14 plots runoff from the four identified typical profiles during
springmelt 1999. It is clear that the flat profile number three produces
higher peaks than the others during the first snowmelt events.
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Figure 13. Measured streamflow and computed streamflow from the
semi-distributed model (a), difference between measured streamflow and
computed streamflow from the semi-distributed model (b), and difference
between computed streamflow from the semi-distributed model and
IHACRES (c). Nash and Sutcliffe (1970) efficiencies (E) for both models
and for both calibration and validation periods also shown.
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Figure 14. Runoff from all profiles during springmelt 1999.

An often-encountered criticism against physics-based models is that,
although they are capable of simulating internal hydrological variables,
such simulation results are not compared against measured data (see
Section 2.4). In Paper VI such comparisons are conducted against
groundwater levels and separation of streamflow into event and pre-event
water contributions derived from isotope tracer results. A single hillslope
in the Rudbick catchment was considered to be representative of soil
water movement and runoff generation processes within the catchment.
Data from three groundwater tubes along this hillslope (Figure 15) were
used as calibration and validation data for the soil water model. Figure 16
presents calculated and measured groundwater elevations along the
hillslope. Also, calculated direct runoff, defined as that part of runoff
which is generated directly from throughfall or snowmelt and has never
infiltrated, was compared against isotopically traced event water fraction
(Figure 17). In Paper VI the modelled runoff separation was compared
against earlier results from Koivusalo et al. (2000), and the improved
results were attributed to the fact that the soil water routine was calibrated
against groundwater levels. Koivusalo et al. (2000) used only streamflow
as calibration data.
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Figure 15. Geometry of the hillslope in the Rudbéck catchment, locations
of groundwater measurement tubes (R7, RS, and R9), and location of the
interface between top and bottom soil layers.
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Figure 16. Measured and calculated groundwater elevations along the
study hillslope in Rudbéck (tubes R7, R8, R9). Data from 1999 were used
for calibration and the remaining data for validation.
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Figure 17. Monthly total of measured and calculated runoff, and fractions
of direct runoff and isotopically traced event water.

As argued in Section 1.2, and discussed further in Section 2.5, it is
important to assess uncertainty inherent in the modelling results. In
Section 2.6 it was pointed out that it is easier to derive statistical measures
of uncertainty for simple, parsimonious models. In Paper 7V, confidence
intervals for instantaneous unit hydrographs have been derived over two
climatically different periods of time for the same catchment, and for three
different catchments over the same time period (Figures 18 and 19,
respectively). Identification of the parameters defining the instant unit
hydrograph has been described in detail in Papers /7 and IV

The confidence intervals of IUHs shown in Figure 18 have been
identified for a dry and a wet period for the same catchment (Coweeta
catchment 36). The two confidence intervals do not overlap indicating that
the unit hydrographs are significantly different at the 95% confidence
level, and hence there appears to be some climate dependency in the
model parameterisationfl However, from comparison with Figure 19 it is
evident that the difference in IUHs is much smaller than in those which
have been derived for the same period but for three catchments exhibiting
a clearly different hydrological behaviour. In more complex models
assessing implications of parametric uncertainty is harder. In Paper VI, a
sensitivity analysis (Figure 20) is performed, which gives some
appreciation of how much uncertain parameter values can affect modelling
results.

6 Results presented later in this thesis (see Figure 21) demonstrate that [UHs for events of different
intensity are variable. Results reported here address longer periods of time than single events
cover. Here IUHs have been identified for time periods extending over three years.
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Figure 18. Confidence intervals for [UHs as calibrated to Coweeta 36
catchment on two (dry and wet) time periods.
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Figure 20. Sensitivity of runoff components (a) and groundwater depth (b)
to parameter perturbations of £20%. CPM model application in Rudbéck.
Symbols in this figure are from Paper VI and do not appear in the list of
symbols (Appendix 1).

In Section 2.2 it was discussed that the unit hydrograph, i.e. the dynamics
in conversion of effective rainfall into streamflow, can vary with the
intensity of the event. The results of Paper V' suggest that in small
catchments a single instantaneous unit hydrograph may not be sufficient to
adequately describe conversion of effective rainfall into streamflow,
although the series of effective rainfall would be allowed to take any
plausible shape. The approach taken was to optimise parameters of the
instantaneous unit hydrograph and values of effective rainfall series
concurrently from precipitation-streamflow data without imposing a
functional form of the precipitation filter a priori. The effective rainfall
was allowed to take any value as long as it did not exceed the measured
rainfall at any time step. A gamma distribution function was used to
parameterise the instantaneous unit hydrograph. Figure 21 plots the
estimated instantaneous unit hydrographs for 9 events in Rudbick and 17
events in Andrews Watershed 2. Instantaneous unit hydrographs are
plotted in descending order of the measured event peak flows, and it is
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easy to detect that events of greater magnitude tend to have a flashier
response in both catchments. A similar relationship between event
magnitude and response dynamics could not be identified in the larger
catchments (58 and 1235 km?) of the study (Figure 22).
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Figure 21. Estimated IUHs for 9 events in Rudbick (a) and 17 events in
Andrews Watershed 2 (b). [UHs are plotted in descending order of event
peak flow and the distance between starting points of IUHs is directly
comparable to the difference between corresponding event peak flows.
Time scale is shown as a separate line.
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Figure 22. Estimated IUHs for 13 events in Santaméki (a) and 20 events
in Myllyméki (b). IUHs are plotted in descending order of event peak flow
and the distance between starting points of IUHs is directly comparable to
the difference between corresponding event peak flows. Time scale is
shown as a separate line.

The relationship between event magnitude and IUH parameterisation,
which was detected in the smaller catchments, was exploited to formulate
a structure for an event dependent (variable) IUH in Andrews Watershed
2. The scale parameter S (see Equation 15) was found to have a much
stronger correlation with the event magnitude than the shape parameter c.
Following this finding, the scale parameter £ was related to the value of
effective rainfall via a linear relationship while the shape parameter a was
fixed to a constant value (see Paper V for details). Results presented in
Figure 23 show that in three out of the four events selected for model
validation the proposed variable IUH scheme provides a more accurate
prediction of the flow hydrograph than a constant [IUH scheme used as a
reference.
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Figure 23. Observed and computed streamflows for two rainfall-runoff
models involving either a variable or a constant [IUH scheme. The shown
four events are from Andrews Watershed 2 and are labelled in Paper V" as
event 1 (a), event 3 (b), event 11 (c), and event 14 (d).

In short, choice of a modelling methodology must depend on the problem
at hand and on the data available. Results of this thesis (Paper 1)
corroborate the understanding (see e.g. Beven, 1996) that relatively simple
models are adequate when the objective is to reproduce streamflow. But
when it is desired to utilise measurements of internal hydrological
variables, such as groundwater levels in Paper Vi, a more complex model
structure may be required. Despite the criticism presented against physics-
based modelling (see Section 2.4), at least such models do allow model
validation against internal state variables (Refsgaard et al., 1996). And
when hydrological impacts of proposed land use changes are to be
assessed, data representative of the changed conditions are often not
available and the assessment must be based on a priori knowledge of the
relevant hydrological processes. Above it was presented how
topographical information can be used to form typical profiles, and it was
also shown that the modelled hydrological response is different between



those profiles giving justification to the division. Similar approaches could
be applied to incorporate land use data for the division of the catchment,
and when changes in land use are proposed, model runs reflecting the
proposed change could aid in assessing the impacts arising from the
change. In any case, and particularly when there are no measurements to
validate calculated hydrological fluxes, model results should be considered
as an ‘expert opinion’ — not as an accurate reproduction of the real
phenomena. Hence, it is important to address uncertainty contained in the
results (Paper V), and to document the modelling exercise carefully so
that it is open to criticism and suggestions for improvement.

4.2 Modelling of ungauged catchments

Expert opinions and information from other catchments become especially
valuable when in a particular catchment there are no flow data available to
support calibration of hydrological models. In Paper II, prediction of
daily streamflow using regionalisation techniques is explored using the
Coweeta data.

In the light of the results it was not sufficient to adopt the mean of
available calibrated parameter values as a regionalisation method for an
ungauged catchment. From Figure 24 it can be seen that use of average
parameters (labelled ‘Mean’ in the figure) often yields poor results in
comparison to other methods. This implies that differences in the physical
properties of catchments should be considered. Two regionalisation
methods, ReglCorr and NearElev in Figure 24, produced daily runoff
predictions which were not much inferior to those given by calibration.
The first method is a regression-based technique where correlations
between runoff model parameters, i.e. dependent variables in the
regressions, are also considered. And in the latter technique, a parameter
set is transferred directly to the ungauged catchment from a gauged
catchment likely to have a similar hydrological behaviour. Selection of
such a gauged catchment was based on the weir elevation, which was
identified to have a significant role in explaining the hydrological
behaviour in the Coweeta basin.
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Figure 24. Nash and Sutcliffe (1970) efficiencies for all catchments using
calibrated (Calib) and regionalized (Mean, RegMany, ReglCorr,
NearElev) parameters.

The ‘RegMany’ method in Figure 24 refers to a regression analysis where
the set of explanatory variables was identified as the optimum set from the
seven candidate physical catchment descriptors. Optimum set was
understood as the set that yields the minimum p-value for the hypothesis
that all regression coefficients are equal to zero. From Figure 24 it can be
seen that the ‘RegMany’ method gives in general poor predictions and
fails badly in catchments 27, 28, and 34. It is noteworthy that in catchment
28, where the prediction failed completely, regressions between catchment
descriptors and model parameters were all very significant with p-values
ranging from 0.003 to 0.02. Reason for the failure was that the parameter
7, (see Section 3.6 for a model description) was predicted from area and
catchment 28 is more than twice as large (144 ha) as the second largest
catchment (61 ha). This leads to a negative value for z,, which prevents a
meaningful runoff simulation being performed.

Results of Paper /I] can be summarised briefly as follows. Firstly, high
significance of a regression between values of catchment descriptors and
model parameters does not guarantee a set of parameters with good
predictive power when applied to the catchment considered to be
ungauged. At the worst, when extrapolating, parameters can be predicted
to have completely senseless (e.g. negative when not appropriate) values.
Secondly, consideration of interrelations between dependent variables (i.e.
rainfall-runoff model parameters in the current context) can improve
performance of regression as a regionalisation method. Ignoring the
parameter correlation structure inherent in the model, and merely
exploiting relationships between model parameters and catchment
properties (no matter how weakly related they are), can result in a
significant decrease in regionalisation performance. Thirdly, in the set of
13 catchments, there was variability in both regression methods. Which



catchment descriptors were identified as explanatory variables for model
parameters depended on which catchment was regarded as ungauged. The
fact that the analysis was sensitive to a removal of one catchment and
inclusion of another indicated that the number of available data points for
the regressions was relatively small. And fourthly, when there is a reason
to believe that in the sense of hydrological behaviour a gauged catchment
resembles the ungauged catchment to a sufficient extent, it may be
worthwhile to adopt the entire set of calibrated parameters from the
gauged catchment.

An obvious drawback of the regionalisation type of methodology
applied in Paper //] is that flow data from numerous catchments belonging
to the same region need to be available. Another way to reproduce flows
for ungauged catchments is to exploit the available information on
catchment properties in a more physics-based way, where there is no need
to establish statistical relationships between catchment properties and
parameter values of the hydrological model. As discussed in Section 2.4,
there are still many problems to be tackled before physics-based models
will find wider applicability. However, the results of Paper /7 reported in
the previous Section, where a minimum amount of parameter calibration
yielded satisfactory simulation results, show some promise in predicting
streamflow in a physically more consistent way.

4.3 Model integration

In Paper VII methods are explored for how to transfer information between
data sources and environmental simulation models in a web environment.
The eXtensible Markup Language (XML) was selected as the data transfer
format.

In the study application two snowmelt models, which have different
process descriptions and different data requirements, were linked with a
database which can be accessed over the Internet. The simpler model is
based on the degree-day concept and it needs only daily precipitation and
air temperature as input data. The other snow model (Koivusalo et al.,
2001) is based on the energy balance approach and is much more
demanding in its input data requirements. The energy balance model is
driven by precipitation, air temperature, relative humidity, wind speed, and
downward short- and long-wave radiation. In addition to the data input,
both models require parameter values to be prescribed and given as
parameter input to the models prior to a simulation. The degree-day model
yields water equivalent and liquid water content of snow as a simulation
output, and the energy balance model produces both snow mass and
energy state variables as outputs.

In this application the focus was on the data transfer methodology, and
the models did not contain any computational procedures. The
meteorological data were from a meteorological station in Siuntio located
in southern Finland within 50 kilometres of Helsinki. The meteorological
time-series, and additional site and data specific information (metadata),
were stored in a PostgreSQL (http://www.postgresql.org) relational
database.
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Figure 25 illustrates the linkage between the database and the snow
models as perceived in the sample application. All input to the models and
output from the models are directed through an interface, which accepts
only XML.

Database
| DB Schema |
XML-DBMS
| MapFile
| DTD | | DTD |
Degree-Day Snow Energy Balance Snow
Model Model
Model Model
Parameters Parameters

Figure 25. Schematic representation of the linkage between database and
snow models.

To create a simulation run, the user chooses via a Web browser which
model is to be run and which data are fed to the selected model. Each
model available in the system has an associated DTD file, which specifies
the required data input and its structure. After the model selection has been
accomplished, the user informs the system where the requested variables
reside in the database. This information and the DTD file are then used to
generate automatically an XML-DBMS map file. The map file describes
linkage between structure of the XML document, which is required as an
input to the model, and the database schema. A utility application included
in the XML-DBMS package for creating map file templates from DTD
files was modified to construct the map files required in this sample
application. Finally, the user selects via the Web interface the site and the
simulation period. This completes the information required to retrieve the
model input from the database. The produced XML data file contains
relevant time-series required to drive the selected model, and site-specific
metadata such as site name and units of the input variables.

Figure 26a shows the DTD describing data input requirements of the
degree-day snow model, and Figure 26b depicts an example of a generated
input file for the degree-day snow model. For more details, including



description of the XML-DBMS map file, the reader is referred to Paper
VII

a)

<IELEMENT Site (Record+,AirTempUnit,
PrecipUnit,SiteName)>

<IELEMENT Record (AirTemp,Precip,Date)>

<IELEMENT AirTemp (#PCDATA)>

<IELEMENT Precip (#PCDATA)>

<IELEMENT Date (#PCDATA)>

<IELEMENT AirTempUnit (#PCDATA)>

<IELEMENT PrecipUnit (#PCDATA)>

<IELEMENT SiteName (#PCDATA)>

<IATTLIST Site SiteCode CDATA #REQUIRED>

<IATTLIST Record RecordNumber CDATA #REQUIRED>

b)
<?xml version="1.0" encoding="UTF-8"?>
<Site SiteCode="1">
<Record RecordNumber="1">
<AirTemp>0.39</AirTemp>
<Precip>2.5</Precip>
<Date>Jan 1, 1997</Date>
</Record>
<Record RecordNumber="2">

</Record>

<AirTempUnit>C</AirTempUnit>

<PrecipUnit>mm/d</PrecipUnit>

<SiteName>Siuntio</SiteName>
</Site>

Figure 26. A DTD file specifying data input requirements for the degree-
day snow model (a), and a data input file in XML format for the degree-
day snow model (b).
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CONCLUSIONS

This work is an integrative study of methods for rainfall-runoff simulation.
Owing to its character the thesis addresses a range of modelling aspects,
including process description considerations, problems associated with
ungauged predictions, and tools for sharing data and computational
procedures over the Internet. The present thesis itself is based on data sets
from three continents and application of several simulation models, which
adds motivation to integration aspects between model and data resources.

As Burnash et al. (1973) formulated in the context of their streamflow
prediction system, the degree of effectiveness, which the user achieves in a
runoff simulation study, will be dependent on the individual initiative and
care with which the investigators conduct their work. This is intuitively
quite obvious and the current thesis does not either claim to offer
definitive, easy to follow instructions on how any particular case study
should be conducted. Choice of a modelling methodology must depend on
the problem at hand and on the data available. However, some principles
to be taken into account when selecting methods for a rainfall-runoff study
can be outlined.

Simple, but nevertheless carefully chosen, models involving a handful
of calibration parameters are normally sufficient when the objective is just
to simulate streamflow, and when there are historic flow data available for
the calibration. This was mentioned in Section 4.1 in the light of results
from Paper /1. A simple model structure can also be preferred as it
facilitates systematic uncertainty assessments. Paper IV (see Section 4.1)
discusses how, in the case of a parsimonious model, information on
parametric uncertainty can be exploited to study dependency of model
parameters on different climatic periods.

A more complex model structure can be called for when assessing
hydrological problems involving water quality considerations, which often
necessitates explicit representation of runoff generation mechanisms and
different flow pathways. In order to have confidence in simulation results
of such models that have more ambitious objectives than merely to
reproduce streamflow, the results should also be validated against other
measured data than just flow records. In Paper / (see Section 4.1) it was
clearly demonstrated that if there are no data to validate predicted
evapotranspiration series, the inadequacy of the model to reproduce it
might well go unnoticed. Two different model parameterisations can both
yield good quality fits to observed streamflow data, but generate
drastically different evapotranspiration time series. Section 4.1 also
presents results from Paper VI where simulation results of a physics-based
model are compared against measured data on groundwater levels and
isotope tracer results. As yet there are not many studies where internal
hydrological values (e.g. as groundwater levels) and environmental tracer
data have been used in development and testing of physics-based rainfall-
runoff models. Such data that complement standard meteorological and
streamflow data are of high value when pursuing for a more realistic
description of runoff generation. Further advance in hydrological
understanding on how runoff is transported through the landscape is likely



to be a result of new innovative methods to measure more directly in the
field, what are the preferential pathways of water below the soil surface.

Sufficiently long records of on-site measurements of hydrological
variables, which enable proper model calibration and validation, will
continue to be of high value. Still, expert opinions on hydrological
problems are frequently required when there are not sufficient data
available, or if the available historic data are not representative of the
conditions after the studied site has undergone a change (e.g. forest
logging). In Paper /Il (Section 4.2) a regionalisation is undertaken where
relationships between physical catchment characteristics and parameter
values of a hydrological model are derived, and these relationships are
used to predict streamflow in a catchment assumed to be ungauged for
streamflow. These results add insights into applying regionalisation as a
method for predicting flows in ungauged catchments. It is demonstrated
that relationships between physical catchment characteristics and
parameter values are at times so weak that in a regression based analysis
removal of one catchment and inclusion of another leads to a different set
of explanatory wvariables. Results of Paper /I also indicate that
consideration of interrelations between rainfall-runoff model parameters
themselves can improve performance of a regionalisation exercise.
Ignoring the parameter correlation structure inherent in the model can
result in a significant decrease in prediction accuracy. Finally, it is
suggested that, instead of establishing statistical relationships between
model parameters and physical catchment descriptors, it may be
worthwhile to adopt the entire set of calibrated parameters from a single
gauged catchment, which is believed to exhibit a similar hydrological
behaviour to the ungauged catchment under study.

An obvious drawback in the regionalisation type approach to ungauged
predictions is that, although the studied catchment itself can be ungauged,
flow data from numerous catchments belonging to the same region need to
be available. Ideally, one would wish to exploit available information on
catchment properties in a more physics-based way where observed values
of physical catchment properties are incorporated into the model structure
and parameters directly. Unfortunately, as discussed in Section 2.4,
physics-based models still face problems which are not readily solvable.
However, the results of Paper /I (Section 4.1), where a minimum amount
of parameter calibration yielded satisfactory simulation results, show some
promise in predicting streamflow in a physically more consistent way. In
Paper II, a new approach for a more objective use of topographical
information in the characteristic profile model of Karvonen et al. (1999) is
presented. Approaches for objectively identifying typical patterns in other
spatial information, such as landuse data, have a key role in applying the
characteristic profile model to problems, where the study catchment is
subject to proposed treatments. Research on accounting for forestry
activities is currently underway.

Good quality data are essential in understanding how streamflow
responds to climatic forcing. In Paper V' (Section 4.1) a relationship
between response dynamics and event magnitude was identified and
quantified from short-interval precipitation-streamflow data measured in
two small research catchments. This relationship was subsequently built
into a model structure. A similar relationship was not visible in the larger
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catchments. If such a relationship were existent it was masked by other
causes leading to the variability of hydrological response between
different events.

The final part of the thesis (Paper VII and Section 4.3) explores tools
for distribution of environmental data sets and simulation models over the
Internet.  Paper VII presents a methodology how an environmental
simulation model can document and communicate its input requirements,
which facilitates automated retrieval of input data from a remote data
source over the Internet. Such techniques, although routinely used in many
web-based services (e.g. shopping, banking, library reservations), are only
emerging in the environmental field. The idea is to promote openness in
environmental simulation studies by providing means for data and model
integration from resources published by different parties. Efficient sharing
of data and methods is vital on the track towards more comprehensive and
reliable assessments in environmental decision problems.
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APPENDIX 1 LIST OF SYMBOLS

cass

1
(&)
C3
Cy4
Cp
Cs

Cs2
CMD,

64

catchment area [m’]

parameter of a linear system
parameter of a linear system
differential water capacity [m™']
model parameter (Equation 11) [m™]
model parameter (Equation 9)
model parameter (Equation 9) [m™']
model parameter (Equation 9) [m]
model parameter (Equation 9) [m]

constant at which &, (¢;) = k‘g (Equation 12) [m]

tracer concentration in stream water

tracer concentration in source one

tracer concentration in source two

catchment moisture deficit at time step k [m]

thickness of the saturated zone [m]

evapotranspiration during a time step £ [m]

modulation parameter on the rate of evapotranspiration
(Equation 12) [m]

runoff coefficient

soil water potential [m]

groundwater table gradient

input of a linear system (continuous time)

instantaneous unit hydrograph

time step index

parameter defining the rate at which catchment wetness
declines

model parameter (Equation 12)

horizontal saturated hydraulic conductivity [mh™]
vertical hydraulic conductivity [mh™]
model parameter (Equation 10)
precipitation during a time step & [m]
maximum rate of rainfall [mh™]
potential evapotranspiration during a time step & [m]



O,
0O
QsZ
Giat
Qmax

sink term accounting for lateral flow in the saturated
zone [h']
total stream discharge [m’h™']
source one contribution to the total stream discharge [m*h™']
source two contribution to the total stream discharge [m’h™]
horizontal saturated flow per unit width [m*h™]
maximum rate of runoff [mh™]
impulse response
sink term accounting for transpiration in the root zone [h™']
soil moisture index at time step &
time [h]
temperature at time step & [°C]
input of a linear system at time step &
effective rainfall during a time step k& [m]
partitioning coefficient between the quick and slow stores
output of a linear system (continuous time)
total output of a linear system at time step k

‘quick’ output of a system comprising two parallel stores, at
time step k£
‘slow’ output of a system comprising two parallel stores, at

time step k

distance from the soil surface [m]

shape parameter of the gamma distribution function (Equation
15)

coefficient in the equation for quick response (Equation 5)
coefficient in the equation for slow response (Equation 6)
scale parameter of the gamma distribution function (Equation
15)

coefficient in the equation for quick response (Equation 5)
coefficient in the equation for slow response (Equation 6)
time step interval [h]

gamma function

time constant governing the rate of recession in the quick
store [h]

time constant governing the rate of recession in the slow store

(h]
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