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FOREWORD

This report is the first preliminary report on the Water Research Commission
project entitled 'Hydrological Research in catchments of the eastern and
southern Cape'. The project has two major themes; one associated with
isolated event deterministic models and the second with the use of
stochastic models in semi-arid regions. This report addresses the former
subject and 1is a continuation of preliminary work begun 1in an earlier
project and reported by Hughes (1983).

The Hydrological Research Unit (HRU) at Rhodes University has been involved
in the field of mathematical modelling of the rainfall-runoff process since
its 1nception 1n 1974. It has established two areas where hydrological data
are collected for research purposes. The first 1s in the semi-arid Ecca
catchments of the eastern Cape whille the second 1s 1n the sub-humid coastal
area of the southern Cape Province.

Dr. Hughes has been a member of the HRU since 1980, and Ms Beater 1is a
graduate student carrying out a research programme towards an MSc. degree.
The research that has been completed in the past, as well as the
continuation of tnis project, 1s only possible because of the funding from
the Water Research Commission and due to the facilities provided by Rhodes
University to my Department. My gratitude and appreciation 1s accordingly
expressed to both organisations. |

J.B.McI. Daniel
(Professor of Geography, Rhodes University).
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ABSTRACT

The first chapters of this report review some aspects of the philosophy
underlying deterministic approaches to modelling flood events. The
discussion concentratés on isolated event modelling of non-urbanised
catchment hydrological response. Consequently, some of the features
specific to urban hydrological models (such as flow routing in stormwater
drainage systems) are ignored. The introductory chapters are not meant as a
full review of all modelling approaches but rather to define the context in
which the models tested can be placed.

The four models investigated in this'study are, a developed version of an
implicit source area model, two simple constant runoff proportion models and
a semi-distributed runoff-routing model. The first three models have been
formulated as both lumped as well as semi-distributed models. . The
distribution system for all models is based upon sub-catchments. ~ The
structures of the four models are described and their parameters discussed
with respect to perceived associations with physical characteristics of
either the input rainfall or the catchment or both. Some of the models

share common components but have essential differences in part of their

structure. By comparing model results 1t was considered possible that some
weaknesses might be identified and isolated.

The models have been calibrated on two physiographically and climatically
different sets of catchments. Both represent nested gauging situations and
one set (Ecca) is situated in the semi-arid eastern Cape of South Africa
while the other (North Danville) is in the humid temperate north eastern
United States. The ability of the four models to rebroduce a range of
observed storm hydrographs is examined from their curve fitting capabilities
as well as the degree of parameter stability and acceptability. For each
model, comparisons are made between the performance in the different regions
and between the performance of the lumped and semi-distributed model
versions. The North Danville catchments were generally modelled more
successfully, although limitations 1in the available input data precluded
firm conclusions from being made. Improved calibration results were
obtained wusing the semi-distributed versions when the input rainfall was
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spatially variable and adequately defined by the available data. Small
events in the semi-arid catchments were not modelled successfully by any of
the models. This is considered to be a consequence of a disparity between
the scale of spatial variations of the real and modelled runoff generating
processes during such low runoff response events. There are small
differences in the overall ability of the four models to reproduce observed
events. However, this was achieved with a more stable set of parameter
values for the variable runoff proportion source area model, than for the
other three. It is necessary to carry out further investigations to decide
whether the variations in some parameter values between storms can be
estimated from the storm input characteristics. Similarly, further work
involving model testing on more catchments is necessary to examine more
completely the physical relevance of the parameters of all the models. This
work, as well as investigations into parameter sensitivity and model
application forms part of a continuing project on single event modelling.
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1. INTRODUCTION

Before discussing mathematical modelling approaches to the estimation of
some or all of the characteristics of isolated or single flood events it is
desirable to first of all define an 'event'. This 1is difficult in as much
as the processes involved in the redistribution of water within the
atmosphere/surface/subsurface system operate on a more or less continuous
basis. Most hydrologists would agree that the processes predominantly
operative during a 'flood event' differ only in degree from those during
'low flow' conditions. It is nevertheless impossible to define precisely a
set of conditions that give rise to a 'flood event' as opposed to a ‘'non-
flood event'. This can only be done in an arbitrary way by defining some
peak discharge limit or perhaps a threshold rate of increase in discharge.
An example would be the baseflow separation line of Hewlett and Hibbert
(1967). A further example could be to choose only those events with peaks or
volumes with recurrance intervals greater than a prescribed value. These
arbitrary approaches to defining an event make no statements about any
special set of conditions or processes that operate during the events.
Consequently, it might be expected that modelling approaches to flood events
would not be significantly different to modelling approaches to other
periods 1in hydrological time series. However, this is not the case, and
often flood models are designed as special case models. Such models ignore
processes whichs are otherwise included, 1in some way, in models designed to
simulafe a range of hydrological occurrences. They may also concentrate
more heavily on other processes deemed less important during lower flow
situations.

The difference .in approach to flood event modelling could be prompted by
“several factors. It may be prompted by the particular use for which the
model is designed or related to the model designers' perception or
-understanding of the physical system being modelled. Perhaps -the most
common reason 1is an attempt to concentrate on those processes of the
hydrological system that are most relevant to simulating flows at short time
intervals (such as flow routing and neglect those deemed unimportant during
storm rainfall. Event based models may therefore neglect the simulation of
evapotranspiration and its effect on soil moisture (Loague and Freeze,
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1985). This point is also related to the model designers' understanding of
catchment hydrology. Ultimately, all hydrological models represent an
attempt to simplify the physical system to a point where the model is
operable for . practical purposes but remains a sufficiently accurate
simulation tool. The way in which a balance is achieved between the degree
of simplification and the level of simulation accuracy has not been
determined. It 1is, of course, a difficult problem and one that is
inevitably related to the intended use of the model. A model designed to be
used in a wide variety of catchments with different physiographic and
climatic characteristics is expected to be more sophisticated than one
intended for more limited purposes. At our current level of knowledge,
hydrologists do not really know how much more complex such a model has to
be. Nor do they know which components of the system have to be modelled in
a more complex way. It is, admittedly, an enormous task to solve such a
problem. A conclusive answer might only be achieved by testing a wide range
of model types on an equally wide range of differing catchments (Sorooshian,
1983). The observed data from each catchment would also have to represent
the variety of different streamflow responses that could occur from the
catchment and be of good 'research' quality. Assuming that such data have
been collected, the consolidation of such a test data set would alone be an
enormous task.

It is inevitable that less extensive testing of flood event models has taken
place and also that the confident use of models is often restricted to the
area that they were developed in. The literature on hydrological models
abounds with different approaches to model testing. Some contributions have
concentrated on isolating the most important (or sensitive) components of
models (Pickup, 1977; Mein and- Brown, 1978; Bondelid et al., 1982;
Sorooshian and Arfi, 1982; Rogers et al., 1985) often with the intention of
isolating which model parameters should be most accurately evaluated.
Others have concentrated on the application of models to situations or areas
where a specific model (or models) has previously not been applied (Hope,
1983; Eyre and Crees, 1984; Devaurs and Gifford, 1986). Still others have
investigated whether or not the sub-components of models (such as soil
moisture levels or the extent of source areas) are simulated accurately
(Manley, 1977; Beven and Kiekby, 1979; Ward, 1984; Bernier, 1985; Moore et



-3-

al., 1986). Some contributions represent comparitive tests of different
modelling approaches (Delleur et al., 1976; Singh and Buapeng, 1977; Lowing
and Mein, 1981; Loague and fFreeze, 1985) while others concentrate on single -
models (mein, et al., 1974; Foroud and Broughton, 1981; Diskin et al, 1984;
Hughes, 1984; and many others). All such reports in the literature
represent a large .and still growing body of information related to the
problem referred to in the previous paragraph. However, this problem still
remains and until it is solved there will always be a measure of doubt about
the successful use of models in practical, applied situations.

This report initially examines some of the principles underlying the
different approaches to single event modelling (sections 2 and 3). It
attempts to integrate some of the current attitudes to the deterministic
modelling of flood events and discusses some of the problems of applying
alternative modelling approaches. These sections of the report also place
into context the models that have been selected for testing as well as the
methods that are used to evaluate and compare the performance of the models.
The remainder of the report describes the models under test, the iﬁitial
test data and the results of calibrating the models on these data. The
present report therefore provides the theoretical background to the complete
study as well as establishing the authors' attitudes to the development,
testing and application of single event models. The initial test data are
drawn from two totally different regions. The calibration results reported
herein have demonstrated that the models can be applied to simulating storm
events in two different rainfall-runoff response situations. A future
report (to be prepared in 1988) will discuss the results of further model
calibration and verification on a wider range of catchments. This second
~report will also attempt to draw conclusions about the usefulness of the
models for solving problems in applied situations.

It would be impossible to thoroughly test all the single event modelling
approaches that have been reported in the literature. The models have
therefore been selected to represent a range of approaches from very simple
constant runoff proportion models to a more complex model which incorporates
more than one runoff generation component. All the models selected represent
non-linear approaches to modelling the response of runoff to rainfall. In
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order to investigate the desirability of wusing distributed approaches
(section 2.3.1 of this report) it was decided to choose models that could be
operated 1n either lumped or distributed format. This excludes some
approaches that have been tested by other hydrologists working in this field
(kinematic flow routing, for example). The models were also chosen on the
basis ~of their perceived applicability to simulating floods from a
relatively wide range of catchment sizes.
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2. DETERMINISTIC MODELLING APPROACHES TO THE SIMULATION OF FLOOD EVENTS

In their introduction to a paper which discusses tests carried out on three
models, Loague and Freeze (1985) suggest that comparisons should be made
between different generic types of model. They consider that many earlier
contributions have compared models of the same generic type. James and
Hawkins (1981) presented a system of model classification based upon the
needs of users and the approach to modelling. Their purpose was to evaluate
the reliability of available models for meeting users' needs and to provide
a taxonomic system for general model assessment. James and Hawkins (1981)
covered a wide range of model types from catchment process models, through
flood and drought frequency models to alluvial process models. There is-
very little reference to the detail of individual modelling approaches.
When looking at a more restricted group of models it is difficult to
construct a classification scheme that considers the detail of the complete
range of approaches that have been adopted. There are a wide range of
criteria which could be used to devise a scheme to group models. However,
in some cases a model may fall into one group on the basis of one criterion
but into a different group using another criterion. This chapter attempts to
summarise and discuss the approaches that have been used by examining
criteria related to the type of input data required, the detail of the
output, the degree of spatial distribution used, and other factors. No
attempt is made to define groups which individual models fall into uniquely.

2.1 Continuous or-isolated event models

Continuous simulation models have been used to generate sequences of flood
peaks or volumes but require long periods of short time interval input data.
They may be useful to compare the probability structure of rainfall and
resulting streamflow events (Packman and Kidd, 1980; Beaudoin et al., 1983)
but long records of short period rainfall data are rarely available. They
have also been used extensively for real time flood forecasting (Green,
1979; Anderson and Burt, 1985). One of the advantages is that moisture
-storages are modelled continuously, precluding the necessity to estimate
initial conditions at the start of the storm. This is only an advantage if
the model simulates the storages realistically.
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An alternative approach is to model continuously but with a coarse time
interval between events (Dunsmore, et.al. 1985). Given the condition of
realistic simulation, such models have similar advantages to the first type
without the stringent data requirements. If the model structure is
essentially the same when dealing with event and non-event periods then the
model has to be rigorous and flexible enough to operate under a wide variety
of hydrological response situations. If, alternatively, the structure of
- the event model is different, then effectively the user is dealing with two
models. He therefore has to establish two sets of parameter values by
whatever technique is pertinant to the model or available to him. When the
required output is only one isolated event it is necessary to know what
length of period prior to the event that continuous simulation must begin. "
It may be difficult to assume a fixed period as it would still be necessary
to set the initial model storage levels. One suggestion would be to begin
at a point when the storages could be assumed full, such as the previous
large rainfall event. In other cases, such as arid or semi-arid areas, it
may . be better to begin at the end of a prolonged dry period when storage
levels could be assumed to be low.
It 1is difficult to draw a clear line of distinction between the second
approach referred to above and some isolated or single event models (IEM's).
IEM's have essentially three basic components: a method of determining
initial conditions; a method of determining that proportion of rainfall that
contributes to streamflow during the storm (excess rainfall or direct
runoff); and some form of flow routing procedure. If a coarse time period
model constitutes the first component then this is similar to continuous
modelling with a differential time interval. A distinction could be made
between those techniques that explicitly model initial storage conditions
and those that rely upon some simple surrogate estimate (initial observed
flow rate or antecedent precipitation indices, for example).

2.2' Model distinctions based upon intended application

Not all deterministic flood event models have been designed with the same
intended application and often their structure is related in some way to the
particular problem  that they were initially designed to solve. This can
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lead to difficulties if a model is wused for a purpose for which it was not
originally intended. This 1is especially true if the new application is
conceptually "in conflict" with the structure of the model. For example, a
model that was originally designed to simulate flows from small catchments
with 1little spatial variation in hydrological processes should not be used
in relatively large catchments. Such an exercise 1is unlikely to be
successful if the original model is not capable of accounting for either the
spatial variation of processes or of rainfall input.

2.2.1 Design flood applications

Perhaps the classic application of single event flood models is for design
purposes. In the past this has involved models with relatively simple
formulations designed to predict the flood peak or the flood volume or both.
Included in this group could be the Rational method, R-index (Hewlett et -
al., 1977; Hope, 1983; 1984), SCS formulae and various rainfall excess
generating equations (Singh and Buapeng, 1977) attached to routing methods
such as time-area diagrams, unit-hydrographs or others. One characteristic
of some of these models is that they concentrate on estimating the peak flow
rate and its timing and sometimes the flood volume. The unfortunate
characteristic of most deterministic approaches to design floods 1is that
they rely upon the equivalence of return period (or probability of
exceedence) of the storm rainfall event and the resulting flood. Several
authors have drawn attention to the inadequacy of such an assumption
(Hiemstra, 1969; Cordery, 1970; Marsalek, 1978; Wenzel and Voorhees, 1978;
Urbonas, 1979; Beaudoin et al 1983; Dunsmore et al., 1986; Hughes, 1986),
identifying the importance of the role played by antecedent moisture as well
as other characteristics of the rainfall event apart from simply its depth
and duration. This problem 1is not necessarily model related, as even
complex flood models suffer from this basic error in
the concept of the design stomm.

There is a further, perhaps more fundamental, problem that is inherent in
most design flood approaches (deterministic and probabilistic). That is the
concept that the probability of exceedance of a specified peak or volume is
an adequate definition of the risk of flooding. This can only be true if
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the damage 1is directly associated with the single parameter of the flood
specified in the probability statement (i.e. peak or volume), and that the
other aspects of the event are irrelevant. Even when peak discharge is the
dominant factor there may be other considerations that are important to the
overall design problem. As long as the flood discharges remain below the
design peak there is no problem. However, if it is exceeded, then the
length of time it is exceeded and the volume of runoff occurring before the
structure 1is capable of carrying the flow again could be relevant to the
resulting amount of damage or inconvenience. Other design situations,
although less common, may require information about the complete flood
hydrograph. This would certainly be the case when the amount of storage
available forms part of the design. The requirements for the effective
planning of flood plain development or channel improvement works could
involve the estimation of complete hydrographs with realistic shapes owing
to the often complex relationships between discharge and overbank inundation
(Hughes, 1980). Reference to the probability of peak or volume exceedance
is then no longer adequate. Extending the probability statement to include
several aspects of a hydrograph in a multivariate distribution approach is
difficult although has been attempted in a limited way by Hiemstra and
Francis (1979). - The alternative of defining the exceedance probability of
the - event in termms of the important parameters of the causative rainstorm
(for example, depth, duration and intensity variations) and antecedent
conditions is also difficult to achieve (Hughes, 1986).

There are a large number of models with more complex structures than the
relatively simple ones referred to above. Many are quite capable of
simulating realistic hydrograph shapes resulting from complex temporal and
- spatial wvariations 1in rainfall intensity. However, the concept of the
design event and associated probability statements have not been updated to
allow the inclusion of such additional information about the characteristics
of a flood. It is doubtful if it is mathematically possible to update the
concept in the manner suggested in the previous paragraph. That the concept
requires some form of updating and refinement cannot be in doubt,
nevertheless the most effective way still remains to be determined.
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2.2.2 Real time flood forecasting

A number of models have been designed to be used as flood forecasting models
(Green, 1979; Serban, 1976; Beven, et. al. 1984) while others have been
adapted for this use (Eyre and Crees, 1984). They are generally moisture
accountihg models and continuous, using either constant time intervals or
reduced time intervals during potential floods. Some sophisticated
forecasting systems exist whereby rainfall forecasts, from radar
observations, are used as input to a model which continuously updates
streamflow predictions (Green, 1979).. Within larger catchments, monitored
headwater rainfall inputs can be used to predict sub-catchment flows which
are then routed to predict the flood levels further downstream. Such
practices are only justified where the travel time of the flood wave is of
sufficient length to allow adequate warning downstream. Efficient and
accurate channel routing functions would form a major component of such
models. Although channel routing methods are well developed, given certain
basic data, overbank flooding and its attenuating effects can be difficult
to model (James et al., 1981).

2.2.3 Land use change, sediment and chemical component models

These models have been grouped together as they are often perceived to
require more realistic modelling of the physical processes involved in
catchment hydrology (Beven and 0'Connell, 1982; Roberts, 1983; Fleming,
1984; Hughes, 1985). With models designed to predict land use change
effects on flooding it is essential that the parameters or coefficients of
the model have at least quantifiable relationships with the physical
characteristics of catchments. In most cases it would also be necessary to
allow for spatial variation of parameter values over the catchment. Except
in small catchments, it is unlikely that the whole area would be under one
land use then change to another. A special case where changes in land use
would need to be accommodated, would be those areas experiencing
hydrologically significant seasonal differences in land use.

The need for models with a realistic representation of the physical system
(physically-based) - where chemical or sediment production components are to
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be included, can be illustrated by a simple example. The hydrological
components of a model may simulate a greater proportion of overland flow in
relation to rapid subsurface flow than actually occurs. If the majority of
the chemical solution processes occur in the subsurface environment then the
model is unlikely to predict chemical quantities adequately.

Complex, spatially distributed, physically-based models are often difficult
to apply in many flood modelling situations. However, when the extra effort
involved in determining the parameter values of such models is rewarded by
greatly improved simulation results, then the use of such models is
warranted. Although no conclusive tests have been reported in the
literature, integrated simulation studies, requiring output of more than
just streamflows should be more successful if truly physically-based models
are used. Some further comments on the degree of model complexity will be
made in later sections.

2.3 Model complexity

Differentiating models on the basis of their complexity can be useful. To a
certain extent, it is a measure of the amount of input data required, or
number of parameters needing evaluation, before storms can be simulated.
However, while it is likely that models having a sound base in the physical
hydrology of catchments will be complex, the reverse is not necessarily so.
Complex models have a high number of "degrees of freedom", to borrow a
statistical term. This statement can be liberally interpreted to mean that
there is a lot of scope for errors to be made and for these errors to
compound and not necessarily cancel. Simple models can be easier calibrate
on individual events, but it is often not possible to find any physical
relevence for their parameter values. Consequently, such models may be
unreliable if applied to storms not included in the calibration data set.

This report identifies two aspects of model complexity which are discussed
separately below. The first is based upon the spatial complexity
. accommodated in the model while the second addresses the complexity of the
way in which the hydrological processes in each spatial element (or linking
spatial elements) are treated.
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2.3.1 Degree of spatial distribution

There are three possible reasons for incorporating some degree of spatial
distribution into a model. The first is to allow for spatially variable
input variables, mainly precipitation (Beven and Hornberger, 1982; Corradini
and Singh, 1985; Schultz, 1985). The second is to allbw for spatial
variation in the hydrological response characteristics within catchments
(Peck et al., 1977; Clark, 1980; Beven, 1983; Rajendran and Mein, 1986)
The final reason could be related to the second and may be a direct
consequence of the type of approach used in one or more components of the
model. For example, if a kinematic flow routing approach is to be used then
the model needs to be spatially distributed. It is not a simple task to
suggest which of the first two reasons is most important. This is largely
due to the fact that different dominant factors prevail in individual
regions, or catchments, or even during individual storm events. For any
storm occuring in a catchment it would be necessary to investigate whether
any variaton in runoff amount or pattern from sub-areas is a consequence of
variations in rainfall characteristics or runoff response characteristics or
both. In some circumstances, part of the answer is obvious. Convective
thunderstorms. are known to have spatially variable intensity patterns even
over small areas (Schultz, 1985). Similarly, in catchments with diverse
physiographic or land use characteristics, spatial variation in hydrological
response can be expected. However, the complete answer is likely to be
elusive in many situations.

Having decided that a distributed model is the most applicable approach to a
given problem, it 1is then necessary to provide the input and parameter
information at .an adequate level of accuracy to justify the distributed

approach. In terms of rainfall input, this would mean a sufficient number
of gauging 1ocations, or rainfall estimation points, to represent the degree
of heterogeneity in either intensity or total storm rainfall. With respect
to spatially variable parameter values it would first of all be necessary
for the relevent parameters to have at least some definable physical
relevance, quantifiable from measurable characteristics of the catchment.
Regression-type relationships, suitably tested for the area of application,
may be adequate. Directly measurable parameters in physical equations
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should be the optimum if the physical accuracy of the model structure is the
main criterion. However, it has to be remembered that in practice it is not
always possible to obtain measurements of certain hydrological
characteristics at a large number of locations within catchments. If the
point 'raised earlier about 'degrees of freedom' is also considered, then
complex, physically-based, distributed models lose much of their initial
attractiveness for solving practical problems.

The importance of measurement techniques and scale corresponding to model
structure and distribution scale has been emphasised by several authors
(Beven and 0'Connell, 1982; Dunne, 1983; Abbott et al., 1986). Loague and
Freeze (1985) maintain that the primary barrier to the application of
physically-based models lies in our 1inability to quantify the spatial
variability of rainfall and soil hydraulic properties at a satisfactory
scale.

There are many different approaches to sub-dividing the catchment area in
fully distributed models. Distribution schemes based directly upon
physiographic criteria have been used widely. Breaking the catchment _down
into individual slope elements (Jayawardena and White,. 1977, 1979), or
utilizing some aspect of the channel network (Lee and Delleur, 1976; Surkan,
1974) are common approaches. Indirect use of physiographic criteria have
also been used by dividing catchment areas up into travel time elements
(Krzysztofowicz and Diskin, 1978; WAtson, 1981). An alternative is to base
the network of sub-areas on a uniform grid pattern with an appropriate
spacing for the size of the catchment (Gupta and Soloman, 1977). A com-
promise between lumped and fully distributed models is the semi-distributed
approach where an essentially lumped model is applied to sub-catchments
within the total area (Mein et al., 1974). Clearly, a channel routing
component would be required to delay, attenuate and accumulate the runoff
from each sub-catchment. Having developed such a component to add to one
lumped model it is usually a simple matter to apply it to others.
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2.3.2 Model component complexity

The word 'complexity' has been used in this sub-heading although it does not
convey the real essence of the following discussion. The problem lies in
the confusion that can be caused by equating model complexity with the
model's ability to represent the 'real world' of hydrological response. A
model with a complex structure may be based upon false premises or applied
in an inappropriate way and therefore be no more representative of the
physical system than a relatively simple model. Different names have been
used to represent groups of models based upon their complexity or physical
reality. Roberts (1979), amongst others, used the black, grey, white box
scheme, which 1is useful as it correctly implies a continuum or spectrum of
increasing physical reality. An alternative is to refer to empirical,
conceptual and physical (or physically-based) models. However, this scheme
immediately raises semantic problems as any model that relies upon
calibration with observed data is an empirical model. In addition, many
models have sound physically-based components coupled with simple empirical
approximations as part of their structure. The following classification
scheme is presented to define more accurately how the authors of this report
perceive model distinctions.

a) Simple empirical models: This group consists of those models where
little or no attempt is made to relate the model components to
physical reality. They are essentially curve fitting methods. The
most likely approach for predicting storms not used for calibration
is through statistical relationships between model parameters and
storm or catchment characteristics. It is unlikely that parameters
will remain stable even within one catchment due to changing
hydrological response characteristics between storms that are not

. accounted for in the model.

b) Conceptual models: Such models may also be fitted usfng empirical

~ calibration procedures. However, they can be distinguished from those
above by virtue of the fact that the structure of these models is based
upon conceptualisations of the processes active during flood events.
They may be viewed as an assemblage of empirical components, each
representing individual or groups of processes. Their success will be

. partly dependent'upon the accuracy of the model developer's perception
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of the physical system and the way in which this perception is
translated into the mathematical components of a model. Some of the
model components hay be strongly physically-based. This group represents
a wide range of modelling approaches, some being developed as generally
applicable models while others are intentionally restricted to certain
areas of application (i.e. urban, forested or agricultural catchments,
small catchments or humid regions). Models which have a sound
conceptual structure relative to their intended area of application,
may have a totally unsound structure if used out of context. A
distributed model utilizing infiltration equations to determine excess
rainfall and a sound surface flow routing procedure (for example
kKinematic flow routing) could be considered a realistic
conceptualisation for some areas. However, in catchments where
subsurface flow is an important process'during some events the model is
no longer realistic. This does not mean that the model could not be
calibrated in such catchments. It merely suggests that the paraméters
would not be evaluated correctly in terms of their original conceptual
meaning.

Physically-based models: James and Hawkins (1981) state that the
'ultimate surface water model would be comprehensive in its cover-age of
the physical factors influencing surface water movement and consequently
reliable in its quantitative estimation of stream-flow'. The authors of
this report would agree with the first part of the statement but
consider the second to be misleading. The reliability of such a model
would also depend to a great extent on the user's ability to supply the
model with the necessary data requirements (Beven, 1983). It is
difficult to conceive of a hydrological model that can be applied in
practice and that is formulated from a set of highly physical equations.
This is not necessarily so because our understanding of the movement of
moisture through and over natural materials is lacking. It is mainly
because the hydrological response system at a catchment scale is very
complex. In addition it is not possible to measure all the physical
characteristics of catchments (which vary temporally and spatially)
necessary to evaluate such physical equations. The best that can be
achieved is a model which has a sound conceptual structure with
parameters demonstrated to have quantifiable physical significance, and
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which is sufficiently sophisticated to account for the spatial and
temporal variation in hydrological processes. The point about the
difficulties of applying complex, physically-based, distributed models
has already been made in section 2.3.1 above and need' not be repeated
here. It is sufficient to conclude that a great deal of effort is
involved if the parameters are to be evaluated correctly. If this
effort is by-passed by estimating parameter values using incompletely
substantiated assumptions, then the models can become a highly complex
conceptual model. Abbott et al. (1986), in presenting the first readily
available 'description of the SHE model, raise some very valid pdints
about the use of physically-based, distributed models. By utilizing a
physically-based structure and having an intimate knowledge of the
sensitivity of the model to parameter value variations, the level of
uncertainty associated with parameter estimation may be reduced. This
uncertainty may also be quantified by carrying out simulations wusing
parameters within a reasonable range of possible values. It is not
possible to quantify the uncertainty when there exists no understanding
of the physical significance of the parameters.

2.4 Approaches to modelling components

The previous sections have discussed several general aspects of the
different approaches to modelling flood events. Reference to individual
components of the hydrological response system has only been used to
illustrate generalised points. This section looks more specifically at the
different components of flood event models and the various ways in which
processes have been conceptualised and simplified for use in mathematical
models. Most flood event models can be reduced to three main components.

a)' The estimation of the catchment moisture status prior to the start of
the storm event. )

b) A method or methods of converting gross rainfall into excess
rainfall or more exactly, that proportion of gross rainfall that
contributes to runoff. This will inevitably include procedures for
up-dating the levels of any storages used in the model.

c¢) The routing of runoff across and/or below the land surface and in the
network of channels to the catchment outlet.
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2.4.1 Antecedent conditions

The different approaches to the estimation of initial conditions has already
been partly discussed in section 2.1 Continuous models (with or without
variable time intervals) do not require a separate component for, these
estimations as storages are updated continuously. Where data are available
and where the model and its sub-components are physically realistic with
respect to the catchment under consideration, such approaches should give
the best results. However, the estimation of soil moisture storage levels
is rarely tested using observed data and consequently it is often difficult
to assess whether these levels are being modelled accurately. Other
storages that can be included are interception and surface detention
storage. The effects of different initial levels of theée on hydrological
response during floods is not well understood.

In isolated event models, estimates of initial moisture status have been
based on simple decay functions of some number of previous days' rainfall,
either modified or not for seasonal influences (Hughes, 1984). The level of
catchment outflow at the beginning of the storm has also been used. In the
UK, the Meteorological Office wse moisture budgeting techniques to estimate
soil moisture deficiencies continuously on a regional basis and such values
have been used in several models (for example, Pirt and Bramley, 1985). The
authors are not aware of any distributed, isolated event models that make
use of distributed estimates of initial conditions. This could be a major
 drawback if it is assumed that antecedent conditions can play a major role
in determining the degree of hydrological response and that such conditions
could be spatially variable. Whatever method is used to estimate initial
conditions it must be compatible with the structure of the rest of the
model. The principle is particularly pertinent to the use of a short time
interval isolated event model coupled to a longer time interval water
balance model.
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2.4.2 Estimation of excess rainfall

The term 'excess rainfall' 1s misleading and 1s a somewhat outmoded
expression. However, even in its literal sense 1t 1s-still applicable to
many models 1n use today. It also remains a convenient term to refer to
that proportion of the gross rainfall that eventually contributes to
catchment outflow. The first point to consider 1s whether specific models
are designed to estimate total outflows or stormflows. If stormflows only
are modelled tnen no attempt 1s made to model the slower responding
paseflow. The underlying reason for neglecting this flow component would De
that it 1s considered negligible during the major part of a flood hydro-
graph. The difficulty is that some form of separation line between the flow
components must be assumed. A commonly used method is that of Hewlett and
Hibbert (1967) where stormflow begins when flow rises faster than a separa-
tion line of gradient 1,13mm clay"day“1 (5,47 x 10'4m3s.'1km'2.n'1).
Wnile this may be a useful generalisation it fails to account for the very
big differences that may occur petween catchments of different soils and
physiography. If total flows constitute model output, then some attempt has
to be made to estimate the amounts of baseflow occuring during the event.
This may be negligible when antecedent moisture levels are relatively low
and events shortlived.

Procedures used to estimate excess rainfall are difficult to group as they

really represent a continuous spectrum from simple through to complex, more

physically-pased, methods. However, 1in broad terms 1t is possible to
identify three loosely defined categories.

a) Simple methods utilize constant runoff ratios, (NERC, 1975) continuing
constant loss rates (Laurenson and Mein, 1985) or infiltration curves
(Singh and Buapeng, 1977). Some infiltration loss curves allow for
variaple losses during a storm and can be soundly based upon
observations of the process. They have been included 1in this group of
simple methods as they wusually fail to account (either explicitly or
implicitly) for the role of subsurface flow processes. However, used 1n
a distributed model, (for example, the model of Huggins and Monke, 1966)
infiltration equations could form one component of a strongly
physically-based approach to excess rainfall determination. Models
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using constant runoff ratios or loss ratios can be modified to allow
some degree of temporally variable response. . Laurenson and Mein (1985)
suggest that separate 'bursts' of rainfall within a storm could have
different response levels. However, it is not apparent how such
relative differences could be quantified.
Intermediate approaches include those attempts to vary runoff response
as the storm progresses as well as with changes in rainfall intensity.
More than one concept of runoff generation may be employed in the-
estimation of rainfall excess. Examples of this group could include
several models that have attempted to use the variable source area
concepts of runoff generation in either an implicit or explicit way (Lee
and Delleur, 1976; Krzysztofowicz and Diskin, 1977; Hughes, 1984; Pirt
and Bramley, 1985). One of the major problems with the first group (a)
is that the parameter values of the excess rainfall component will
inevitably change for different events even on the same catchment.
Consequently, for prediction (not calibration) purposes it would be
necessary to estimate loss rates or runoff proportions from a
combination of catchment and storm characteristics. It is difficult
ehough to quantitatively characterise individual storms, let. alone
relate such measures to model parameters. Intermediate approaches often
represent an attempt to allow parameters to remain fixed for any given
catchment.
Physically-based equations of surface and subsurface flow processes
represent the highest level of the spectrum. The authors have no
experience of models which fit into this group and can be said to
represent  the hydrological response system of a wide range of
catchments. However, there are models which claim to be physically-
based with respect to a limited range of catchment response
characteristics (Beven and Kirkby, 1979). The SHE model (Abbott, et
al., 1986) may represent a major advance in this area of hydrological
modelling.
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2.4.3 Flow routing methods

Inevitably the approach to flow routing is closely allied to the other
components and structural elements of any model. Simple methods can include
linear (Bauer and Midgley, 1974; Ponce, 1979; Green, 1979; ) or non-linear
(Hughes and Murrell, 1986) storage-routing equations, instantaneous unit
hydrograph methods, or time-area diagrams (0'Donnell, 1966; Dooge, 1973;
Watson, 1981). They have been used in both lumped and semi-distributed
models. Usually, land surface (or subsurface) and tributary channel
routing are integrated in one estimation formula. Fully distributed, slope
element or grid models often have more complex and physically-based routing
approaches such as kinematic flow methods (Stephenson, 1980) or physical
hydraulic equations (Danish Hydraulic Institute, 1985).

2.4.4 General

One general observation that may be made is that a model that is expected to
have widespread applicability should have components that are compatible
with each other. For example, there seems little point in using a
physically-based routing method with a simple method for rainfall excess
determination. It 1is 1likely that the weakensses of the rainfall excess
method will have an effect on the routing parameters. Their values may then
need to be different to the 'physically realistic' ones in order to account
for poor estimation of the time distribution of rainfall excess. Model
components should also be compatible with the level of spatial distribution
used as well as the time interval used in the model. As these are not
independent of the response characteristics of individual catchments it is
difficult to make recommendations or define precise guidelines for model
development or model application. It appears that more investigations are
required to ascertain which approaches to flood event modelling will be most
successful in different circumstances. '
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3. MODEL CALIBRATION, VERIFICATION AND TESTING

3.1 Calibration

Conventionally, the calibration of a deterministic model involves changing
the values of the parameter set until a satisfactory correspondence between
the simulated and observed data is achieved. The criteria chosen to
determine whether a satisfactory fit has been achieved can have an influence
on the final parameter values. The choice of fitting criteria has received
a  great deal of attention in the modelling literature (Diskin and Simon,
1977; Sefe and Brougton, 1982; G&rgens, 1983; Sorooshian, 1983; Green and
Stephenson, 1986). The selection of criteria depends to a large extent on
the important characteristics of the data set relative to the specific aim
of the modelling study. In flood event modelling, the following hydrograph
characteristics can be considered to be important;
i) total volume of runoff;
ii) peak flow rate;
iii) timing of peak flow rate;
iv) time duration of rise to peak;
v) shape of recession curve.

It is often necessary to assess the degree of correspondence between
observed and simulated flows using several statistics (G&rgens, 1983; Green
and Stephenson, 1980). The following measures should provide a satisfactory
assessment:

i) coefficient of efficiency (Aitken, 1973), E;

ii) coefficient of determination, D;

_iii) percentage error in total runoff volume, %V;
iv) percentage error in peak discharge, %P;
v) time difference between observed and simulated peak, TP.

Both the coefficients of efficiency and determination could be calculated
using untransformed discharge values or using the natural logarithms of the
~ values. The logarithmic transformation removes the bias towards the high
values of runoff. Large differences between E and D is indicative of
systematic error which may also be illustrated by high percentage errors in
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both peak and volume. Low percentage errors in peak and volume, low values
of D and E and a large time difference between peak discharges is indicative
of a time shift of the whole hydrograph.

Models may be calibrated manually, by modifying one or more parameter value,
observing the effect on the fitting criteria and then repeating the
exercise. This can be time consuming and confusing when there is a high
degree of interaction between parameters. The alternative is to use a
procedure whereby some or all of the parameters are evaluated using an
automatic optimising technique (Rosenbrock, 1960; Ibbit and 0'Donnell, 1971;
Gupta and Sorooshian, 1985). Only one objective function cén be used and it
may be necessary to carry out some manual adjustments afterwards to achieve
a better overall fit based on several criteria. Interaction between
parameters can cause complications and result in sub-optimum results being
produced. Similarly, beginning the optimisation with different starting
values can result in different final solutions. Whichever method of
calibration is used, a knowledge of the degree and patterns of interaction
between parameters as well as the sensitivity of the fitting criterion to
changes in parameter values is always useful. The definition of model
sensitivity to changes in parameter values and plotting of response surfaces
are essential if the uniqueness of a particular solution is to be assessed.
Where complex interactions between different parameters occur it is not
always straightforward to define the full array of response patterns. In
addition, different individual events may have different model response
patterns depending upon the characteristics of the input rainfall data.

When testing some models, it may be expected that parameter values should
remain stable for all storms experienced on the same catchment. Two methods
of calibration could be adopted to investigate whether this expectation 1is
realistic. Individual storms may be calibrated separately and the stability
of the parameters assessed later. Alternatively all available storms could
be calibrated together as one data set but resetting the initial moisture
status at the beginning of each storm. The latter approach has certain
advantages particularly when it is possible to achieve similar fits with
different parameter sets. In the former approach the non-uniqueness of
results on individual storms could be confusing and lead to erroneous
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conclusions. It is important to note that a lack of uniqueness of solutions
is not necessarily a weakness of a model. If the model 1is conceptually
sound, with parameters that have some degree of physical ihterpretation then
only one solution may be 'correct'. Other solutions may produce similar
fits, but be achieved by setting certain parameter values at levels that do
not correspond to the parameters physical interpretation on a specific
catchment. Thus, in testing such models intuitive assumptions about the
physical interpretation of parameters may play a major role during a
calibration exercise. Only after a number of catchments, having different
hydrological characteristics, have been modelled can the validity of these
intuitive assumptions be assessed and perhaps modified.

Not all models can be expected to have stable parameter values for all
storms on the same catchment. Simple models wutilising constant loss
coefficients are an example. Variations in total rainfall amount, temporal
intensity patterns and antecedent conditions, amongst others, inevitably
lead to variations in the proportion of rainfall that becomes streamflow.
It is therefore not practical to calibrate a series of storms together.
Part of the overall assessment of the models' applicability or validity
would then include an investigation of the relationships between parameter
values and relevant storm characteristics. Without a knowledge of such
relationships and the way in which they vary between catchments it 1is
difficult to imagine how such models may be applied.

Calibration of semi-distributed models is an extremely difficult task unless
information about the differences in hydrological response between sub-areas
is known. In addition this information should be able to be interpreted in
terms of differences in parameter values. Without this  background
kﬁowledge, changing the values of sub-area parémeters to achieve improved
fits becomes a dangerous and time consuming exercise. It is evident that
the potential for reaching spurious conclusions is very high indeed.
Despite these disadvantages, semi-distributed approaches should be more
successful than lumped models when there is some degree of spatial
variability in the rainfall input data. Improvements over lumped modelling
approaches may be achieved simply by accounting for this spatial variability
even if most model parameters are kept constant for all sub-areas.
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In general terms, complete calibration of isolated event models involves
three stages. Firstly, it 1is necessary to - achieve a satisfactory
correspondence between observed and simulated discharges for individual
storm events. Secondly, it is necessary to establish if, and in what way,
parameter values vary between storm events on the same catchment. Finally,
before a model can be considered satisfactorily calibrated for the range of
catchments it is intended to represent, the way in which parameters vary
between catchments should be known. Admittedly, the latter represents an -
extension of the conventional use of the term calibration. However, this
extension is warranted if deterministic model calibration is to be
considered more than just a curve fitting procedure.

3.2 Verification

There 1is often a degree of confusion between the use of the words
'verification' and 'validation' and they have been used in the literature to
mean the same thing. Sorooshian (1983) uses both terms to refer to a check
or test that calibrated parameter values can be wused to satisfactorily
simulate events not used for calibration. Stedinger and Taylor (1982),
referring to stochastic models, used the term 'validation' for this process
and ‘'verification' for ensuring that the computer coding of the model
represents the idealized model. Both terms refer to confirming the
soundness or truth of a result and therefore could be used interchangeably.
It therefore seems +to be irrelevant which term is used as long as it is
followed by a description of what aspect of the model is being verified or
validated.

Verification of the computer model is necessary to ensure that moisture is '
not lost or gained due to the incorrect operation of a particular function.
Solutions to functions should also be checked for stability within the range
of parameters or variables over which the model is intended to operate
(Hughes and Murrell, 1986). The remainder of this section discusses
different aspects of verifying that the model, operated with an identified
set of parameter values, can be satisfactorily applied to a specific
catchment.
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With reference to single event models, the first level of verification would
be a check that the model formulation is adequate to simulate a range of
storm responses. This stage is likely to occur concurrently with
calibration. If the model cannot adequately simulate the hydrographs of the
calibration data set, then there is little point in carrying out further
model tests on a particular catchment. Having <calibrated the model
successfully it 1is then necessary to evaluate the meaningfulness of the
resulting parameter values. If the model is a relatively sophisticated one
then the parameters may be expected to remain stable for a variety of
response characteristics from the same catchment. Thus verification will
involve running the model with a series of observed storms not included in
the calibration set and evaluating the simulation results. It is important
that the storms reserved for verifying the calibration parameter set
represent a relatively broad spectrum of the type of hydrological response
that the model is designgd to simulate. For models of the simpler, curve
fitting type, an intermediate stage is necessary. The parameters of these
models may be expected to vary with the characteristics of the storm
rainfall or antecedent conditions. It would therefore be necessary to
evaluate these relationships before any worthwhile verification could take
place. The parameters of strongly physically—based'models should be able
to be evaluated from field based measurements of soil, vegetation or
physiographic characteristics when these are available. Verification then
consists of testing whether such values produce adequate simulation results.

Regardless of the models complexity and the user's expectations, the
verification results may suggest further modification to the parameter
values. This implies further calibration to investigate whether a modified
parameter set can produce satisfactory results for all the available storm
data. This must be considered a legitimate step in model testing as -it
makes wuse of the maximum amount of information available. However, the
implication 1is that if additional data became available the parameter set
may still require changes. Thus, no conclusive result about the
representativeness of the model or the particular parameter set can be
achieved. Perhaps the main problem lies in determining whether the
available set of observed storm events is representative of the range of
response types that can be expected from a specific catchment. This will
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inevitably depend upon the climate and land use regimes of the catchment.
The problem is similar to determining the length of record that is adequate
to achieve a stable calibration of a continuous model (G&rgens, 1983).

The final level of verification relates to testing the transferability of
parameters to other catchments (Hughes, 1985). In this context ‘'other
catchments' also refers to the same catchment used for calibration, but
under a different land use regime. The general lack of success associated
with attempts at transferring parameters of rélatively simple models has
prompted many workers in this field to favour the use of physically-based
models (Bevan and 0'Connell, 1982; Roberts, 1984). However, there are few
reports in the literature of physically-based models being tested over a
range of different catchments. Perhaps this is because a large amount of
fieldwork is necessary to evaluate the parameters of physically-based
distributed models. Such fieldwork 1is obviously difficult and time
consuming to undertake on a large scale.

3.3 Model testing

To summarise the points made in the previous two sections, model testing
includes the whole range of procedures used to decide whether a specific
model is efficient and hydrologically representative with respect to its
intended use.

Thorough testing should incorporate the following :
i) Evaluations of calibration efficiency;
ii) Evaluation of the stability of calibration results;
iii) Analysis of the sensitivity of model results to changes in para-
' meter values as well as input data errors;
iv) Assessment of the range of hydrological response types that can be
satisfactorily modelled;

v) Assessment of the transferability of model parameters to other’
situations (storms or catchments) not represented in the
calibration or development data sets;

vi) Testing of any hypothesized or perceived associations between model
parameters and physical catchment or storm characteristics.
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While there may be overlaps between the six points referred to above it is
apparent that a complete evaluation of a model's capabilities represents a
tremendous task. The amount of data required is difficult to determine and
might not be obtainable. It is hardly surprising that many model tests are
less than thorough and limited by available data, computer or manpower
resources. Most tests that have been reported contribute to an overall
understanding of what it 1is possible to achieve with deterministic
hydrological models. However, as more and more new models are designed the
amount of comparitive testing that is required grows rapidly.
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4. S-CURVE MODEL (OSE2)

4.1 Background

The model described in this section is an extended version of the implicit
source area model presented by Hughes (1983; 1984). The central concept of
the original model is that the proportion of rainfall that contributes to
streamflow varies throughout the storm in relation to the moisture status of
the catchment. This relationship was defined in the model wusing an
asymmetric S-curve described by a three parameter hyperbolic tangent (TANH)
function (Hughes, 1984). The runoff-ratio in any particular time interval is
calculated from the relative moisture status. The runoff-ratio is
- interpreted as the proportion of the catchment area that functions as a
source area. All rain falling on this contributes to streamflow, while rain
over the remainder of the catchment contributes to an increasing relative
moisture level and an expanding source area. The initial moisture status at
the start of the storm was estimated from a decay function of the previous
20 days rainfall. Excess rainfall routing was achieved using a non-linear
storage-routing equation (Hughes and Murrell, 1986).

The original model was able to reproduce observed hydrograph shapes reason-
ably well after calibratién in both semi-arid and sub-humid test catchments.
However, the model parameters were found to vary quite considerably for
different storms on the same catchment (Hughes, 1983; 1984). This was
especially true for the semi-arid catchments which are characterised by
variable storm producing mechanisms (Hughes, 1983). Only if the model
parameters could be related to storm characteristics in some way could the
model be used to estimate hydrographs when observed data are unavailable (to
génerate design hydrographs for example). An alternative is to develop the
model . further by identifying the conceptual weaknesses and incorporating
additional components where necessary to improve the model's flexibility.
The following sections discuss the way in which this model has been
developed.
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4.2 Conceptual weaknesses

One of the weaknesses of the original model is that intense rainfall at the
beginning of a storm with low antecedent moisture conditions generates
insignificant amounts of runoff. This 1is inevitable when the model
formulation only implicitly incorporates one method of runoff generation and
operates as a lumped model. To extend the generality of the model it would
be necessary to conceptually incorporate other runoff generation processes -
that have been identified as being important in a wide range of catchments.
Subsurface flow and infiltration-excess overland flow (Ward, 1985) are two
processes that could be added using relatively simple model formulations.

The model operates in regular time intervals defined by the user. A large
amount of rain falling in one time interval means that the differences
between the moisture status at the start and end of the interval can be
quite high. The original model used an iteration process to calculate
average moisture status within the interval. Conceptually, rain that does
not become runoff has to travel over or through the soils of the catchment
before contributing to the expansion of source areas. The original model
formulation does not allow for a variable amount of time for this to happen
in different catchménts. The soil depth, drainage characteristics and
steepness of the slopes within different catchments must influence the rate
at which rain falling on valley tops and sides reach the valley bottom.

The conceptual structure of the model is based upon a lumped formulation.
However, a consideration of the spatial variability of both rainfall input
and catchment characteristics within some catchments suggests that lumped
models will not always perform adequately. Even when such characteristics
-are relatively uniform there are some processes that are -difficult to-
incorporate in a lumped model, yet may be important in certain catchments.
Semi-arid catchments with channels developed in alluvium may experience high
degrees of channel losses from streamflow generated in headwater areas.
Thus, not only is the amount of streamflow reduced, but the timing of the
overall response at the outlet may also be affected. While it is difficult
to 1imagine how this model could be developed into a fully distributed
version, the alternative of adopting a semi-distributed approach based upon
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lumped modelling of sub-catchments is feasible.  Such an approach has been
used by Mein et al. (1974) and involves the addition of components to route
streamflow along the channels connecting nodal points within sub-catchments.

A further potential weakness in the model lies in the simplified approach to
the estimation of antecedent moisture status. To improve this part of the
model would probably involve the addition of a coarse time interval moisture
balance model which would be operated over a specified period prior to an
event. Such models are available (for example the ACRU model of Schulze,
1984) but its parameter values would also need to be estimated (by
calibration or other methods) for any specific catchment. Consequently,
this acknowledged weakness of the model has not been attended to at this
stage of the model development.

4.3 Conceptual structure of the developed model

The model can be divided into three major components; antecedent moisture

status estimation, runoff generation estimation and runoff routing

components. The model can be operated in either lumped or semi-distributed .
mode. The essential difference lies in the fact that the sub-catchment

version allows for separate modelling of runoff generation from different

areas and the use of a different routing function. Figure 4.1 illustrates

the structure of the model.

4.3.1 Antecedent moisture
A decay function of the form :
n
L i
API = z DR, .APF
i=1

- where DR; = rainfall total i days before the event, is used to calculate an
antecedent precipitation index (API) from n days of rainfall prior to the
event and a model parameter APF (£1,0). The number of days and the
parameter APF can be varied between events to allow for seasonal effects.
AP1 then becomes the estimate of the initial moisture status of the
catchment. |
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4.3.2 Runoff generation

Runoff may be generated in any time interval by one or both of two methods.
The first is dependent upon the intensity of the rainfall input, whilst the
second on the intensity as well as the moisture status of the catchment.
Both use a hyperbolic tangent function to estimate a runoff proportion value
which 1is then multiplied by rainfall to produce the runoff amount. The
intensity controlled runoff uses a symmetric S-curve function with intensity
(mm. hr'1) as a fraction of some maximum value (dependent on the time
interval used in modelling) as the abscisa (figure 4.1a). The proportion of
the catchment contributing through this mechanism at the maximum intensity
is a model parameter (IAF). Conceptually, this element of runoff is viewed
as originating from relatively impervious areas close to the channel. It
may be thought of as infiltration-excess runoff away from saturated source
areas but from zones close to channels such that re-infiltration of surface
flow does not occur.

0-49 4+ SYMMETRICAL S-CURVE 1.0 9 4+ S-CURVE DA=0.25 . C=0.8
X S-CURVE DA=0.6 . C=0.
0.8 -
o.sﬂ - b.
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[+ 4
[T 0.4 4
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o
=
0.1 4 2
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0.0 4 Y T T T \ 0.0 1 T Y —r— T —
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For @ £ RAT < C : ROP=A1(Tanh{B1(RAT-C)I+1)

1AR=D. 4 (Tanh{@. 4 (R. INT.~ 50)1+1) For C £ RAT £ 1 : ROP=A2(Tanh{B2(RAT-C)J+1)+D2
Al = DA A2 = 1-DA
B1 = 2/C B2 = 2/7(1-0)
D2 = 2#+DA-1

Figure 4.2 S-Curve relationships used in the S-Curve model
a) intensity controlled runoff, b) implicit variable source area runoff.
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The moisture status of the catchment (RAT) is defined relative to some
maximum value (SMAX). SMAX is conceived as the moisture level (mm) at which
the complete catchment (or sub-catchment) is contributing directly to runoff
(runoff proportion = 1,0). Thus the runoff proportion (ROP) at any' time
interval 1is defined by the relative moisture status and the shape of the
assymmetrical S-curve function. As in the earlier model (Hughes, 1984) this
function 1is constructed from two TANH functions having a common point at
(DA,C). DA and C are model parameters and their influence on the S-curve
shape is illustrated in figure 4.1b. As before, the runoff proportion (ROP)
multiplied by the rainfall amount provides the unrouted runoff depth in one
time interval. At high moisture levels there is a possibility that the
runoff from this equation and the infiltration excess function add up to
greater than unity. The model checks for this and adjusts accordingly.

The rainfall proportion that does not contribute to runoff is added to a

store, having an infinite maximum value and which starts at zero level for

convenience. In each interval a proportion of this conceptual slope storage

drains into the conceptual variable source area (VSA) store and increments

the moisture status of the catchment. Clearly, this gives rise to higher

runoff proportions during later intervals. To account for slow subsurface

drainage from the VSA store, a proportion of its absolute amount drains out

per interval. For zero rainfall periods during the event, the balance

between the drainage from the slope storage (into the VSA store) and the VSA

storage determines whether the source area expands or contracts. The amount

draining from the two storages are constant proportions of their levels

(%. hr'1) and defined by two model parameters (PCSLP and PCVSA). Drainage

from the VSA is perceived as being able to flow into the channel or into
deeper groundwater. While the former is likely to contribute to streamflow.
during the event, the latter is not. There is little information on which
to base a quantitative differentation of these two components. For
convenience, and to avoid adding further parameters, a fraction equal to the
relative moisture status of the catchment is considered to flow into the
channel during the event. The remainder is not accounted for during the
storm duration.

Runoff can thus be generated by three separate components of the model. Two
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of them are considered to be relatively rapid flow elements, one determined
by the rainfall intensity and one by the moisture status of the conceptual
variable source area. The third element is the relatively slow drainage
from the VSA store to the channel.

4.3.3 Runoff routing

Runoff routing is divided up into two components referred to as the 'land'
and 'channel' phases. The land phase routing is the same for both lumped
and semi-distributed model versions but for the channel phase different
modelling approaches are used. The land phase routing makes use of a non-
linear storage-routing relationship of the type S=KQN, where K and N are
model parameters. This equation is combined with the continuity equation
dS/dt=1-Q and the solution achieved using the method developed by Hughes and -
Murrell (1986). In the lumped model this routing component represents the
attenuation effects of flow over and below the surface as well as in minor
tributaries. In the semi-distributed model, the routed flow is conceived to
represent the outflow from a nodal point at the sub-catchment centre. The
relatively rapid flow from the VSA and the intensity controlled runoff are
combined and routed using parameters K and N.  The slower flow component is
- routed using a higher value of K. This is determined by dividing K by the
fractional loss from the VSA store per time interval and the moisture
storage ratio. This is an arbitrary scaling factor but avoids incorporating
additional parameters.

In the lumped model channel routing is carried out by means of a time-area
triangle with an initial delay. Each unit of output from the non-linear
land phase routing component is first of all delayed (parameter DEL) and
then spread forward in time using an isosceles triangle with variable base
length. The base length is calculated from a non-linear function of the
output from the land phase routing (in mm.hr'1). An inverse power function
of the form TA = A.Q'B is used, where TA is the base length in hours, Q is
discharge. in mm.hr“1 and A,B are parameters. As the discharge decreases,
the triangle becomes more elongated, implying slower routing. As B
increases, the triangle shape becomes relatively more variable .



-34-
- After initial test results on a semi-arid catchment it was considered
desirable to try and include a simple formulation to account for channel
losses. The effects that were necessary to achieve were less runoff at low
moisture levels than were being modelled, and a more rapid response of the
remaining runoff. The latter effect is logical as the majority of the
channel losses were considered to be occurring in the upstream reaches.
Consequently, only the lower reaches with shorter travel times would be
contributing. The effects can be achieved by reducing the runoff volume and
the base of the time area triangle by a calculated amount. As this amount
is likely to depend upon the moisture status of the catchment it has been
made a function of this in the following equation:

CLOSS = 1/(RAT*ROP)CLP - ,
where RAT is the relative moisture  status (& 1,0), ROP the runoff
proportion, CLP is a model parameter and CLOSS is the percentage runoff lost
to the channel and the percentage decrease in the base length of the time
" area triangle. If CLP is greater than unity then losses vary at a lower
rate than the moisture status and vice versa. To maintain a water balance,
the amount of runoff absorbed by the channel is added to the VSA store to
increment the moisture status of the catchment. In the semi-distributed
form of the model it is merely necessary to reduce the output from each sub-
éatchment (by CLOSS percent) and route the remainder in the manner described
below.

Semi-distributed routing 1is achieved by routing sub-catchment outflow
through a conceptual channel reservoir to the next downstream sub-catchment
node. The downstream sub-catchment outflow is added and then routed further
downstream. Where the configuration of sub-catchments is such that more
than one group of sequentially linked sub-areas exist then allowance is made
for storing hydrdgraph elements and combining them at a confluence. The
routing formulae used is the same as in the land phase but with different
parameters. Land phase K is replaced with KC and N with a fixed value of
0,7. A further small difference exists in that the routing input for the -
land phase is the excess rainfall intensity during a specific time
interval. For channel routing this becomes the average of the wupstream
inflows plus sub-catchment outflow (land routed excess rainfall) at the
beginning and end of the time interval. As the non-linear routing function
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employed only incorporates attenuation, a further group of parameters is
necessary to define the delays for each sub-catchment (CDEL).

4.3.4 Sumary of parameters

The complete parameter set is given in table 4.1, which also lists the
alphanumeric symbols and the parameters relevance to either the lumped or
semi-distributed form of the model. Used as a lumped model, 13 parameters
are involved. One is used in the antecedent moisture estimation component,
six in the conversion of rainfall to runoff depths and six in the routing
procedure.

Table 4.1 Summary of parameters used in the developed S-curve model

Description Symbol Lumped or Semi-
~ distributed
1. Catchment routing constant K Both
2. Catchment routing power N Both
3. Channel delay time (hr) CDEL S.D.
4. Channel routing constant KC S.D.
5. Catchment delay time (hr) - DEL L
6. Time area base constant (hr) A L
7. Time area relation power B L
8. Maximum soil moisture level (mm) SMAX Both
9. Ordinate S-curve parameter DA Both
10. Abscisa S-curve parameter : C Both
11. Percent flow from slope to .
. VSA store (%.hr'1) PCSLP Both
12. Percent flow from VSA store (%hr~1) PCVSA Both
13. Impervious area factor ~ IAF Both
14, Antecedent precipitation factor APF Both
15. Channel losses power CLP Both

If the semi-distributed format is to be used then 12 parameters are involved
and values must be assigned to these for each sub-catchment. If it is
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assumed that the runoff characteristics of the sub-areas can be considered
uniform then only parameters 3 and 4 and 15 need 1o be estimated for
separate areas. These are the only parameters that logically must be
different. In the computer program the model accepts single values for each
of the 12 parameters plus a matrix of sub-area factors, expanding the
parameter space to 12 * number of sub-areas.. This is a useful method of
coding as 1t allows one or more parameters to be changed easily without
changing the relative values for each sub-area. Equally, it allows one sub-
area parameter to be changed without the others.

The model is not intended to represent a physically-based approach in the
normally used sense. Consequently, few if any of the parameters can be
evaluated directly from field measurements. However, the model has been
designed such that the parameters should have relevance to some aspect of
the physical response system of catchments. The likely physical association
of the model parameters is discussed in the following section. An attempt
1S also made to identify those catchment characteristics that may be most
important to consider when estimating parameter values. The value of such
an approach can only be tested after a thorough assessment of the model on a
range of different catchments.

4.4 Physical relevance of parameters and perceived association with catch-
ment characteristics.

This model is designed to be a compromise between strongly physically-based
approaches and simpler curve fitting methods. It has never been intended
that the parameters should be measurable in the field. However, the model
has been designed to include the major elements of runoff generation in some
- conceptual way. The intention was to build an adequate conceptualisation
such that a‘variety of different storm responses on a single catchment could
be represented by one set of parameter values. Thus, parameter values
should not vary for different storms on the same catchment. There is
inevitaply a high degree of interaction between the parameters of this
model. If wused in semi-distributed format, there are a large number of
possible parameter value permutations that could produce a similar
hydrograph response to a single storm. Not all such permutations would
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produce a satisfactory response to another storm. Consequently, the
calibration exercise largely consists of finding a unique permutation that
is suitable for a wide range of storms. This can be an extremely difficult
exercise and would be almost impossible without some kind of guidelines for
setting initial parameter values and their relative level on different sub-
catchments. This section of the report seeks to 1identify the physical
relevance of the parameters with respect to catchment characteristics. At
this stage these associations are of a qualitative nature. Part of the
model testing procedure will be to confirm or reject such associations.
Only when a range of catchments have been calibrated successfully will it be
possible to investigate whether the qualitative associations could be
extended into quantitative relationships. This may be considered to be the
ultimate goal with respect to testing the usefulness of this particular
model .

The antecedent precipitation factor (APF - parameter 14) determines the
extent to which an amount of rainfall input, a number of days prior to the
storm, has an effect upon the initial moisture status of the catchment. This
is in turn dependent upon the proportion of that rainfall that drains out of
the catchment and the amount that is lost due to evapotranspiration. There
are a number of physical associations including soil drainage properties,
land wuse and vegetation and topography. However, there are also climate
factors and meteorological influences prevailing at the time of the rainfall
input. It becomes apparent that there are no simple associations for this
parameter and it must be recognised that this is a weak component of the
model. The advantages and disadvantages of more complex approaches to the
determination of initial catchment moisture status were discussed in section
2.4.1 of this report. '

The impervious area factor (IAF - 13) determines how much runoff occurs in
relation to rainfall intensity regardless of the moisture status of the
catchment. It should be related to the area of the catchment close to
channels that have low infiltration capacities. The inclusion of such a
component is considered justified by the observed response of some “catch-
ments to intense rain falling on a dry catchment.
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Parameters 11 and 12 (PCSLP and PCVSA) should be related to slope and
valley bottom drainage characteristics. PCSLP determines how rapidly rain
falling on the slopes drains to and increments a conceptual source area.
This may be rapid on steep slopes with thin soils or with well drained upper
soil horizons overlaying a relatively impervious layer. Lower values of
PCSLP should occur if the valley slopes are gentler despite higher -
subsurface permeabilities. The length of slopes and hence the drainage
density should also be important. PCVSA determines the rate at which
moisture is removed from the source area due to drainage into the channel as
well as deeper drainage. Consequently, the permeability and drainage
characteristics of the valley bottom soils and the sub-stratum will be
relevant to the value of this parameter.

Strictly, parameter SMAX (8) represents the amount of moisture in storage at
the moment when the whole catchment is saturated. Consequently it should be
evaluated as the moisture holding capacity of the catchment (or sub-area).
The two parameters DA and C (9 and 10) define the relationship between
moisture levels below SMAX and the proportion of the catchment that is
saturated at the surface. The S-curve relationship is designed to represent
'~ the complex spatial interaction between the topography, and soil water
retention capacity of the catchment or sub-area. Various authors have
addressed the problem of defining source areas either by direct measurement
(Kirkby et. al., 1976) or by estimation (Beven and Kirkby, 1979; 0'Loughlin,
1986). It remains to be seen whether the progressive increase in the models
conceptual source area is realistic and whether the form of its relationship
with relative catchment moisture status can be estimated.

The catchment routing parameters, K and N (1 and 2) represent the
‘attenuation effects of routing the so-called impervious area "and variable
source area runoff elements to the main channel system. It has been found
by other authors who have used the same form of non-linear routing equation
that it is better to hold N constant at some value between 0.6 and 0.8 (Mein
et al., 1974). K should be related to the predominant mode of flow by which
water collects in the stream channels. If this is overland flow then length
of flow slope and surface roughness should also affect the value of K. If
it is mainly saturated sub-surface flow then K may be higher (slower
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response) and affected by the lateral drainage characteristics of the soils
and sub-stratum. If there exists a high degree of spatial variation in the
rate of runoff response then it seems unlikely that a lumped approach will
prove adequate even for individual storms. :

The time area diagram used in the lumped version of the model has three
parameters (DEL, A and B, - parameters 5 to 7). DEL merely represents the
time delay before a significant response to any amount of rainfall is
experienced at the catchment outlet. It is difficult to propose a physical
association for this parameter as at least some response may be expected
immediately, if only from rain falling on the channel surfaces close to the
outlet. Hence, delay values are usually expected to be small and the
parameter 1is of less importance than A and B which define the length of the
symmetrical time area triangle for a given value of runoff in mm. hr". B
determines the extent to which this relationship is non-linear, lower values
of B suggesting more similar triangles for all ranges of flows. The time
area triangle should be related to the spatial pattern of the channel
network and the channel slope variations within this network. Elongated
catchment shapes are expected to have longer triangles than rounded shapes
given similar areas and slopes. Higher slopes in channels more distant from
the outlet may be expected to indicate shorter triangles. Channel roughness
and flow resistance effects may also be important but subsidiary to the
other factors already mentioned. Sub-catchment channel routing is
controlled by two parameters for each sub-area. CDEL (3) represents the
delay before a sub-area begins to Eontribute to flow at the catchment
outlet, while KC represents the attenuation effects of routing the output
from the node of one sub-area along the channel to the next. Channel
length, dimensions, slope and flow resistance effects are expected to
determine the relative values of both these parameters. Problems are likely
to arise if strong attenuation effects result from overbank flows within a
specific reach above certain flow thresholds. No account of floodplain
inundation effects is allowed for in this model.

The final parameter CLP (15) determines the amount of flow that ié lost
through absorption by the channel and its banks. This parameter also
affects the length of the time area triangle in the lumped model version.
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The percentage of flow lost to the channel is determined by a power function'
of the size of the source area and relative moisture Astatus. Channel

losses should be related to the permeability of the bed and banks of the

channel as well as the spatial positioning of the source area. If channels

are developed on permeable materials (alluvium or permeable rock strata) and

local groundwater levels are below the channel bed, then channel losses may

be relatively high. As source areas can be predominantly surface features

it is possible to have a saturated surface adjacent to a channel which has a

capacity to absorb water through its bed. This may be a shortlived
situation as vertical drainage from the upper soil horizons (and lateral

drainage from higher slope areas) begins to réduce the lower zone moisture
capacity. During short duration, high intensity events on dry catchments,

channel losses may be high enough to absorb most of the runoff generated in
upstream areas. It is possible that channel losses are the main reason why
few flow events are recorded in some semi-arid areas despite thin soils and
high intensity rainfall. Alternatively, channel losses may be insignificant
or non-existent in catchments experiencing perennial streamflow. In such
cases CLP would be set to a very low value.

[t can be seen that it is easier to suggest associations with catchment
characteristics for some parameters than others. The eventual usefulness of
the model depends, to a certain degree, on the extent to which these
associations can be confirmed after calibration and verification exercises
have been performed on a number of catchments. It also depends upon whether
the parameters to which the model is most sensitive have the highest levels
of physical relevance. There is little point in determining quantitative
relationships between relatively insensitive parameters and physical
catchment characteristics if this is not possible for those parameters that
affect runoff response the most.
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5. SIMPLE ANTECEDENT MOISTURE MODEL (OSE1)

5.1 Background

The model described in this section is an extended version of the Isolated
Event Model (IEM4), discussed in Eyre and Crees (1984), Mandeville (1983)
and the Flood Studies Report (1975). The original IEM4 model wused an
exponential relationship between initial soil moisture deficit at the
beginning of a storm and the proportion of gross rainfall that contributes
to storm runoff. In OSE1 the exponential relationship is replaced by an
assymmetrical S-curve function of the same type used in the S-curve model
(OSE2) described in chapter 4 of this report. The model uses an antecedent
moisture procedure determined by Hughes (1984), but unlike the S-curve model
it applies a constant runoff proportion (ROP) throughout a storm event. A
constant ROP has been retained for the purposes of comparing the performance
of OSE1 with the Augmented Hydrograph model, which is described later in
this report. The two models have similar major cdmponents but their order
of operation is different (figure 6.3).

IEM4 has been widely tested (Mandeville,1983) and applied in the United
Kingdom, not only for flood estimation (its orginal goal) but also for flood
forecasting purposes (Eyre and Crees,1984). IEM4 has not been tested on
ungauged catchments and it will be necessary to establish whether model
parameters can be related to storm and or catchment characteristics in some
way .

5.2 Conceptual structure of the model

As with the more complex S-curve model, OSE1 has three basic components;

antecedent moisture status estimation, volume reduction and shape

transformation and the model has been designed to run in lumped or semi-

distributed format (figure 5.1). The method of estimating antecedent

moisture status is to that used in the S-curve model and described in
section 4.3.1.
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Figure 5.1 Structure of the simple antecedent moisture model (0SE1)
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Table 5.1 Summary of parameters used in model O0SE1

Description Symbol Lumped/semi -
distributed

1. Catchment routing constant K Both

2. Catchment routing power N : Both

3. Channel delay time (hr) CDEL S.D

4. Channel routing constant KC S.D

5. Catchment delay time (hr) DEL L

6. Time area base constant (hr) ‘ A L

7. Time area relation power B L

8. Maximum soil moisture level (mm) SMAX _ Both

9. Ordinate s-curve parameter DA Both
10. Abscisa S-curve parameter C Both

11. not applicable to OSE1
12. not applicable to OSE1
13. not applicable to OSE1
14. Antecedent precipitation factor APF Both
15. Initial losses IL Both

The volume reduction component of the model begins with an estimation of
initial losses (IL). Initial losses are first satisfied by the antecedent
rainfall total for the two days prior to the storm event. Any remaining
losses must then be satisfied by the rainfall in the early part of the
storm. All vremaining vrainfall amounts are reduced by a fixed proportion
(ROP) which is defined by the relative antecedent moisture status and the
shape ‘of the S-curve. This method of volume reduction is thus similar to
the S-curve model, except that only one runoff proportion is calculated and
remains fixed for the rainfall inputs at all time intervals. The moisture
status (RAT) is defined relative to a maximum value (SMAX) when ROP is equal
to 1,0 and the S-curve shape is fixed by parameters DA and C (table 5.1).
The runoff routing or shape transformation components are identical to those
described in section 4.3.3 except that the channel losses modification has
not been included. OSE1 has fewer parameters than the S-curve model (10 for
lumped and 9 for semi-distributed modelling) but where the parameters are
shared between the two models they have the same basic meaning.
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5.3 Physical relevance of parameters and perceived association with
catchment characteristics

In a manner similar to the S-curve model (see section 4.4) this section
attempts to identify the physical relevance of the model parameters with
catchment and/or storm characteristics. The modelling of a wide range of
catchments will be necessary to confirm or reject these associations and
thus establish the usefulness of this particular model as a design tool.

Initial losses (IL-parameter 15) gives an indication of the amount of total
rainfall which will not contribute to storm runoff. A wide range of factors
are expected to be associated with 1initial losses and include the
following:-

a) The catchment antecedent moisture status, that is the ‘'wetter' the
catchment prior to an event, the lower the expected initial losses and
vice versa. b) Topographical (depressions causing 'ponding), soil
characteristics (infiltration rate), and vegetation (interception) are
also expected to influence initial losses.

c¢) Loss of storm runoff due to channel losses, for example the
infiltration of channel flow into an alluvial bed could result in
significant losses.

d) Initial losses are also expected to be related to storm
characteristics, in particular the amount, intensity and duration of an
event.

It 1is apparent that there are no simple associations for this parameter as
all of the above factors are likely to effect initial losses to varying
degrees. It is likely that certain factors may be more dominant in
different catchment types. In the semi-arid situation it is expected that
the wvariability in initial losses will be greater than in the sub-humid
situation which are thought generally to have more stable antecedent
moisture conditions.

The expected physical relevance of parameter 14 (APF) and the parameters
" determining the ROP (parameters 8, 9 and 10 - SMAX, C and DA) are similar
to those proposed in section 4.4 of the S-curve model. The catchment
routing parameters, K and N (1 and 2) represent the 'land' phase routing of
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runoff to the main channel system and have similar expected physical
associations as those described in section 4.4. .The channel routing phase
of the lumped version of the model is controlled by the time-area diagram
which has 3 parameters (DEL, A and B, - parameters 5, 6 and 7). The
parameters should be related to topographical elements of the channel
system, such as the channel network pattern and channel slope variations
within the catchment. The shape of the catchment is also expected to effect
the shape of the time-area diagram (see section 4.4). The expected physical -
association of the sub-catchment routing parameters (CDEL and KC - 3 and 4)
are identical to those described in section 4.4 of the S-curve model.
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6. AUGMENTED HYDROGRAPH MODEL (OSE3)

6.1 Background

The model described in this section is a modified version of the Augmented
Hydrograph model presented in Mandeville (1983). The central concept of the
orginal model was developed by Mandeville while working on isolated event
modelling at the Institute of Hydrology, Wallingford, and represents a novel
approach to modelling the rainfall-runoff process. In conceptual modelling
the wusual procedure 1is to seperate the rainfall-runoff process into two
major components, which are independent of each other (Tennesse Valley
Authority, 1965; Rajendran and Mein, 1986; Murray and GOrgens, 1981). The

first step, traditionally, 1is to estimate volume reduction {(figure 6.1),
that is the transformation of rainfall into storm runoff (often referred to
as net or excess rainfall). This step generally includes the catchment
antecedent moisture status estimation. The volume reduction procedure
produces a an excess rainfall hyetograph, which is then applied to the shape
transformation component which routes the excess rainfall across and or
beneath the land surface and along the channel network to produce delayed
and attenuated streamflow at the outlet.

VOLUME REDUCTION _ SHAPE TRANSFORMATION __ _
F— -

| {aNTECEDENT
|\ CONDITIONS

NON-LINEAR TIME AREA
g RESERVOIR DIAGRAM

RUNOFF
RATIO

FLOW
HYDROGRAPH

GROSS
RAINFALL.

Y

Figure 6.1 Traditional order of model coﬁponents (from Mandeville,1983)
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The Isolated Event Model (IEM4), referred to in chapter 5 is a traditional
rainfall-runoff model. Analysis of this model by Mandeville (1983) revealed
that the major components were not independent of each other. He therefore
proposed a new form of model in which the major components are the same as
the IEM4, but their order is changed (figure 6.2). In the new model the
parameters of the shape transformation component do not depend in any way on
the volume reduction component.

SHAPE TRANSFORMATION VOLUME REDUCTION

FLOW
HYDROGRAPH

RUNOFF
RATIO

NON-LINEAR TIME AREA
RESERVOIR DIAGRAM

GROSS

Y

RAINFALL

Figure 6.2 Augmented hydrograph model : component order (from Mandeville,
1983)

Ih the Augmented Hydrograph model, the gross rainfall hyetograph is applied
as input to the shape transformation component, the output is a hydrograph
with the same volume as that under the gross rainfall hyetograph, but a
different shape (Figure 6.3). This intermediate hydrograph is termed the
augmented hydrograph. The augmented hydrograph is then applied as input to
the volume reduction component of the model to produce the flow hydrograph.
The augmented hydrograph has the same shape as the flow hydrograph but a
larger volume.
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The advantages of this approach include:-

a) By reversing the order of the two subsystems, so that the non-linear
reservoir precedes the runoff ratio, the large variations in the size of
the non-linear reservoir obtained when fitting the IEM4 model will be
reduced (Mandeville, 1983). The new model contains the non-linear
reservoir which is fixed for all events followed by the application of a
variable runoff ratio appropriate to any one event.

b) The new model has the advantage, if it works, of being able to check
routing parameters against shape and then reducing the volume to fit the
output hydrograph.

c) There 1is no seperation of runoff into stormflow and baseflow; another
determination which is difficult to physically measure..

‘The model proposed by Mandeville is based mainly on the results from a
detailed study of one catchment and while preliminary tests are promising
(Mandeville, 1983) the model hypothesis has not been widely tested and
applied. For the model to be of value as a hydrological tool it will be
necessary to establish whether model parameters can be related to storm
characteristics in some way. Only if this were successful could the model
be used to estimate hydrographs in the ungauged or design situation. It
might be necessary therefore to develop the model futher without changing
its basic structure. This can be done by identifying conceptual weaknesses
within the model and incorporating additional components where necessary to
improve the models flexibility.

6.2 Conceptual structure of the developed model

The form of the Augmented Hydrograph that is being tested can be divided up
into three major components. Initial losses are first removed from the input
rainfall, the remainder is then routed, then reduced to equal the runoff
volume. As with the models discussed in the previous chapters, the model
has been designed to run in lumped and semi-distributed format. On the basis
of some preliminary model runs on events from different catchments, the
initial losses component was added to account for antecedent rainfall
immediately prior to the event. The initial losses component operates the
same way as in model OSE1 and has one parameter (IL, table 6.1).
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Figure 6.3 Comparison between component responses of 0SE1 and augmented
hydrograph models (from Mandeville, 1983)
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The shape transformation or runoff routing component involves applying the
rainfall hyetograph (minus initial losses) to the routing subsystems to give
output as a hydrograph with the same volume as the rainfall input but with a
different shape. Runoff routing is divided into two subsystems referred to
as the 'land' and 'channel' phases in a similar way to that described in
section 4.3.3 for model OSE2. The ‘'land' phase routing makes use of the
non-linear storage-routing relationship S=KQN. In the lumped version, the
'channel' phase routing, wuses an isosceles triangle defined by the
parameters A, B and DEL (table 6.1). The semi-distributed 'channel' phase
routing uses the storage-routing equation to attenuate sub-catchment flows
as they pass through downstream sub-areas.

The intermediate hydrograph produced by the routing subsystems is applied as
input to the volume reduction component of the model, in which each of its
individual ordinates is reduced by multiplying by the runoff ratio (ROP) to
give the flow hydrograph as output. The initial value of ROP is estimated
as follows (Mandeville, 1983):-

rop = observed runoff volume
observed gross rainfall volume (minus initial losses)

The complete parameter set is given in table 6.1, which also 1lists the
alphanumeric symbols and the parameters relevance to either the lumped or
semi-distributed form of the model. In the lumped format, 7 parameters are
involved. One 1is wused to estimate initial losses, five in the shape
transformation procedure to produce the intermediate hydrograph and one
to effect volume reduction and produce the output hydrograph. If the semi-
distributed format is used then 6 parameters are involved and values must be
assigned to these for each sub-catchment. If it is assumed that the runoff
characteristics of the sub-areas can be considered uniform then only
parameters 1 and 2 need to be separately calculated for individual sub-
areas.
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Table 6.1 Summary of parameters used in the Augmented Hydrograph Model

Description Symbol Lumped/semi-distributed
1. Channel delay time (hr) CDEL S.D.

2. Channel routing constant KC S.D.

3. Runoff Coefficeent ROP both

4. Catchment routing power N both

5. Catchment delay time (hr) DEL L

6. Time area base constant (hr) A L

7. Time area relation power | B L

8. Catchment routing constant K both

9. Initial losses (mm) IL ‘ both

6.3 Physical relevance of parameters and perceived association with catchment

characteristics.

Ideally the parameters of a simulation model should be determined
objectively and should be closely related to measurable physical catchment
characteristics. Differences in parameter values may then be examined in
light of physical changes on a catchment or changes in catchment
characteristics from one catchment to another (Dickenson and Douglas, 1972).

The expected physical relevance of the initial losses parameter and the
shape transformation or routing parameters of this model are identical to
those discussed in section 4.3 and 3.3. This section of the report will
concentrate on the perceived physical relevance of the volume reduction
parameter (ROP - parameter 3). According to Mandeville (1983), by changing
the order of the major components of the model, so that runoff routing
precedes the volume reduction component, the parameters of the two
components should be independent of each other. Therefore the routing
parameters should remain constant between events on the same catchment and
should not be influenced by the volume reduction parameter (ROP); The
routing parameters are expected to be related to topographical catchment
characteristics such as slope, slope length, drainage pattern etc, which do
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not change. It is expected that the volume of runoff (ROP) will be related
to stomm characteristics and the catchment antecedent moisture status,
(which do change between events), as well as soil characteristics (more
stable). Rainfall characteristics such as rainfall volume, duration and
intensity are expected to influence the runoff proportion. Soil
characteristics such as depth of soil, permeability and organic content are
expected to influence the volume of runoff. For example, if a long
duration, low intensity event occurs on a ‘'wet' catchment which has deep, -
permeable soils, the ROP is likely to be fairly high. For the same event on
a 'dry' catchment the volume of runoff is expected to be lower because a
larger proportion of the rainfall will be required to satisfy the. catchment
moisture status before runoff can occur. Likewise, if the same event
occurred on catchments with similar antecedent moisture conditions but with
different soil characteristics the proportion of runoff is expected to be
different. For example, the runoff response of shallow, impermeable soils
to rainfall 1is expected to different to the response of deep, permeable
soils.
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7. RUNOFF-ROUTING MODEL (RORB) (O0SE4)

The basic conceptual structure of the rainfall-runoff routing model
developed at Monash University, Department of Civil Engineering has been
described by Mein et al. (1974). The relatively brief description given in
this section 1is drawn from the User Manual supplied with the computer
program by Monash University (Laurenson and Mein, 1985). RORB version 3 is
a general rainfall-runoff and streamflow routing model that can take into
account amongst others, the effects of retarding basins, storage reservoirs,
lakes or flood plain storages. The model program is run interactively from
a terminal and operates in different modes depending upon whether the user
wishes to FIT the model to observed data; TEST a parameter set or calculate
DESIGN hydrographs. The model is arealy distributed and the authors of the
manual claim that it is applicable to both urban and rural catchments. The
description provided below concentrates on the rainfall-runoff modelling
components of the model. For those readers who require more information
about the complete range of options that are available reference should be
made to the User Manual (Laurenson and Mein, 1985).

7.1 Distribution system and routing method

RORB is a semi-distributed model that operates on a sub-catchment basis by
defining nodes to represent the sub-area inflow points or junctions of sub-
areas. Between nodes are placed conceptual storages through which sub-area
inflows.plus upstream flow is routed to the next node downstream. Several
types of inflow to, and outflow from the channel network are possible. Sub-
area inflow represents the input of excess rainfall from a specific sub-
catchment and .it is assumed to enter the network at a point close to the
sub-area centroid. Concentrated channel inflow allows for the input of
streamflow from a source (off-channel storage, tributary or diversion) not
being modelled. Distributed inflow can be included over a specified number
of reaches and can be used to represent lateral inflow of base flow for
example.  Concentrated outflow may be required if a diversion channel or
effluent stream forms part of the system being modelled. Finally, the
reverse of distributed inflow is also possible to represent lateral outflow
or channel 10ss processes.




-54-
The model is conceptually an overland flow model and the storage effects of
minor channels and overland flow are included in the storage effects of the
major channels. Unlike the other models discussed, the land surface and
channel routing components are lumped together. However, the model can be
adapted to consider these two storages separately. Usually the storage
parameters of each reach are assumed to be related to the properties of the
reach and not the sub-area. Streamflow routing is based upon a storage-
discharge relation of type S = 3600 k.Q". Where k is the product of two
parameters kC and k.. k. is a parameter applicable to the complete

r c
catchment whereas kr is applicable to individual reach storages. k. values

are calculated in the program from input data of channel reach lengghs and
type of channel (natural, lined or drowned by a reservoir). The assumption
is made that délay time is proportional to flow distance. ' However, if this
assumption 1is considered inadequate then a user may substitute other values
to- represent delay times in place of reach lengths. The User Manual
(Laurenson and Mein, 1985) suggest that the variable L/ SC (L = reach
length; SC = reach slope) may be more appropriate when catchments have
extreme slope variations. kC is a parameter of the model when operating in
calibration mode and Laurenson and Mein (1985) offer suggestions for
estimating its value. The power m of the storage-discharge equation is also
a parameter but has found to be of subsidiary influence to k and a value of

0,8 is recommended.

The program allows a user to specify where observed streamflow data are to
be wused to compare with simulated flows. This feature can be very useful
where streamflow gauging networks are nested. The model then only needs to
be run once to allow comparison of results with observed data to be effected
at several points within the total catchment.

7.2 Modelling of excess rainfall

RORB is an isolated event model that does not account for
evapotranspiration, soil moisture or groundwater redistribution. The latter
can only be accounted for through independently determined component ' inputs
to the model. The calculation of rainfall excess is based upon two
alternative loss models. In both models an initial loss is assumed and must
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be satisfied before any rainfall excess can occur. In the first model
option the initial loss is followed by a constant runoff coefficient; that
is the proportion of rainfall that becomes runoff ramains constant. The
second model assumes .that the initial loss is followed by a constant,
continuing loss rate. Only vrainfall inputs higher than this rate can
contribute to streamflow.

Variability of losses between sub-areas can be accommodated through a sub- -
area input parameter referred to as the fraction imperviousness. If the
fraction imperviousness is set to anything but zero then the values input
for -initial loss, runoff coefficient or loss rate are applicable to the most
pervious area. The loss parameters for each sub-area are calculated in the
model in the following way :
ILi + (1'Fi) IL

perv
if ILperv > Sub-area rainfall then ILperv = sub-area rainfall
Cj = FiCimp + (1'Fi)cperv for Cperv & Cimp
C; = Cimp for Coepy > Cimp
CLi = (1-Fi)CLperv
where IL = initial losses
€ = runoff coefficient
CL = continuing loss rate
F = fraction imperviousness
i = sub-catchment subscript
imp = impervious subscript
perv = pervious or most pervious subscript

The parameters subscripted perv are those input (ILperv) or calculated by
the program (Cperv or CLperv)° Cimp is set by the program to a value of
0,9. In FIT and TEST runs the constant runoff coefficient or loss rate is
determined by an iterative procedure in the model to ensure that the correct
volume of runoff is predicted. If more than one set of observed streamflow
data are input to the program, then separate loss parameters are calculated
for the areas upstream of or between gauging points.
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7.3 Input of rainfall data

A number of separate rainfall profiles may be input to the program. Any one
of such profiles may then be assigned to each sub-area of the distribution
system. The total amount of storm rainfall for each sub-area is also input.
Two or more sub-areas may therefore experience the same time distribution of
rainfall but different total rainfall depths.

The model makes allowance for total rainfall amount to be entered as a
series of separate bursts defined by their start and finishing times.
Different loss parameters can then be calculated for different bursts. The
streamflow is then assumed to occur in separate "rises" associated with each
burst and the proportions of the total streamflow corresponding to each
'rise' must be input. Loss parameters are then calculated from the amounts
of rainfall and the proportional amount of resulting streamflow from each
burst. This 1is clearly quite restrictive as it assumes that the user has
some knowledge of the relative runoff responses of the different bursts.
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8. TEST CATCHMENTS AND AVAILABLE DATA

8.1 Catchment Description

For this preliminary report on the evaluations of the four models two
different catchment areas have been used. Both represent nested gauging
situations such that observed flow data are available at more than just the
total catchment outlet. One of the catchments (Ecca) is situated in the
semi-arid eastern Cape Province of South Africa while the other (North
Danville) is in the temperate, northeastern American state of Vermont.

8.1.1 Ecca catchments

This set of five nested research catchments (fig. 8.1) were established in
1974 by the Hydrological Research Unit of Rhodes University and funded by
the Water Research Commission. Unfortunately, the two smaller sub-
catchments have not produced flow data of an acceptable quality due to
inadequacies in the design of the flow gauging structures. Both Roberts
(1978) and Gorgens (1983) provide descriptions of the physical
characteristics of the area and consequently only summary information is
given in this report. Figure 8.1 shows the boundaries of the gauged
catchments and the positions of the 10 autographic raingauges established in
1975. The gauge indicated as BPO1 was removed in 1981 and relocated at
position CPO1. In 1983 a further five continuously recording raingauges
were established in a small area close to the position of BPO1.

The values given in table 8.1 illustrate the semi-arid nature of the climate
with relatively low rainfall amounts and high potential evapotranspiration
losses. The area experiences two different rainfall producing mechanisms.
Long duration storms with relatively low intensities are caused by large-
scale frontal or advection systems. These storms have -produced the highest
flows in the catchment during the period of gauging. Spatial variation in
rainfall amounts during such storms is usually quite low but indicates an
- orographic effect with higher rainfalls being observed on the southern and
eastern borders of the catchment. Although this type of storm is more
common during the winter months they have also-occurred in summer. However,
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the main storm type in summer is caused by convectional or convergence
uplift resulting in short duration and often high intensity thunderstorms.
During convectional thunderstorms the rainfall amounts and intensities can
be spatially highly variable. Characteristically, the valley bottoms
receive most rain during these storms. The distinct differences between the
two types of rainfall event will inevitably be reflected in the
characteristics of the resulting runoff response. These catchments should
therefore provide a fairly rigorous test of the calibration capabilities of
the models.

Table 8.1 Ecca catchments : physical details }

- Mean annual rainfall (MAP) 487 mm
Standard deviation of annual rainfalls 99 mm
Mean annual number of raindays 101 days
Mean annual free water surface evaporation 1364 mm

Q9M20 Q9mM21 QoM24

Area (Km?) 73,1 9,1 23,1
slopes (%area) _ ,
less than 20% 69 52 79
20 - 40% 19 29 13
more than 40% 12 19 8
Geology (% area)
shales 49 70 55
others 51 30 45
Vegetation density (% area) ground and canopy cover ‘
Dense - 18 15 31
Medium 42 45 34

Sparse 40 40 35
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The catchment is underlain by interbedded shales and sandstones dipping at
approximately 40°N in the south and almost horizontally bedded in the north.
Part of the southern catchment boundary consists of harder formations of
quartzite and tillite. Figure 8.1 illustrates the drainage pattern of the
area ‘with two dominant channel directions. One follows the strike of the
rock formations and the other occurs at right angles to this in highly
dissected valleys. Figure 8.2 (taken from Roberts, 1978) shows the
distribution of slopes wifhin the catchment. The most noticeable
characteristics are the flat headwater areas and main valley bottom
separated by very steep slopes in.the central parts of most tributary
catchments. Soil depth is quite strongly related to slope, being thin and
stoney on the steep slopes as well as some hilltops. Alluvial and colluvial
deposits are unevenly spread throughout the valley bottoms, and where they
exist, associated soils can be up to 2m deep. In some tributaries there is
evidence that deeper soils occur on slopes where the geological dip is
parallel to the slope. However, this does not appear to be consistant
throughout the catchment. Vegetation consists of succulent to sub-succulent
bush with a variable density (table 8.1). Ground cover was identified by
Roberts (1978) as being relatively sparse over large parts of the catchment.
Observations over a number of years have suggested that ground cover is
temporaly variable depending upon the previous history of rainfall. During
prolonged dry periods ground cover may disappear from large parts of the
catchment only to reappear at the end of such a drought. This change
appears to constitute the major temporal variation in the vegetation cover
rather than any differences related to seasonal influences.

Figure 8.3 shows the way in which the catchment has been divided up into 12
sub-areas for sub-catchment modelling. Sub-catchment modes and conceptual

~ storages for routing modelled flows through the channel network are also’

indicated. Where relevant, sub-area outlets correspond to gauging locations
(Q9M21 and Q9M24) within the total catchment area.
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Figure 8.3 Sub-area boundaries in the Ecca catchments.
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8.1.2 North Danville Catchments.

The North Danville catchments are situated in Caledonia County, Vermont
State in the northeastern USA. They form part of the Connecticut River
basin and cover a total area of 111,6km* (figure 8.4 and table 8.2). The
information on their physical characteristics and the single event storm
data has been drawn from various miscellaneous publications of the United
States Department of Agriculture, Agricultural Research Service. (UDSA,
1960 to 1973). These volumes were kindly loaned to the HRU at Rhodes
University by Professor R.E.Schulze of the Department of Agriculturaf
Engineering, Natal University, Pietermaritzburg.

Within the largest catchment (ND5) there exist a further 10 streamflow
gauging points of which 3 (ND1, ND3 and ND4) have been used in this study.
There are 28 recording raingauges within the area but the records for only a
few of these are printed in the publications (USDA, 1960 to 1973). Records
suggest that five months of the year experience sub-zero temperatures and
there appears to be a spring snowmelt period in April and May. Surface
drainage is in well defined perennial channels.

The catchment is underlain by calcareous schists and cal-silicate rocks
interbedded with quartz-mica schists and micaeous quartzite. Overlaying
these formations is an impervious glacial till or boulder clay which ranges
in depth from 0 to 27m. Soils vary from rocky, fine sandy loams with rapid
permeabilities to silty loams with moderate to slow permeabilities (table
8.2). Soil depths to the substratum varies from 0,3m to 0,8m. While no
soil distribution maps are included in the publications used (USDA, 1960-
1973) there is little variation in soil characteristics between the gauged
catchments. The steepest slopes are on the western catchment boundary and
in the northeastern part of ND4 (figure 8.3) where the channels appear to be
slightly more incised. The area is predominantly covered by hardwood forest
with some softwoods. Similar proportions of the catchment are under
cultivation and pasture (table 8.2) while buildings and roads occupy only
about 1% of the area.
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Figure 8.4 shows the boundaries for the 18 sub-areas that the complete
catchment has been divided up into for the purposes of sub-area modelling.
As with the Ecca, sub-area outlets correspond where necessary to the gauged
sub-catchments (ND1, ND3 and ND4) within ND5. Within ND1 there are 6 sub-
areas and 7 within ND4. ND3 constitutes a sub-area on its own.

Table 8.2 North Danville : physical details
Mean annual precipitation (MAP) 1000mm

NDS ND1 ND3 ND4
Area (km?) 111,6 42,9 8,4 43,5
Slopes (% area) '

0-15% 64 74 66 -
15-25% 23 17 22 -
more than 25% 13 9 12 -
Average soil depth (m)

Top soil 0,2 0,2 0,2 -
Depth to substratum 0,6 0,6 . 0,6 -
Soil permeabilities (% area)

Rapid 44 33 36 -
Moderate 53 65 63 -
Slow 3 2 1 -
Land Use (% area)

Forest 67 64 67 -
Cultivated 17 17 1 -
Pasture 13 15 19 : -
Other 3 4 3 -

8.2 Storm data

The storm data for all the catchments modelled are summarised in the tables
at the end of this chapter (tables 8.3 to 8.9). Each table is divided into
three components. The first summarises the characteristics of the storm
rainfall and the antecedent rainfall. The second lists the volumes,
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discharges and timing of total streamflows while the third concentrates
on the streamflows above a separation line of 1,13mm. day -1 day -1
(5,47 x 10°3.s."%m.%n."', Hewlett and Hibbert, 1967). Each table
component includes the storm number and the date and time of the beginning
of the storms. The catchment name, code, area and data time interval are
given at the top of each table.

The tables illustrate that there is a great variety in the amount of
rainfall data available for the different storms. The number of rain
profiles given in the tables represent the number of separate rainfall time
distributions that were used for modelling and do not necessarily reflect
the total amount of information available. Total storm rainfall at
additional gauge sites has also been used to determine weighting factors for
individual sub-areas. For all the storms the maximum amount of information
available has been used to decide the weighting factor and profile to use
for any sub-area. For some storms there is relatively little information
and it 1is essential to consider this during the interpretation of the
results. Isohyetal diagrams of storm total rainfall have been used to
obtain estimates of sub-area storm totals. Sub-area weighting factors can
then be calculated using the ratio of these estimates to the storm total at
the gauge selected to describe the time distribution.

8.2.1 Ecca catchments.

15 events were extracted from the breakpoint data files for the.period 1976
to 1986 and vary between short duration, high intensity convectional storms
to long duration, low intensity storms. A wide range of antecedent moisture
conditions are also represented by the 15 events. The number of rainfall
profiles available for each is different due to variations in the number of
gauges that operated successfully at the time. Each profile represents a
weighted average of the group of possible gauges most relevant to one or '
more of the sub-areas. Although not apparent from tables 8.3 to 8.5, the
degree of spatial variation in rainfall amounts is different for some
storms. Storms 6 to 8 represent relatively uniform rainfall exampleé while
the low total rainfall amount on storm 2 is partly due to the fact that 5 of
the sub-areas experienced no rainfall for this event.
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The discharge components of tables 8.3 to 8.5 suggest that the resulting
flow events range from very small and short duration hydrographs (peaks
1,0m’s'1) to the largest events recorded. During many of the smaller events
no flow was recorded at Q9M24 and consequently the data set for this area is
made up of only the five large events in 1979 and 1985. The overall runoff
coefficients (total storm runoff/total storm rainfall) vary from more than
0,33 to less than 0,01. It is apparent that this data set represents a wide
range of storm types both 1in terms of the type of rainstorm and the
antecedent conditions. Many of the events are very small and would
certainly not warrent being referred to as floods. However, they have been
included as the amount of data on 'real floods' is extremely limited for
this semi-arid catchment. It is possible that their inclusion will indicate
deficiencies in certain components of the models being tested.

8.2.2 North Danville Catchments

Between 9 and 15 storm events are tabulated in the USDA publications for
1960 to 1973 for the four streamflow gauges used in the North Danville
Catchments. The amount of rainfall data available for each storm is highly
variable. For some storms the data consist of profiles for several gauges,
plus totals for additional gauges and isohyetal maps of the total storm
rainfall. However, for the majority of storms, autographic records. for
gauges 1 and 10 or 16 and 22 (figure 8.4) only are available. For the
storms prior to 1965, totals for some other gauges are given (USDA, 1960 to
1973) and these have been used to estimate weighting factors for sub-area
rainfall input. The lack of more rainfall data is bound to have an effect
on the interpretation of the modelling results, particularly where the
spatial variation in input rainfall is high. The available records do
indicate that this variation is important for some events, with gauge totals
varying quite considerably (Gauge 1 = 35,0mm, 10 = 17,7mm for storm 11 on
ND1 for example). It has been necessary to place greater emphasis during.
interpretation of the results on those storms with more complete rainfall
input information.
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As with the Ecca the available storms seem to represent a reasonably wide
variation of rainfall input type as well as streamflow response and
antecedent conditions type. It is difficult to suggest whether the range of
storm types is representative of all storms experienced on these catchments
as the full record is not available to the authors. There are two aspects
of the flow regime of this area that the data set certainly does not
represent. These are precipitation events during winter on frozen
catchments and spring snowmelt events. None of the models being tested have
components to represent these processes and therefore the exclusions are

justified.



-69-
SUMMARY TABLES (8.3 to 8.9) OF STORM DATA FOR :

‘Ecca - Q9M20, Q9mM21, Q9Mz24
North Danville - ND1, ND3, ND4, ND5

Explénatory notes :

a) The rainfall duration includes zero rain periods within the rainstorm.
b) The 30 day API is calculated from the following equation :

30
- i
APT = S DR; .0,9
i=1

where DR; = rainfall total i days before the event.

c¢) The rainfall totals and intensities are derived from catchment averages.

d) For multipeaked events the rising limb refers to flows before the
highest peak.

e) In some cases storms with erroneous data have been included in the
tables and are clearly marked with aline through the data.
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Table 8.3 Summary of storm data : Ecca, Q9M20

SURNARY OF STORN DATA FOR ECCA AT §9%20 CATCHMENT AREA (SO.FEM)  73.94 DATA TIME INTERVAL (HFS) .25
SUMNARY TABLE OF KAINFALL DETAILS

STORM  DATE  START NO.OF PAIN  TOTAL  DURATION MAX.INT. ENJINT. DUARTILE RAIN QVER DURATION (TUMX) 30 DAY AP]

TIKE PROFILES  RAINIMN)  (HRS)  (MA/HR) (MN/HR) 1 2 3 L {FACTOR=0.T)
1 28, 2.77 15.00 8 28,81 0 1315 16D 1.79 52,90 91.95  §9.77 100,00 45,45
2 b 377 10,00 10 B.03 4,50 1b.85 1.79 15,39 29.1% 80.50 100.00 48.52
3 7,577 400 10 45.33 20,25 28,13 2.2 29,13 SL.20 0 70,81 100.00 16,46
§ 19, 4,78 13,00 10 84,87 24,50 8.02 1.83 15,26 29.83 79,29 100.00 10.53
5 21, 478 £.00 10 15.50 18,25 15.29 1,95 B0.25 98.81 96.81 100.0C 43.59
6 20, 7,79 2.00 10 164,86 49.50  20.7 3.3 13,27 37,18 78,38 100,00 1.30
7 23, 7,79 22,00 8 29.07 26,75 5.48 1.09 5,71 94,04 99.24 100.00 100,43
B 19, 8.79 20.00 10 1139 £6.50 8.22 L7 40.10  B3.19  BR.37 100,00 16,59
9 26, 3.81 B8.00 3 23.45 12,30 b.b4 1.88 27,24 B1.12 99.39 100.00 31.97
10 22,10.81 13.00 10 48.13 150 52,08 3.85 54,06  82.72  99.51 100.00 8.2
11 23.12.81 14.00 10 k.22 1300 6011 n 32,69 37.42  99.89 100,00 088
12 2.11.85 7.00 5 50.80 28.00 11,18 1.81 64.83  BA.71 97,71 100.00 60.23
13 25.11.85 19.00 & 63,54 8.2 32,93 1.7t 76,82 99.63  99.92 100.00 12,68
14 1,12.85 18.00 10 24018 2,75 10.48 .98 87.05  99.30 99,31 100.00 LIy
15 3.12.83 8.00 5 30.66 26,50 1.4 116 b3.06 85.26 94,52 100,00 49.72

SUMMARY TABLE OF TOTAL FLOWS

STORN  DATE  START  FLOW DEPTH (mM) FLOW VOLUME INITIAL FINAL PEAK TINE 70
TINE KISING FALLING TOTAL {N$3#1000) FLOW FLou FLO¥  PEAX
Li®  LIMB ne3/8) (Me3/S)  (Me3/5)  (HRS)

1 28, 2.7715.00 .1r 35 4% 1L 021 .51 1066 4.00
2 6, 3.7710,00 .10 L56 L6 4B.83 004 AT 3.221 400
R PP & B (R 1 R Y L ) B L MY 001 Lb14 1,158 20.00
419, 6,78 13,00 .05 .05 09 b.74 000,248 411 21.50
5 2. 478 600 W21 1,19 1,39 103.07 033 .89 2,58 5,25
6 20, 2,79 2.00 16.79 11,54 28,33 2094.63 D00 2,269 31,382 49.25
7 2% 7.79 22,00 2.8 4,72 10,40 789.11  1.e30 0 2.987 12,238 14.50
8 19, 8.79 20,00 12.49 3I.13 45.82 I387.75 039 1507 35,478 1475
o9 2. 1.8t B.OO L0409 .13 .32 020,300 L5530 8.00
10 22.10.81 13,00 .22 .78 L.00 74,06 000 L6216 1,923 5.50
11 23.12.81 14,00 05 .03 .10 1.5 L0000 .278 JL87 10.75
12 2,11,85 7,00 .65 11,28 14.B9 1100.92 1,380 2,930 13.342 12,25
13 23,101,835 19,00 .91 11.38 12,29 908.47 L0040 1.78) 15,172 5,75
14 112,85 16,00 .37 1,88 2,25 1466.00 .295 1,236 5.979 5.2%
15 3.12.85 B.0O 7,56 5,98 13,53 1001.39  1.610 3,342 7,007 26.%0

SUNMARY TABLE OF STORM FLOWS (SEP.LINE=1,13MM/DAY/DAY)

STORM DATE START  FLOW DEPTH (MM}  FLOW VOLUNE PEAK TIME TD TIME 70  DURATION 07
TInE RISING FALLING TOTAL (meZ#1000)  FLOW  PEAY.  STORMFLON STORNFLOW

CLIRE LInB (Mg3/S) (HRS) START{HR)  (HRS)
128, 2.7715.00 09 9 .28 20.81 927 .00 3.00 12,25
2 6, 3.7710.00 .10 L4 91 1155 .16 1,00 2.00 11.78
I 7,577 400 .07 L1322 1.8 983 .75 11.25 13.9)
4019 478 13,00 .02 .03 .03 1.4 287 2.3% 1850 5.50
321,878 400 1B 74 .92 BT.89 2,39 .25 2,00 20,25
6 200 .79 2.00 16.12  9.02 25.14 1B58.81 20,537 26,00 2,25 56.75
7 230,79 22,00 2,40 .92 8.22 467,42 10,141 12,50 2.00 34,75
8 19, B.79 20.00 11.86 26.37 38.23 282,48 4524 26,23 £.50 85.23
9 2. 21.81 800 02 .04 0 4,19 415 2,30 2.50 .75
10 22,10.81 13,00 .2 o3 I3 5AL 1772 3.5 2,00 18.00
11 23.12.81 14,00 0% 02 .06 4.40 487 178 9.00 4,00
12 2,11,85 7,00 2.7 7.91 10,63 1817 13,564 10.50 1.75 19.25
13 25,1185 19.00 .89 9.46 10,35 785,73 15.005 3,50 2.25 43,50
14 1,12,85 16,00 .28 1,07 1.34 99.2% S.521 4.0 1.25 2529
15 1.12,85 B8.00 2.85 4.89 7,75 57L23 4,911 16,50 W25 49.50
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Table 8.4 Summary of storm data :

SUmMARY OF STORM DATA FCR £ECTA' B

SUMMARY TABLE OF RAINFALL DETAILS

STORM
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SUMMARY TABLE OF TOTAL FLOWS
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DURATION
(HES)
5.90
4.25
18.75
24,25
11.25
48.00
28,75
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11.00
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SUSMARY TABLE OF STORM FLOWS (SEP.LINE=1.)3M/DAY/DAY)
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4
100,00
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100, 00
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100.00
100,00
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100,00
100,00
100. 00
100,00
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10 DAy AP]
{FACTCR=0,9)

46,45
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31,97
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60.23
12,88
44,3
9.712
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Table 8.5 Summary of storm data : Ecca, Q9mM24

SUMMARY OF STORM DATA FOR ECCA AT G9M24 CATCHMENT AREA (SO,KM) 23,30 DATA TINE INTERVAL (HRS) .25
SUMMARY TABLE OF RAINFALL DETAILS

STORM DATE  START ND.OF RAIN  IDTAL  DURATION MAX.INT. MN.INT. GUARTILE RAIN DVER DURATION {CURMX) 30 DAY AP]

TIME PROFILES  RAIN(MM)  (HRS)  (MN/HR) {RM/HR) ! 2 N 4 (FACTOR=0.9}
120, 7,79 2.00 ! 168,62 48,00  19.7% 3.92 11,63 32,69 75,42 100,00 1,10
2 20, 1.79 22,00 ! 31,38 25.50 6.92 1,23 58.21 92,44 98.53 100,00 100.43
3 19, 8.79 20.00 ! 119,487 59.25 10,80 2,02 38.45 77.51 9B.45 100.00 16,59
4 2.11.B% 7.00 1 50,81 28,00 12,32 1,81 62,70 B4.96  §6.24 100.00 80.23
5 25.11.85 19.00 ! 40.17 7.00 32,28 5.74 2.44 10,09 58.05 100.00 12,66

SUMMARY TABLE OF TOTAL FLOWS

STORM DATE  START  FLOW DEPTH (MM}  FLOW VOLUME INITIAL FINAL PEAK TIME 10
TIME RISING FALLING TOTAL (Me3#1000) FLOW FLOW FLOW  PEAK
Ling  LIMB Me3/S) (ML3/S)  (Me3/8)  (HRS)
20, 7,79 2.00 8,37 B.47 17.04  197.00 L000 L3529 9.581 46.00
22. 7,79 22,00 2,53 5.95 B.48 197,97 RS S ] 3.910 10,75
19. 8,79 20.00 6.29 18.28 24.57 572.49 L000 1,064 5.908 31.25
21185 7.00 .38 407 7.4 173,73 135 .8l 2,517 16,50
25.11.85 19.00 .05 .05 .10 2.27 001 L0488 301 5,50

LA I O I N I

SUMMARY TABLE DF STORM FLOWS (SEP.LINE=1.1IMM/DAY/DAY)

" STORM  DATE  START  FLOW DEPTH (MM)  FLOW VOLUNE PEAK TIME TO TINE 10  DURATION OF
TIRE RISING FALLING TOTAL {Me31000) FLOW  PEAK  STORMFLON STORMFLOW
LINE  LIMB (M¢3/S) (HRS) STARTIHR)  (HRS)

1 20, 7,79 2.00 8.07 &.8B 14.94 14B.2¢ 9,397 17,25 28,75 85,25
2 23, 1,79 22,00 1.87 3.8 5,45 127.02 J.450 9,00 1,753 33,50
3 19, 8,79 20,00 5.85 11.96 17.81  410.33 S.084 25,35 6.00 £3.5¢0
42,1583 7.00 2.84 2,57 S5.41  126.09 2,203 14,25 2,25 15.50
5 25.11.B515.00 .05 .03 0B 1.84 283 1,28 4,25 3.75
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Table 8.6 Summary of storm data : N. Danville, ND5

SUMMARY OF STORM DATA FOR N.DANVILLE AT WDS  CATCHMENT AREA (SQ.XM) 111043 DATA TIHE INTERVAL (HRS) .29

SUNKARY TABLE OF RAINFALL DETAILS

STORM  DATE  START MND.OF RAIN  TOTAL  DURATION KAX.INT. MN.INT, DUARTILE RAIN OVER DURATION (CUMZ) 30 LAY AP!
TINE  FROFILES  RAINIMM)  (HRS)  (MM/HR) (MH/HR) ! 2 3 4 (FACTCR=0.9)
1 38, 7.40 12.00 K 4.8 12.e8 1495 3.6 24,85 81,34 84,59 100.00 11,45
22, b.61 2,00 3 2L 6.7 .29 1.42 0,85 41,70 97,54 1ee.ce 15.53
3 3, 762 400 3 48,53 7.25 AU 525 IL.S3 8L5E 72.16 18B.0R 240
4 0. 7,83 2.80 8 22,81 4,88 142 5,85 39.45 49,70 B4.44 1BE.ED 9.4!
3 22, 7.84 17,08 8 21,78 1.5¢ 43,13 1482 8.89 28.03 1ce.2d tpe.ed .28
5 7. 5.85 15,13 3 37.48 8,75 29.02 4.29 8.7 76,75 94.88 10B.€ %.79
7 19.10.66 28,15 3 31,75 9,30 94 58,25 9,93 96,93 100.@2 15,13
8 16, 7.87 4.88 3 10,25 19.08 I £1.55 79,77 9L.94 120.e8 26,87
9 11, 9.t8 :.02 3 356 .75 1.42 70.47 91,53 931,42 tee.pe 14.02
18 7. 9.49 17,28 3 12,00 28,48 1.84 96.91 99,28 99.22 163.28 .33
1 23, 8.7t .02 3 2.8 19.44 1.34 77,37 9466 97.84 1pe.@0 36.39
12 10, 7.72 18,43 3 13.73 194 2.19 7,93 8653 92,52 10e.ee 18.50
13 22, 2,72 24,08 ! 25,75 LY 1,54 14,53 93,79 98,15 12B.0D 35.49
418, 7,73 1,08 ] 6.58  13.85 3.88 22,23 65,11 92,83 1ec.2e se.w7
15 17, 9.73 24,00 1 38,82 16,25 7.62 2.4 11,58 SL.3IT 61,82 12p.08 9.9

SUHXARY TABLE OF TOTAL FLOWS

STCRM  DATE  START  FLOW DEPTH (MM} FLON VOLUME INITIAL FINAL PEAK TIME TO
TIME RISING FALLING TOTAL (M~Iaigad} FLODW FLOw FLOW  PEAK

LiMe  LIMB (M~3/8) (K~3/C)Y  (B*3/S)  (HRS)

119, 7,48 12,80 .86 2,23 5.0 14482 188 1,722 12,288 12,73
220680 200 127 5.9 46 721018 1,180 1070 15,890 1,75
IO, 7.82 4,23 3.9 A9 .99 £91.5% L2300 2170 21,238 11,325
4 37,63 2,08 .18 220 120 1.9 LN .54 10,50
022, 7.84 17,20 .46 1LES O 1LE1 148,59 330 0329 .70 5.7
§ 7. 6.5 1513 1,83 2,42 3,45 3B485S JIWB 1992 8.¢10 18,08
79060 20,0150 W73 2100 2,81 LW L8 2.e18 4,460 13.08
-8 16, 7,67 4,08 .04 4,20 474 528,54 420 2100 11,432 550
9 11, 9.68 502 .74 276 .92 190.%¢ L7 2,128 2.92¢ 12.08
107, 9,59 17,00 .49 .83 1,32 147,54 J51e 1,880 41 13
1023, 08,70 80 .91 2,27 I8 18443 788 2,188 7,830 10,58
1218, 7,721,485 .72 LET 479 47R.EE A58 2,18 11,592 18,28
13 20 .72 2408 171 574 7.4 B34 758 2.828 20,830 14,75
14 14, 7,73 neg 031 L5200 S.RF Sanee 2,020 .10 14,828 7.5
1517, 9.73 24,08 131 414 543 899,42 520 2,280 13,808 13.75

SUMMARY TABLE CF STORM FLOWS (SEP,LINE=1, 13HM/DAY/DEY)

(M) FLOW VOLUME  PEAK TIME 10 TIME TO  DURATION OF

STORM  DATE" START  FLOW DEPTH
ALLING TOTAL  (M~3#3008)  FLOW  FEAK  STOREFLOY  STORNFLOM
L]

TIME RICING FRLL
LIve  LIMB (M*1/S) (HRS) CETRRTI(RR)  (HRS)

fOI8. T.epgatR 700 1,58 2,78 28477 9,430 7.7% 5.08 21.58
2 206,81 2,88 .92 334 4028 475,18 14.67¢ 7.0 35 .73
3OIL 7.6 4.8 2,88 B .49 746,38 20,440 8,75 2.58 .50
§ 0300782 202 .8 0 L2 1,68 A3 2.2 3.2 8.2
S22, 7.a4 17,00 L37 .67 B4 115,41 L4280 o0 TG 16,50
& 7. k651505 W81 1,38 2041 289,18 7,788 8.73 1,23 25,25
7O19,10.66 22,12 W51 1,21 1,72 191,43 L¥8 850 4.5 0.ee
8 18, 7.67 400 .45 32 e IRe.99 10,788 2.7 2.73 26,59
9 11, 9.68 588 .62 LA 2023 249.Bb 8,340 5,25 6.7 18,73
1007, 9.6512.00 .23 LI .98 e4.9t 2,788 6.29 1.2 15.25
1o en e L2 LI L b.7eR 6,73 .78 25,00 . _ _ .
12710, 7,72 10457 LAy 4T 2 TI0.530 475 558 25.50
S vl S 18 TS PO N BT 18,870 o.pe 8,75 32.2%
14 14, 7,73 nee 97 LRy L 12,428 £.58 1.0 21,75
1917, .77 4.0 122 2,98 4. 12,818 6.73 7.ee 28,28
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Table 8.7 Summary of storm data : N. Danville, ND1.

SUMMARY OF STORM DATA FOR N.DANVILLE AT RD! CATCHRENT AREA {S0.xM) 42,94 DATA TIME INTERVAL (HRS} 2§
SUMMARY TABLE CF RAINFALL DETAILS

STORK  DATE  START NO.OF RAIN  TOTAL  DURATION HAX,INT. MN.INT. DUARTILE RAIN OVER DURATION (CUMZ) 38 DAY AF]

TIME  PROFILES  RAIM(KH)  (HRS) - (MM/HR) (MH/HR) 1 2 M 4 (FACTOR=2.9)

1 24,10.59 5.c8 t 74,38 17.08  20.83 4.37 44,32 49,48 92,77 100.22 42.89
2 I 7.60 12000 3 42,35 12,80 4.7 1.7 24,20 61,52 83,88 1e2.BQ 1.3
32, 6.6t 2.08 3 22.7% 5.75 11,98 1.37 8,19 41,95 93,82 iee.p 18.33
4 I 7.82 4.80 3 St.6b 9.25  15.40 3.9 12,83 62,97 71.92 1ed.pe 24,81
338, 7.63 Lee B 23,38 4,00 1B.25 5.82 42,59 51,15 B3.E7 10G.0B 15,63
& 22, 7.464 17,08 8 19.52 t,58  35.98 L@ 8.26 3&.50 lee.en ioe.ee 28.42
7 7. 6,63 15,25 3 39.49 8.7% 1.4 4,51 53,82 75,82 94,38 10p.00 9.79
8 19.10.8 20,15 3 ip.es 32,58 8.51 .92 57,52 91,41 53,36 12e.md 16.73
9 1, 7.67 4.p0 3 3%.78 10.25  28.83 3.38 65.02 B81.28 96,23 1g8.08 26,67
10 11, 9.£8 4,00 3 3.2 L2 14,45 1,38 58,33 92,24 94,11 102.08 14.4¢
17, 9,69 17,09 3 20,65~ 12,80 3428 .72 96,74 99,23 99,55 1e8.08 27.48
1223, 8,71 B8 3 NN Y 21,80 18.88 1,45 84,33 94,87 96.08 180.00 36,19
13 3. 7.72 11,00 1 26,23 5,00 2022 L 4,43 45,33 92.51 1R, 41,49
S 1418, 7.72 10,43 3 734,93 373 23,99 2.H 5,99 8319 84.74 1pg.ee 34.87
15 17, 9,73 24,08 3 3176 16.25 1.7% 2.1 11.49 52,72 92,14 1ed.ne 38.26

SUNMARY TABLE OF TOTAL FLOWS

STORM  DATE  START  FLOW DEPTH (MM} FLOW VOLUME INITIAL FINAL PERE TIME TC
TINE RISING FALLING TOTAL (M~3#1288) FLOW FLeH FLOW  PEAK
LIKE  LIMB (M~3/5) (4~3/S)  (M*3/S) (KRS}

1 24.12.89 5,80 13.38 14,92 30.28 13gE.tY  1.B28  4.480 31,180 14,25
2 I8, 7,68 12,00 .82 1,83 2,65 11%.8% .04 040 1.978 11,75
I0206080 2,28 1,52 A9 k.42 275.74 278 1,130 6.278 8,00
4 31.7.62 4,00 3,27 6,24 9,51 408,29 .2BD .83 12,418 10,25
3 30, 7.6 2.2 .18 BT L1 7.28 258 240 ©.328 875
b 22, 7.64 17,08 .38 .78 L.16 49078 L1800 460 1,708 475
7 7. 5,63 15.20 1,58 4,05 5,87 241.93 L1180 .50 5,528 9.0
8 19.10.66 20,15 1,45 1.t 113 134.20 .jeg .83 1,868 17,25
9 15, .57 4,88 .41 4,26 4,56 200.2D L1438 78D 4,180 4,25
18 11, 9.88 4,80 &8 2,19 2,87 121.28 .27 L bE0 378 12.ee

1 7. %.89 17,08 I8 6] 86 414 .25 .568 1,278 450

12 23,871 eg .St 479 2.3 98,97 JB8 L678 2,680 675

133072 41.88 0 L 36 3.76 4032 183,83 278 .87 5,180 7.25

14 18, .72 1845 V74 L6700 4042 189.82 L2300 .88 5,168 9,25

15 17, 9.73 24,80 L34 .62 4,94 211,98 178,838 5,000 13,29
SUMMARY TABLE OF STORM FLONS (SER,LINE=1,1IMM/DAY/DAY)

STORM DATE  START  FLOW LEFTH (MM)  FLON VOLUME FEAK TIME TO TINE 1O  DURATION OF
TINE RISING FALLING TOTAL (M°3#1208)° FLOW  PEAY  STORMFLOW STORMFLOM

LIKB  LIKB 1M~3/S)  (HRS) START(HR)  (HRS)
bo4IR59 SRR 12,85 12,09 2513 1879.9% 29.072 12,82 2,25 25,35
2 %8 7.6012.00 71 138 2,180 gR.2d - L748 e.0R KA 21,23
30020681 200 21 T2 433 186,10 5728 1,35 75 32,08
4 L7062 4,00 314 518 8,24 3SL.9B 12,158 7.%0 275 .75
3 0. 7.83 2.0 .82 LD .04 1.4 A58 3.2 2.02
5 220 .64 1000 L3 46 Th 12088 1.458  4.02 5 14,60
77,565 15,28 1,46 4,11 555 23R.IS 5.238 B.7Z .23 17,25
8 19.12.65 20,15 1,83 .82 1,83 79.3% 1,198 16,23 1.0 et
9 1k, 7.67 400 3% 322 356 152,96 - L.BRR 2.739 .50 .75
101, 9.8 4,20 (3B 550 2,88 89.24 Lo 35 8.75 25.9¢
17,989 17,60 .18 .27 .45 19.4D 828 575 g% 1,75
12 2%, 8,70 Lo .32 L4 1520 5.8 2778 8.3 1.0 2073
£33 T2 1008 L3R .82 L.ed 12864 4,820 4,22 .0 26,50
19 18 172 12045 L33 87 LR 133 4,810 55 .75 2659
15 17, 9,73 24,20 1,88 2.EB 47T 157,44 4,888 7.7 .o 25,75
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Table 8.8 Summary of storm data : N. Danville, ND3.

CUMMARY OF STORM DATA FOR N, DANVILLE AT HDZT  CATCHMENT AREA (SO.KM) f.37 OATA TIKZ IWTERVAL (HRSY .2S

SUMMARY TABLE OF RAINFALL DETAILS

STORM  DATE  START HO.OF RAIN  TOTAL  CURATION MAX.INT. WNLINT. GUARTILE RAIN QVER DURATION (CUXI) 28
TINE  PRDFILES  RAIN(MN)  (HRS) . [MMN/HR) (MM/KR) 1 2 M § {FAC
1 I8, 7.8 12,08 3 47.59 12,08 4,101 1.9 2583 41,15 BLET jeL.0B
220881 2.2 3 21,94 6.7 1392 385 JT.B4 4%E2 95,28 1eQ.M@
3 3%, 7.52 46D 3 48,77 9.25  14.48 527 T8 AL71 72,24 10e.eg
4 18, 7,53 e 8 22,49 .28 1.0 .82 JB.59 49,13 g4.08. 102.DR
S 22, 7.84 17,00 8 10,48 1,98 2%.84 8.97 .81 6,19 1R0.0B fRO.O
& 7. &85 15.23 3 41,28 8,75 &.12 4.94 56,77 73,82 93,52 ige.ee
7 19.12.86 28,25 3 29.84 19,25 1.5 1,55 44,83 77,45 92,22 100.00
8 15, 7.87 4.0 3 17,59 18,25 £.32 L 36,69 52,00 93,43 lBR.ER
§ 11 9.48 4.02 3 41,78 27,28 14,08 1.53 J.31 94,35 95,88 1ee.cp
12 7. 9.7 17.83 3 23.38 12,88 40,44 1,93 97.e1 99,23 99.49 1gp.e@
12,971 e 3 20,32 16,08 15,24 1.39 93,68 5,58 95,28 100,00
1218, .72 1B.45 3 39.89 1375 L9 2,98 6,39 B7.24 82,24 102,20
1317, 9.73 24,00 3 59,48 16,25 18,16 2,49 11,58 29,06 90,35 160,00
SUKMARY TAELE OF TOTAL FLOWS ‘

RT  FLCW DEFTH (MM) FLOW VOLUME INITIAL FINAL FEAK TIME TO
E RISING FALLING TOTAL IMJ#1282) FLOW FLOW FLON  PERK
LIKE  LIKB {He375) {H*3/8)  (H°3/5)  {HRS)

STORM  DATE  5TA
Tiu

i
v
3

P20, 7.eR 12,80 .49 3,48 397 312 .p22 .10 1,238 18.30
220660 2,00 1.0 3.B2 482 4035 e e 1,068 5,82
I I .62 4,03 2,38 4043 7.4 58,89 238 L1 2,850 9.08
5 380783 288 .U 29 L8 o419 B4 1B R0
IR LIS O 5 S ¥ A B K L1600 188 N 1 I R
5 7. 4,85 15,25 2,84 J.69  4.53 S4.83 870 170 1,648 7.%8
7 19.10.85 20,29 .62 1,82 2.4 2047 258 158 378 18,78
8 16, 7.57 428 1.8 L2 2. 3B J. E £ 570 18,28
§ 11, 9.58 4,00 .BZ 2,22 3.3 29.%4 S LE I 958 18.E
187, 9.4917.88 19 133 LA 12,47 080 148 528 2,28
1123 870 L .3 98 245 20.82 878 L138 e L
12 1B, 772 1B.45 0 117 479 5.8 49.%0 e L2 2,630 8.0
1317, 9.73 24,88 1.4 481 5.4 43.97 B0 16D 1,310 18,59

SUMMARY TABLE OF STORM FLOWS (SEP.LINE=1, 1IMM/DAY/DAY)

STORM  DATE  START  FLOW DEPTH (MM}  FLD
. i

¥ VOLUME  PEAK TIME TD TIME 70 DURATION CF
TIME RISING FALLING TOTAL (N*3#10B1)  FLOW  FPEAK  STORMFLOW STORMFLOW
LI8B  LIMB (44318} (HRS) START(HR)  (HRS)

§OIB, 7,80 12,02 .38 2,58 R.BA 2542 950 5.0 5.50 24,75
2002, 6.0 .00 48 2,70 2,88 24 920 7% 2,25 21,25
3O, .62 408 2,42 347 555 43.78 1,998 6,75 2,25 21,08
§ 10,7083 280 L1 13 L4 2.0 L1800 5.8 75 9,58
522, 7.5 17.28 LB 24 25 35 B4R 75 1,25 3715
b 7. L85 1525 2% L7 5.37 0 4453 1748 7.02 .53 22,25
716,010,686 26,75 LM 1,88 1.2 11,53 29 6,75 8,02 22,00
8 1h AT A 87 % 1.3 1,27 L3780 8,90 1,75 15,82
9 11, 962 4.52 8T 149 2,12 17,78 890 4,58 5.20 28,25
127,968 17,80 11 L7526 707 \5191.25 - 1.0 1,75
11025, 871 L83 LI 1.2 1,57 tLae A7 3,29 1.75 14,75
12 19, T721R.45 0 .80 LI 5018 14D 2,512 4,50 3.50 20,75
1317, 9722488 .93 2,88 3,79 LM RS T I 3.ne 25,00

. - .
~f = O R LN L D
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Table 8.9 Summary of storm data : N. Danville, ND4.

SUMMARY OF STORM DATA FOR N.DANVILLE AT RD4  CATCHMENT AREA (SD.KM)} 43,51 DATA TIME IRTERVAL (HRS) .25
SUMMARY TABLE OF RAINFALL DETAILS

STORM DATE  START HO.OF RAIN  TOTAL  DURATION MAY.INT. MN.INT, QUARTILE RAIN OVER DURATICN (CUMZL) 3P DAY AP]

) TIME  PROFILES  RAIN(MM}  (HRS)  (MM/HR) {MN/HR} 1 2 K 4 (FACTOR=0.9)
7. 6,65 15,25 3 34,54 8,75 344 3,95 45,57 78,86 GL.G1 10R.°B 9.79
2 191085 20,23 3 29.88 37T 183 .94 B1.49  92.55  99.25 1.0 15.13
316, 7,67 4,08 M 35,85 18,25 22.48 3.58 66.75 B3.B7 96,25 100.08 26,67
4 11 9.468 5,00 3 43,26 g.zg 1379 1.42 7B.64  §l.es 9%.51 1ge.89 14,02
3 7. 9.69 17,08 3 18,84 12,88 1336 1,57 95,48 99.29 99.41 lep.ed 21.33
& 23, 8.71 .08 3 29.74 2.8 1844 29 79.84  95.17 97,82 100.0@ 38,39
7 18, .72 1R.75 3 31.58 13,75 21.4¢ 2.9 7.64  Bb.6k 91,26 102,00 30,58
g 14, 7,77 1.9 ! 25.93 5,58 1425 3.99 22,23 85,11 92,487 100.00 38,97
9 17, 9.73 24.00 3 38.34 16.25 7,43 2.3 .51 54,25 91,76 10D.08 29.97

SUMMARY TABLE OF TOTAL FLOWS

STOR DATE  START  FLOW DEPTH (MM}  FLOW VOLUME INITIAL FINAL FEAK TIME TO
TIME RISING FALLING TOTAL (M~J:i@R) FLOW FLOW FLOW  PEAK
LIKR  LINMB (M~3/8) (M*345) (w3/8)  (HRSY

Yo7, 6.6515.28 .38 1,28 2,16 9i.E3 A7 .75 1778 1073
2 19.12.66 20,25 1,34 1.4 2,74 119,18 J166  LBIB 1,518 18.00
3 16, 7.67 429 .35 .84 439 198.96 .288  .B4@ S.r4e 4.5
§ 11, 9,66 500 .76 2,88 3,55 104,63 g3 ,gsp 3190 12.08
5070089 17.08 .89 L3 L9 BAES 480 ,B80 2,738 8,25
6 23 8.7t f.e@ 70 1,77 .47 10132 208 T3 2,578 9.75
7018, 7.7218,75 119 L.ed 5.8 218,92 298 L9 5,208 10.75
8 M4, 7.73 1.0 139 L.e8  S.Bp 22834 219 1.32e 2.550 .80
9 17, 9.73 24,88 1.8 430 6,03 242,40 258 .99 2.828 13,29

UMMRRY TABLE OF STORM FLOWS (SEP.LINE=1,13MM/DAY/DAY)

STCRM  DATE  START  FLOM DEFTH 1My FLCW YOLUME  PERK TIME TO TIME 7O  DURATION LF
TINE RISING FALLING TOTAL (M*321B@3) FLOW  PEAK  STORMFLOW STORMFLOW

LI LIMB (M~3/S) (HRS) STARTIHR)  (HRS)
1 7.6.65152% .88 .60 118 51,35 1338 11,25 .58 M.28
2 19.10.45 20,25 .46 1,09 1S3 .74 - 1,158 B.25 4,39 27,58
U3 167,67 408 46 2737 19 138,78 4,808 3.2% 1,25 26,58
4 11, 9,68 3§, Bﬁ AT 157 2,28 95,84 2,958 6.30 5.52 32,58
5 7. 9.69 17,0 S L 9 41,89 .71 515 B 16,75
6 23,871 L, "0 A48 1.8 LIS 812 2,218 5,25 3.8 21,50
7 10 2.7218.7 0 .88 .8k T.44 0 149.54 4,548 7,08 .75 28,25
9 14, 7.73 1.22 .89 2,17 3. 131.24 4,630 .25 1.75 21,09
9 17, 9,73 24,88 132 L.M2 431 188,57 4,93¢  8.:@ 4,73 18.25
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9. COMPUTER PROGRAMMING CONSIDERATIONS

In order to facilitate the simple application of all models to each data
set, the computer coding of three of the models has been included as a
subroutine in a larger program. This was not easily possible with RORB
model as it was received as an already coded program on magnetic tape.
However, the RORB model was modified slightly to accept the input data in
the same format as the other models.

The data for the Ecca catchment is drawn from the breakpoint data bank of
the Rhodes HRU while the North Danville data was available as breakpoint
data from the volumes of the US Department of Agriculture (USDA 1960 to
1973). Additional data are available from several other sources within South
Africa. A suite of FORTRAN programs has been established to reduce or
extract from the original data a set of fixed time interval values of rain- _
fall depth and instantaneous flow. Stormflows, based on the separation line
method of Hewlett and Hibbert (1967) are also calculated and the storm is
considered to terminate when such stormflows become zero. The programs
allow the extraction of different combinations of raingauges to produce any
number of storm profiles for sub-catchment rainfall input. An example of the
resulting rainfall and observed streamflow data input file is given in table
9.1. Although a time interval of 15 minutes was used throughout this study
all the data extraction programs are flexible and any time interval can be
set. The input data files for any one catchment contain all the storm data
for that catchment and the model programs select which storm or combinations
of storms are to be modelled in any single model run.

Where relevant, the antecedent rainfall data are stored on a separate file.
Information about the way in which the model should run (lumped or semi-
distributed, optimization or not, etc.) plus the essential information about
the parameters and the definition of the sub-catchments is contained within
control data files. An example of a control file for the S-curve model is
given in table 9.2. These control files are reasonably well labelled to
make it simpler to edit them between model runs. The control file for the
RORB model has a different format (table 9.3) and closely corresponds to the
standard input file for this mode! (Laurenson and Mein, 1985). The only
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difference is that the rainfall and streamflow data are read in separately
and some of the sub-catchment data are read 1in interactively during
execution of the program.

It is apparent from the format of the control files (table 9.2) that the
models (except RORB) can be operated in lumped or semi-distributed format,
single run or optimisation and single storm or multiple storm, using the
same program. This method of operation makes it very easy to change from
one mode to another without having to deal with a large number of different
programs and data files. It should also be noted that there is always only
one set of parameter values. For the semi-distributed models, sub-area
changes in parameter values are determined by the sub-catchment parameter
factor values. When running in optimization mode it 1is more or less
impossible to expect sensible results if the parameter values on each sub-
catchment were to be included in the optimization exercise. There is simply
too much interaction between the different values being optimized.
Consequently, the relative values of each parameter for the different sub-
catchments must first be determined (or estimated) before optimization of
the nominal parameter value can take place. The upper and lower -limits
associated with each parameter value are used to control the automatic
optimization procedure. If these are equal to the actual parameter value
then that parameter is excluded from the optimization.

For the first three models (not RORB) any number of the available storms may
be run together using the same set of parameter values. This mode of
operation allows a single set of parameters to be optimized for a group of
storms wusing an objective function calculated over the whole data set as a
fitting criterion. Initial moisture conditions and the internal counters
for individual storm fit statistics are reset at the beginning of each
storm.

OQutput from the common model program consists of a summary of the control
data, individual and combined storm statistics describing the degree of
correspondence between observed and simulated streamflows as well as a
lineprinter plot of rainfall and flow data (figure 9.1). In the semi-
distributed models the plotted rainfall data represent a single catchment
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average. Options are also available to output details of the values of
different variables at each time interval and the flow from each sub-
catchment. If these options are selected when operating in sub-catchment
mode the output file can become quite large. However, these options are
extremely useful when trying to evaluate the effects of changes in model
parameter values or the relative contribution of individual sub-areas to
total catchment streamflow. A further option is also possible to output
rainfall, observed and simulated flows in a format compatible with a general
graph plotting program (GENPLOT) developed by the senior author for use with
the Rhodes University CALCOMP plotter.

9.1 Verification of the computer programs

This aspect of model verification (section 3.2) entails ensuring that the
computer coding of the model adequately represents the conceptual structure
of the model. In this study it was necessary to check the computer coding
of models OSE1, 2 and 3 as these were written by the authors. O0SE4 was
received as an already coded model with accompanying test data and therefore
did not require extensive checking. The detailed output option referred to
earlier is used to ensure that model storages and outputs are calculated and
updated correctly. Examination of the detailed output also ensures that
moisture is not unintentionally lost and that changes in modelling time
interval do not affect the operation of the computer algorithms.
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Table 9.1 Example of rainfall and streamflow input data file.

IS ECCA R QMR 73,1
128, 277  i5.eB .25 HAS INTERVAL ¥
b2 ’

RAINFALL FOR 2B, 2,77 15.88 &2 .25 HR PERIODS MULT= 1,888 CATCH B

RAINFALL  1.828 68
.38 .88 .08 N2 S N ) B 157 B ) .83 23 1,82 3.2 L] S99 L4
L L LYy .59 .38 .38 .58 .83 .20 .87 g8 T8 .7 ] | A2
.28 .28 .88 .o 35 48 48 .48 .48 .48 .35 .08 .88 .28 N
.20 .08 .28 .28 .28 .88 .29 .29 .29 .25 .28 .t N .28 .28

.28 .0
RAINFALL  1.888 68
28 L3 A4 .28 2 A A5 1.8 1482 .2 .81 .81 1 49 L3

1,08 1,38 1S LS <63 .28 .8 N7 .08 N1 b6 .bb b bb 83
.88 .20 .88 .88 .20 .88 .28 .£8 . B8 .b8 .02 N .20 b8 N
.28 .2 .t8 .2 .22 .28 .08 .28 b8 02 .08 .28 .28 N1 28
.28 .28

RAINFALL  1.2238 63 8
.82 1.ee 49 A 47 .29 380 B3 5 248 335 1Y 2 J9 0 Lel
.46 L4618 LY o R4 .2b .23 .82 .82 .42 49 A9 bb o
.87 21 N3 N3 .2l 213 .88 .e8 .28 N b8 .80 28 .20 .20
.0 .28 81 .18 .28 .28 28 0 .28 .2 .08 .28 .22 .28 22
.88 N7

RAINFALL  1.228 E1 8
N LI W) 5 A7 W31 A5 .61 .93 4 <36 9 .91 48 Leb 1.3
L3 LW 18 1,10 84 .23 35 .08 .0 .82 .53 o9 .5 .58 .48
.8 .00 N7 N 1 .11 A .29 .23 .23 .23 .23 .88 .88 .t8 N /]
.0 .88 .28 .08 .28 .28 .08 .88 .e2 .28 .28 .20 .28 NN )

.28 .08 .
RAINFALL  1.eed 62 3
.28 .78 - o4 A4 .3 A8 2,47 165 2,99 B LU o33 .£3 T3

T B PO B s B P .98 .89 2] B .82 22 .33 43 43 .83 44
.9 L1 N 3 N .18 .08 .28 N .28 .28 .b8 .08 .08 .08
.8 N & .2 .0 L2 .08 L8 . .88 .28 .88 .23 .28 .22 A .02
.08 .08

RAINFALL  1.0e8 64
.28 3 1 L8 .48 .e8 8 88 L1200 2,5% lea4 2. LA L4 LM
Lo La L4 e .93 3 33 .87 N .20 47 w3l .51 .ol 9
27 .BB .88 .18 .28 BB B8 .08 Lo N1 .28 28 .88 .88 .82
N1 28 .0 2] .88 .2 .88 1 .08 .28 .88 N1 N4 .o .2
.08 N

RAINFALL  1.220 62435 i
.2 .91 .8 L2 a2 .2 g8 L7 Lad L8 1L 213 L L LA
1.8 L2 128 .o .89 .21 .29 .Bb .82 .23 .2 .98 W1 .31 43
.10 .88 .80 N1 .88 .E5 .21 B8 .88 .88 .88 .82 .28 .28 .88
.00 .08 .88 .28 .28 .08 .88 .28 .28 .£8 .88 .88 28 .o ot
N1 .08

RAINFALL  1.220 6 ALL:
.0 .67 A4 13 .33 A7 A7 L3 128 189 8 L I 88 L3
131 138, L2 L@ 1 b .28 B4 .22 24 .41 .51 .82 .61 &b
.88 .81 .81 .81 87 19 .28 .32 4 4 12 .81 .08 . .88
.02 .te .88 .28 2 .2l Bl .2 .8 .21 .88 .8 N1 N .0
.28 88 -

TCTALFLOW ©.821 .
J820 .82 .e28 .e2@ .R22 k19 .e19 .m18 .B18 .R18  .@17 823 .eed LIRS 147
A5 LT LB78 L9e2 L9B3 L9273 L9701 LLB1B L.B6s  J.RAA D.BRS 966 L9435 .93 .91
.5e2 B85  ,B78  .856 LB .BZ6  B§Y .79 7B} .76 .79 L7310 .12 M 1D
<16 788 687 L4BA 471 L858 A5 L632 LB19 JkB6 L3930 .5BR G680 L3ST L3A2
529 51

STORMFLCK ¢.e28
..e8  .et¢  .ees  .eea " .pee  .eed  .ped  .pe@  .ee8  .BE@  .PE B4 036 .BE7 .19

TOE92 0 L% .Ee@ LB14 .BRS LB .BS2  LB98 927 LB LBAT .79 .41 M2 .

852 887  L642 L1700 592,567 US43 LSIB 483 L4790 45D 433 L L39S .IT
DR AL B B3 Y & . ¥ {2 T 1} SRS - S 6. S S 1 B 11 S 13
220 -.emd

2 6377 ie.2@ .25 HRS INTERVAL

11
RRINFALL FOR 6. 3.77 (B,BE &8 .25 HR PERIGDS NULT= J.e88  CATCH 18
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Table 9.2 Example of S-curve model

input control file.

ECCA NARE OF CATCHMENT
o9n2e CATCHMENT CODE
13.94 CATCHMENT AREA
ECCA COC FILENAME HOLDING DATA SOURCE
ECCAA CDC FILENAME HOLDING ANI DATA
1 TOYALFLOWS ON FILE (1 IF YES)
{ STORMFLONS ON FILE (1 IF YES)
i DATA FOR USE {1=TOTAL,2=5TO0RM) 3
{ HENISPHERE (1=SOUTH, B=KORTH) 2
1.8000 CONVERSION FACTOR - FLOWS TD CLMECS a
1.0882 CCNVERSION FACTOR - RAINS 10 MM g
8.25 DATA INTERVAL (HOURS) 0
13 NUXBZR OF STORNS ON FILE
INCLUSION ARRAY FOR INDIVIDUAL STORKS (1=YES,@=N0}
123 85878 9181112131415
tesa ettt
S-CURVE {8.D) NCDEL TYPE
15 NUKBER OF PARAMETERS
VALUE UPPER  LOWER DESCRIPTION
1,080 1.880  1.820 | CHANNEL TIME DELAY
8.500 0.502 8,588 2 CHANNEL ROUTING X
8.58¢ 8.3 0.528 3 BASIM TIRE DELAY
b.9e8 b.028  5.888 4 BASIN ROUTING K
8.589 0.683 D.6BY 5 BASIN ROUTINE N
2,78 3.8e8  B.5BD & CHANNEL LOSS PARAN
0.152 B.I5@ 8.138 7 TIME AREA B
208,008 250.809 102.008 8 NAX STORE
8,252 8.490  0.830 9 DA IN TANH-
8.5 0.988 0.382 18 C INTANH
420,000 4tq.928 490.009 11 T FLON FROXN SLOPE
8.4%0 B.428 0,482 12 1 FLOW FROM VSA
2.958  £.990 0,989 13 MINTER API FALT.
0.688 B8998 B.483 14 MAX. IAR
1,000 1.82% 1,008 15 A IN TANH
1 LURPED OR SEMI-DIST. (R R 1)
12 NUEBER OF SUBCATCHMENTS
SUBCATCHMENT PARAMETER FACTORS
sus-CAaTCH 2 3 4 8§ & 7 8 ¢ I U 12
AREA 1 13.0 5.9 S8 7.0 6.4 7.8 114 2.9 6.0 9.712.9 7.4
PARANETER 1 5.25 4.58 4.56 4,82 4.89 4,98 3.80 2,75 2.25 1.25 .73 0.25
PARARETER 2 9.80 0.98 0.99 1.9 £.75 0,75 8.50 0.42 0.95 1.48 1.22 8.40
PARANETER 3 1.09 1.0 1,989 1.02 1,00 1.09 1,00 1.88 1.8 .82 1.00 1.2
PARANETER 4 1.08 8,92 0.92 9,92 #.98 8.98 £.85 2.50 08.45 0.95 1.85 B.88
PARAMETER 5 1.89 1.80 1.80 1,88 1.268 .80 1.02 1.20 1.0 1.80 L.22 {.22
PARANETER & 1.8 0.89 9.89 0,94 B,B3 9.83 £.75 1,75 0.75 0.88 2.83 B.62
PARANETER 7 1,00 1.98 1.0 1.90 1.09 1.88 1,23 1.0 1.09 1.008 1.09 192
PARANETER € 1,18 9,95 £.95 0.92 8.62 ¢.82 8.768 9.78 8.78 .98 £.88 0.99
PARAMETER 9 .72 €.64 0.84 9.92 1,05 1.85 .13 115 1,15 1,987 .99 1.97
PARAMETERIE 2.83 £.93 8.93 1.95 8.95 0.95 2.95 0.95 8.95 0,92 .99 L.92
PARAMETERT! 9,75 9,82 8.82 £.99 9.99 0.99 5.92 2,92 0,92 2.98 8.92 .90
PARAMETER12 1.8 8.83 0.83 .83 2,83 £.83 2.83 2.92 3,98 1.28 0.83 .90
PARANETER1Z 1.89 1.0 1.82 0.99 1.8 1.e2 1,09 1.08 1.0 1.1 £.99 1.8}
PARANETER1A B.92 1,83 1.83 1,05 1.18 1,10 1,30 1,38 1.38 1.20 1.48 1.29
PARANETERIS 1.20 1.80 1.82 1,00 1.6 1.08 1.29 1.88 1,09 1.88 1.98 1,89

NUMBER OF STORM PROFILES FOR EACH STORM
STORN NO. 1 2 3 4 5 & 1 8 9 13 11 12
NOFPROFS. 8 18 18 12 18 18 8 19 8 W 10 S

STORR PROFILE AND MULTIPLIER FOR USE
SUB-CATCH ¢ 2 3 & 5

STt 1 2 2 3 4
1.29 £.92 L8R 188 100
5T, 2 t 2 2.3
1.09 1,82 1,20 1.99 1.8¢8
§T. 3 I 3 3 33
1,00 1.89 1.08 1.28 1. 08
ST, 4 t 2 2 37 &
1.02 1.99 1.09 1.0¢ 184
§T. 5 tr 2 2 3 4
1,99 1,09 1,90 1.08 1,00
ST, b to2 2 3 %
1,69 1.02 1,03 1.08 1.0
8T, 7 1 2 2 3 4
1.99 1.82 1,89 1.80 1.89
§T. 8 1 2 2 3 4
1,00 1,98 1.80 1.22 1.82
ST, 9§ 1 3 3 3 3
1,20 1,88 1.80 1.9¢ 1.80
ST.108 t 2 2 3 5
1,02 1.00 1,20 1.99 1.09
st.n o2 2 3 4
1,89 1.02 102 1,88 .00
§T1.12 2 2 2 1 2
1.80 1.98 1.99 1.99 1,98
ST.13 {1 1t v 1 2
1.82 1.82 1.09 1.00 1,08
ST. 14 t 2 2 3 ¢
1,22 1.88 1,989 1.99 1.8
§T.15 1 2 2 3 3

1,09 1.99 1,82 1.80 1.02
RUX INFORMATION CONTROL
] OPTIMISATION

IN EACH SUBCATCHRMENT
67 8B 9 1 1 o
45§ 5 8 1 7
1,09 1,92 1,88 1.82 1,09 1.80 1.2
£ 601 % 9 9
1,80 1,89 1,08 1,09 1,08 1,80 1.90
3§ 1T 1 1 8 9%
1,08 1,89 1.0 1.89 1.80 1.28 .00
L5 &8 & 7T 8 9
1,09 1.8 1,92 1,28 1.04 1,00 1.08
¢ 5 & 6 1 8 %
1,98 1,09 1.89 1.82 1,98 1.09 1.0¢
4 5 & & 7T 8 9
1.08 1,08 1,90 1.8 1.98 1.00 .00
4 5 5 b b b 8
1,00 1,89 1,82 1.00 1.98 3.02 1.08
i 5 5 & 71 8 9
1,99 1.08 1,80 1.89 1.88 1.00 1.00
3 3 3 8 bt 8
1.6 1.08 1.80 1.00 1,80 1.00 1.98
5 8 8 8 ¢ 8B 8
1,99 1,00 1,92 1.80 1.98 1.09 .88
i 5 & & 7 8 ¥
1,20 1.89 1,83 1.09 1,20 1.98 1.80
2 3 3 &+ 4 4
1,02 1,82 1.99 1,09 1.90 1.0 .80
23 3 3 3 4 5
1.88 1,80 1.22 1.00 1.80 f.00 t.00
LI - - T
1.99 1,99 1,02 1.00 !.28 1.00 1.08
I 2 2 4 ¢ 4
1,02 1,00 1,89 1,08 1.80 1,90 1.8¢0

DR XOT (1=YES)

H NUMBER CF OPTINISATIONS
COEFF. OF EFFICIENCY (X0 TRANS.)
CCEFF. OF EFFICIENCY (LN TRANS,)

0S#-
1.ee8 1,000
L OUTPUT TABLE
SUBCATCHMENT SEQUENCE COCES
22

1

9

8 A35.FRACTION ERRGR IN PEAK AND VOL.
S LINEPRINTER PLOTTINE SYNBOLS
LINEPRINTER PLOT STALES

(8=N0 ,1=YES ,2=NODAL FLOWS)

99 1 299 388 499 S99 68988 7 8 9189911881277

| ] KOVINS STORM

13 14 15
6 18 5

[v8

CODE (@=STATIC,1=NOVINS)
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Table 9.3 Example of RORB model input control file.

ECCA 09KZ0

1,  NATURAL REACH

1, 3.42,-99,  SUB-AREA A
8, 3,-99

2, 2.82,-99,  SUB-AREA B
8, 2,-99

3, STORE K/6

1, 1.95,-99,  SUB-AREA C
8, 2,-99

1, ADD UP K/6°S

5, 1,95,-%9,  ROUTE 10 70 D

8, 2,-99

2, 1,93,-99,  SUB-AREA D

8, 2,799 ° .25, 98, 1, 18, 1,-99,  STORM DATA DETAILS

7,  PJO FOR §Sm24 2 8, %8
F/0 FOR 09224 z BAUSE )

3,  STORE H/B 5 BAUSE 2

1, 3.12,-99,  SUB-AREA E v BAUBE 3

8, 3,-%% BAUSE 4

3,  SIORE /8 SAUSES

1, 2.18,-59,  SUB-AREA F SAUSE &

8, 2,99 BALSE 7

A, ADD UP H/E'S BAUSE 8

4, ADD UP H/E'S BAUSE 9

5, 241,59,  ROUTE 10 B BAUGE 18

8, 3,-99 111 23,8 18,2 18.2 24,8 28.1 8.1 25.0 25,8 268 25.7 27.6 21
3, SIORE W/6 211 8.8 o8 8.8 2.2 1.2 1.2 &1 12.1 1880 159 159 15.9
1, 2.58,-%9,  SUB-AREA § 311 4,9 409 44.9 40,9 449 44,9 S48 42.B 4B.B 4.8 55.5 426
8, 3,99 411 461 34,8 348 455 361 361 K49 (9.4 49,4 53,9 45,7 S1.8
£, ADD UP HIE'S 511 3.0 34,3 3.3 29.7 3.8 3.8 3.4 I 31 3.9 382 3.9
5, 1.31,-99,  ROUTE O H 6211357 133,3 133.3 130.4 1387 136.7 132.1 133.1 133.1 125,7 124.4 118.4
8, 1,-99 622 . 355 35.5 349 37 37 351 35.4 354 33.4 331 3.5
3, STORE H/E 711 328 3.1 3.1 27.8 21,7 21.7 28.4 28.4 28.8 28.% 28.8 28.8
1, 3.87,-99,  SUB-AREA H 811122.5119.7 115.7 115.1 $14.4 1044 115,56 115.6 113.9 184, 188.8 §9.5
8, 3,-99 911 246 22,9 22.9 22.9 229 22.9 2.9 22.9 3.6 3.6 2.6 22,1
4,  ADD UP H/B'S 18911 38,1 434 43,4 265 44,4 &h4 59.3 59,3 59.3 59.3 9.3 59.3
5, 2.86,-%9,  ROUTE 10 1 1111 29,8 387 387 39.7 42.6 42,4 343 3N1 33 34 3n2 M2
8, 2,-99 1211 56.8 S8.8 Se.B SO.B SE.B SB.B 4A.1 45,1 58.4 5B.4 8.4 58,4
3, SIORE W/E 1311 56.5 8.5 8.5 56.5 S51.b S1.b 7B.4 78.6 Je.6 TO.6 75.9 768
1, 1.31,-99,  SUB-KREA I 1411 28,6 816 416 30,7 33.9 339 1.7 1.2 17.2 1.2 169 1.8
8, 1,-%9 1511 28,8 28,2 38.2 32.4 32.6 3.6 302 6.2 30.8 0.8 BB IB.8
4,  ADD UP H/E'S g, 98,-59

5, 1.8,-99,  ROUTE 10 osr2e

8, 2,-99

2, 4.85,-99,  SUB-AREA )

8, 4,-99

3, - SIORE H/B
1, 3.80,-99,  SUB-AREA K

By 3,099
. /0 FOR o9n2y

P/0 FOR Q9M21

4, - HKDD UP H/6'S

2, 1.21,-99,  SUB-AREA L

8, 1,-99

1.1, P/0 FOR o922

e, END OF CONTROL VECTOR

9.409999, 4,38, 4.13, 5.19, 4.74, 5,16, 0.3°0881, 5,83, 4.42, 7.14, 9.5, 5.435,-99 SUB-ARER AREAS (KN##2)
1,0.82,0.02,0.82,0.82,8.18,8.1,8.20,0.28,8.28,8.15, 8. 88, . 1#,-59 :

12,00
FIT

~4
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10. MODEL FITTING RESULTS

This chapter discusses the results and the degree of success with which the
four models have been able to reproduce the observed hydrographs.
Comparisons between the individual model results are also discussed. To
avoid breaking the text up with a large number of tables and diagrams most
of the numerical and graphical results are contained in appendices A and B
respectively. Appendix A consists of tables containing the parameter values
and some statistics of fit for all the models in both lumped and semi-
distributed format where applicable. Appendix B contains a number of
graphical plots of storms that have been selected to illustrate a range of
different results. There are several aspects associated with the results of
fitting conceptual models to observed storm data. The following topics are
discussed under separate headings for each of the models.

a) Ability of the models tc reproduce a range of hydrograph responses
to a range of input rainfall types. This may be thought of as the
models curve fitting capabilities. '

b) The extent to which a) can be achieved with a reasonable degree of
parameter stability and with parameter values that are intuitively
acceptable. It may not always be easy to determine what 1is an
intuitively acceptable value. To a large extent this depends upon the
type of model and whether it is being opefated in lumped or semi-.
distributed mode. Semi-distributed models have an extremely large
parameter ‘'space' and there are consequently a large number of values

- that could be changed to vary the simulation result. For all the
models, intuitive ideas about the sub-catchments variation in response
have been used to determine the sub-catchment parameter factors. In
some cases sub-catchment factors have been calculated from relative

~ differences in measurable physiographic factors. To a certain extent
the calibration results constitute a test of the applicability of these
relationships. The factors have only been changed during calibration .
runs when changes 1in global parameter values have not been able to
achieve a catisfactory result. In such cases, the characteristics of
the sub-areas have been re-examined to try and rationalise such changes
to the original intuitive reasoning.
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¢) The ease or difficulty of achieving acceptable fits to the observed
data. Thils 1s an important consideration 1f a model is to have a future
practical value.

During the discussions of these three topics comparisons are made between
the temperate and semi-arid catchments. Comparisons are also made between
the lumped and semi-distributed versions of the models to investigate
whether or not the more complex semi-distributed approach is warrented. In
the following sections reference is often made to 'acceptable' fits. This
is of course a very difficult description to define. For the purposes of
this report an 'acceptable' fit is one where the peak and volume estimations
are within approximately 20% of the observed values and where the overall
shape of the hydrograph is well simulated. This rather loose definition is
considered adequate at this stage of the model evaluations especially if

the term 'acceptable' 1s qualified by reference to specific features or
statistics of the fits.

10.1 0SE2 - S-Curve model.

Before discussing the aspects of this model's results, it 1s essential to re
state the point that the model has been designed with a number of sub-
‘components to account for differences in runoff response characteristics
between storms on the same catchment. Part of the model evaluation has been
to determine whether or not this is achieved successfully. Whereas the
other models have been calibrated for each storm individually, the
calibration of this model has been based on the assumption that the model
parameters will remain the same for all storms in the same catchment.
Therefore the exercise really consists of calibrating the model for the
catchment not for individual storms.

10.1.1 Curve fitting capabilities

The curve fitting capability of a model refers to its ability to fit a range
of disparate rainfall-runoff responses regardless of the values that the
parameters nave to assume to achieve this. With respect to the lumped model
there are some situations where acceptable fits cannot be obtained. These
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are exclusively associated with storms having a high degree of spatial
variability in the rainfall input (Q9M20 storm 2 - table A1, storms 30.07.63
and 22.07.64 on ND1, ND3, ND5 - tables A4, 5 and 7). The observation does
not apply to all spatially variable storms and in some cases the smoothing
effect of the catchment is such that the lumped model simulates the result
satisfactorily.

The semi-distributed model produces better results for spatially variable
storms when the space/time pattern of input is well defined. Examples are
illustrated in figures B1A (Q9M20) and B10 to 12 (ND1, 4 and 5). However,
little improvement is experienced for storm 22.07.64 on the North Danville
catchments (fig. B8A). The information available for this storm consists of
4 rainfall profiles (gauges 1, 11, 16 and 22 - fig. 8.4) plus storm totals
for most of the other gauges in the catchment. Storm totals as well as
intensities are extremely variable and one possible reason for the
unsatisfactory results is the inadequate definition of the time distribution
of rainfall over some sub-areas. Even less information is available about
the spatial variation during two other events (1963 and 1969). There is
enough to demonstrate a high degree of spatial variation but not enough to
define 1it. Where the rainfall is more uniformly distributed in spacevthere
is little difference in the modelling capabilities of the lumped and semi-
distributed versions of the model.

Figure B3A illustrates an intense storm (maximum intensity 25.5mm/hr) on
Q9M21 where the response was relatively low. The first peak of the storm is
apparently a rapid response to the high intensity rain period from the lower
parts of this small catchment. A much finer distribution system would have
to be used to accommodate this degree of response sensitivity. Even then
thé model would be unlikely to reproduce the'fhree clear peaks of, this
hydrograph. Comparison with figures B2A and B illustrates that the effects
of time differentiated runoff generation are smoothed 1in the larger
catchment (Q9M20). The hydrograph shape and peak are reasonably well
reproduced although the timing of the response is still too late, especially
using the lumped version.
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The response characteristics of the small storms on the semi-arid Ecca
prompted the inclusion of the channel losses function. The volume of runoff
from any sub-area is reduced as a non-linear function of the product of the
moisture status (RAT) and contributing area (ROP). In the lumped version
the base of the time area triangle is reduced by the same proportion. These
functi ns have the desired general effect of reducing the runoff more so
from the upper catchment areas and hence simulating the smaller but more
rapid response. However, it 1is pe haps naive to expect the same
proportional decrease to apply to the volume and timing. This point will be
considered further in the next section.

10.1.2 Parameter stability and acceptability.

The calibration results for this model on all catchments are given in tables
A1 to A17 in appendix A. As well as listing the storm fit statistics for
each storm. the values of the parameters are given when they‘differ between
storms. The values of those parameters that are constant for all storms are
given at the bottom of the tables. In the model the antecedent rainfall
factor entered through the control file is considered to apply to all winter
season storms (October to March in the northern hemisphere. April to
September in the southern hemisphere). The summer season APF is set at 0.05
lower than the winter value. This facility was included in the
model to allow storms from different seasons to be calibrated together in a
single model run. However. it is recognised that the simple seasonal
differential 1is likely to be inadequate. It is designed to account for
lower evaporation rates and shorter day lengths in the winter period but APF
may be -more correctly expected to vary more smoot ly between the hottest
month and the coldest. The tables as well as some of the figures (B9A and
B14) 1illustrate that in some cases poor fits are due to systematic errors
indicated by large differences between the coefficients of efficiency and
détermination. Examples are storms 2, 7, 8 and 12 on ND1 (tables A4 and A12
and 1. 7. 12, 13, 14 on ND5 (tables A7 and A16). The fits can be easily
improved by making adjustments to the APF parameter (increase for negative
“errors. decrease for positive). The degree of change in APF necessary
depends on the percentage errors as well as the history of rainfall in the
previous 30 days.
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The values for APF given in the tables for the Ecca results represent
attempts to improve the fits by initially varying this parameter only. In
some cases this was possible but in others additional parameters had to be
changed to achieve. or come closer, to an acceptable fit. In table At it
can be seen that for most storms parameters 6 (time area A) and 15 (channel
losses paraméter) have values of 5,38 and 2,32 respectively. It was found
necessary to change these .values on some of the small storms to achieve a
satisfactory reproduction of the timing of the observed flows. It was
mentioned ‘at the end of the previous section that the channel losses
parameter adjusts the volume and timing of flow in the same proportion. The
changes in the values of parameter 6 (A) are thought to. reflect the
inadequacy of this simple relationship when trying to model a variety of
very s..all responses to different rainfall input patterns.

Of the four large runoff events in the Ecca data set (20.07.79, 23.07.79.
19.08.79 and 2.11.85) only the August 1979 event requires a different APF
value to produce an acceptable fit. This event occurs one month after the
earlier events in July and the most suitable APF value for the other storms
appears to overestimate the degree of catchment drying that actually takes
place. However. it should also be noted that the 1985 event occurs in
summer when the model would normally assume that the APF should be 0,05
lower. This November event occurred after a month long period of
intermittant rain and cloudy cool conditions. Such conditions are more
characteristic of the winter months in the Ecca and would therefore seem to
justify the higher APF value. The APF values for the small events on the
Ecca are highly variable and do not demonstrate any clear pattern. These
va iations are fur greater than the adjustments that were neces ary in the
North Danville catchments to remove the systematic erfors referred to
e rlier. This may be a reflection of the greater variability of catchment
drying out processes in the semi-arid Ecca. Alternatively, the variability
in this parameter value may be accounting for other deficiencies in the
model when it is applied to a semi-arid area. No final conclusion can be
r ached on the basis of the limited number of catchments calibrated so far.

The tables in appendix A indicate that the other parameters not referred to
above can remain constant for individual catchments. In the North Danville
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catchments this results 1in good fits over most of the storms (assuming
systematic errors are removed by adjusting APF).  For the Ecca catchments,
the same can be said for the large storms but there are still several of the
smaller storms which ‘are relatively poorly reproduced. This model is
conceived as being a flood model and many of the smaller events can hardly
be defined as flood. It may be concluded that the results are better than
is initially apparent and that most of the parameters can be considered
stable for the range of ‘flood' events modelled.

Table 10.1 lists comparitive parameter values for ND5 and Q9M20 for both the
lumped and semi-distributed model versions. It is apparent that a greater
degree of delay and attenuation occurs in the Ecca catchments than in ND5.
For the lumped model the basin routing parameter. K and the time area base A
are both higher for Q9M20. Although the semi-distributed K and KC values
are lower for the Ecca. the channel delays for the remote sub-areas are
greater than for ND5. The semi-distributed values correspond reasonably
well with intuitive expectations. Valley side slopes are steeper with
thinner soils in the Ecca suggesting more rapid runoff to the channel system
than from the more gentle slopes and deeper soils of the North Danville
valley sides. In fact, experience of the North Danville catchments (R.
Schulze. pers. ¢ mm.) suggests that the predominant runoff generation
processes is sub-surface flow. If this sub-surface flow is relatively rapid
and the valley bottom alluvium in the Ecca plays an attenuating role then it
might be expected that the two catchments would have sim.lar basin routing
characteristics. With respect to channel routing, the Ecca 1is more
elongated and has fewer main channel segments per unit catchment area. The
runoff generated in some of the upstream areas therefore has a greater
distance to travel than in ND5.

The SMAX values for the two catchments are not very different but the shape
of the S-curves are. The ND5 S-curve impiies greater runoff proportions at
lower moisture values than Q9M20. This is logical in view of the fact that
the main moisture storage in the Ecca is in the valley bottom alluvial soils
and on some of the flatter hilltops. A greater proportion of the total
storage must therefore be satisfied before relatively high runoff
proportions can be achieved. The soil depth distribu ion in ND5 1is more
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uniform suggesting that valley bottom soils will become saturated more
quickly and hence generate runoff at lower catchment moisture values. These
characteristics of the two catchments seem to be reflected in the PCSLP
parameters as well. The steep slopes and low moisture storage of the Ecca
valley sides suggest little slope storage and high PCSLP values. The lower
permeabilities (particularly lateral permeabilities) observed in the soils
of the Ecca (Moolman. 1984) compared with those indicated in the USDA (1960-
1973) volumes support the relative differences in the values of PCVSA (table
10.1).

Table 10.1 Comparison between parameter values for OSE2 on ND5 and Q9M20

Parameter NDS QSM20
1umped Seml-Dist. lumped Semi-Dist.

1. K 5.75 4.3 - 9.8 10,0 3.9 - 6,3
2. N 0.7 0.7 0.6 0.6

3. CDEL - 0.0 - 2,25 - 0,25 - 5,25
4. KC - 0.3 - 1.15 - 0,25 - 0,7
5. DEL 0.5 - 0.25 -

6. A 2.68 - 5,38 -

7. B 0,15 - 0,10 -

8. SMAX 218,0 196,2 - 239.8 1751 156.0 - 220,0
9. DA 0,451 0.451 ° 0,282 0,180 - 0,287
10. C 0.245 0,245 0.672 0,576 - 0,688
11. PCSLP 131.0 105.0 - 143.0 340,0  300,0 - 368,0
12. PCVSA 3.87 3.1 -4.2 0.43 0.50 - 0,60
13. IAF 0,3 0,27 - 0,34 0.67 0.55 - 0.84
14. APF 0.898 0,889 - 0,907 0,963 0,95 - 0.97
15. CLP 0,0 0,0 2.32 2,16 - 2.70

The values listed under semi-distributed represent the range over the sub-
catchments.
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There are a number of areas in the Ecca where virtually bare slopes are
adjacent to channels. Coupled with the fact that infiltration rates are
expected to be lower in the Ecca it is not surprising that parameter IAF is
a great deal higher for.Q9M20 than ND5. The values given for APF in table
10.1 represent the winter values and suggest that the Ecca dries out more
slowly for a given antecedent rain input than North Danville. This parameter
has to represent the combined effects of evapotranspiration and drainage.
The Ecca however experiences higher potential evaporation effects due to
higher temperatures. Higher unsaturated lateral permeabilities and more
dense vegetation cover in ND5 may be accounting for the greater drying
effect. As mentioned earlier the component of the model controlled by this
parameter has many weaknesses and this parameter is less stable than the
others.

The channel losses component was incorporated after the North Danville
modelling exercise had been completed and is therefore assumed to be 0,0.
This parameter also has a minor effect on the large storms experienced in
the Ecca. Its effect is to remove very s all flows generated by some of the
rainfall that serves to wet the catchment before widespread streamflow
occurs. This is illustrated in figure B4A. Because small amounts of runoff
are generated by the S-curve even at a low moisture status. without the CLP
parameter there would be low flow in the 5-25 hour period of storm 20.7.79.
An alternative would be to begin modelling at approximately 20 hours and
include the earlier rain as antecedent conditions.

The method used to set initial values for the sub-catchment parameter
factors was largely intuitive and based upon the ideas expressed in section
4.4, During calibration these were only modified if an improved fit could
not be obtained by ‘changing the global parameter values or if the
characteristics of +the generated flow from gauged sub-areas did not
approximately match the observed data. It was generally found necessary to
adjust the channel delays on both catchments but few other adjustments were
necessary for the North Danville catchments.
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The basin routing parameter (K) factors for the North Danville sub-areas
were determined by calculating the time of concentration (Tc) based on the

equation :
0.8
Tc = 0.00025 * (L * 1000)
(S)D‘S
where L = sub-catchment area (km? )/total channel length (km)

S = Average sub-catchment slope (mm'1).

n

An area weighted average Tc for the whole catchment was calculated and all
individual Tc values divided by this average to give the sub-area factors.
The sub-area CDEL factors were initially calculated from Tc values using the
length (L) from the outlet to the sub-area centre and the average slope (S)
over that length. It was then found necessary to reduce these values by
approximately 0,75 to obtain CDEL values (table A17) that produced
acceptable fits. KC factor values were fixed by relative channel distances
from the sub-area node to the next downstream node. Maximum storage (SMAX)
parameter factors were subjectively related to the soils information given
in the USDA (1960-1973) reports. PCSLP and PCVSA factors were estimated
from relative values of average sub-catchment slopes and rounded up or down
to the nearest 0.05 according to slope alignment. Thus. if the slopes are
predominantly aligned toward the channel (incised situation) the values were
rounded upwards. If slopes are predominantly aligned in a downstream
direction then factor-values were rounded downwards. implying slower
drainage from the slopes (or VSA) to the VSA (or channel). Similarly. those
sub-catchments with higher slopes were assigned slightly higher IAF
parameter factors.

A similar proceduré was followed for determining the initial values of the
sub-area factors for running the semi-distributed model in the Ecca
¢ tchments. There 1is less formal information on the soil depth variations
in this area than North Danville. Personal observations and experience have
consequently played a greater role. The first comment that can be made is
that more changes to the sub-area factors were made during the Ecca
calibrations. The K parameter factors were determined largely through a
consideration of bbth sub-catchment areas and slopes. Thus the relatively
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small (6% of total) and steep sub-area 9 has the lowest value, while the
larger, more rounded or flatter sub-areas 1 and 11 have the highest values
(figures 8.2 and 8.3). An indication of the CDEL factors is given by the
tallorated value of the time area triangle used in the lumped model but
these and the KC values were largely determined by consideration of the

timing of observed flows at the three gauging points within Q9M20.

Factors for SMAX, DA, C and CLP, were found to be very difficult to fix.
While some consideration was given to the distribution of soil depth within
sub-areas (from observation, not formal measurement), the response
characteristics of various observed events also helped to determine the
factor values given in table A9. Q9M24 has failed to produce runoff for
many of the smaller events included in the test data set. This could imply
greater storage or higher channel losses or a combination of both. The
latter implication has been used to fix the values given in table A9. The
generally lower runoff response (c.f. tables 8.5 to 8.7) from Q9M24 relative
to Q9M20 and Q9M21 1is also reflected in the values of parameter factors for
DA, C and IAF. While the North Danville storms could be modelled with
uniform sub-area factors for DA and C, this was not the case for the Ecca
storms. The authors have insufficient experience of this model to suggest
how the detail of the S-curve shape changes with physiography. This will
require further 1nvestigation after more catchments have been calibrated.

The model was re-run for three of the ND5 storms, setting the sub-catchment
factors equal to the area weighted average for all sub-areas. This exercise
was carried out for individual parameters (except'CDEL) and then for all
parameters combined. The largest deterioration in fit occurs when the K and
SMAX factors are set equal. Errors change by only a few percent at the most
and coefficients of efficiency decrease by a maximum of 6%. Setting all the
factors for PCSLP, PCVSA and IAR constant has little effect on the overall
fit. 1If all factors except CDEL and KC are set to be equal then the largest
decrease in coefficient of efficiency is 8%, % volume errors remain similar
and the % peak error for one storm changed from -11% to -18%. The
equivalent results for 3 storms in Q9M20 (storms 1,6 and 12) are less clear.
For some parameters the volume errors 1mprove, while the peak errors
deteriorate and vice versa. The largest effects occur on storm 1 and are
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caused by setting the main volume parameter factors equal (SMAX, DA and C).
Changes to the other parameter factors cause negligible effects. If all
factors (except CDEL and KC) are set equal then the coefficients of
efficiency change from 0,70 to 0,46 (storm 1), 0.97 to 0,93 (storm 6) and
0.67 to 0.85 (storm 12). It is interesting to note that the one to one fit
for storm 12 improves.

10.1.3 Ease of calibration

In some respects the model was easier to calibrate on the North Danville
storms than the Ecca. However. it should be noted that calibration was
stopped for some North Danville events when a high value for the coefficient
of determination was achieved despite relatively high percent errors in peak
and volume.  These situations suggest systematic error and usually occurred
on storms where there is a lack of information about the spatial variation
in rainfall. For some of the storms, information is only available for
rainfall input at gauges 1 and 10 (figure 8.4). Sometimes the storm
profiles for these gauges are very different. implying a high degree of
spatial wvariability. At other times they are similar. but unfortunately
this does not necessarily imply low spatial variability. Figure B14
illustrates an example where profiles 1 and 10 are similar. The fits for
ND3 and ND4 are good while those for ND1 and ND5 are systematically in
error. - Best fit APF values for the full range of storms on ND3 and 4 are
higher (more moist antecedent conditions) than ND1 and 5. If the APF values
for this storm on ND1 and 5 were adjusted to be more in line with those on
ND3 and 4 the fits would be much better. In contrast, figure B15 indicates
that the APF values are satisfactory over the four catchments. It is
possible that errors in input data and antecedent moisture status are
cancelling each other out. Where insufficient information 1is available
about the storm rainfall input and where one (or more) component of the
model is considered to be weak. it is difficult to attribute reasons for
poor simulations.

A great deal of effort was required to achieve the fits on the Ecca
catchment storms. This was especially true when attempting to obtain
acceptable results for both the large and small events using a stable
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parameter set. As the tables in appendix A illustrate, this was not actually
achieved. However, it was also true when attempting to simulate just the
large events with one parameter set. This semi-arid catchment appears to
have more complex response characteristics than the North Danville area. A
closer inspection-of the various sub-area outputs (with respect to relative
timing and volumes) as well as the outputs of different model components was
necessary in order to reach decisions about how to modify global parameter
or sub-area factor values for the Ecca. Automatic optimisation techniques
were useful in the lumped model version. but rerely provided the best
overall fit without further manual parameter modification. Automatic
optimization of the semi-distributed model took a great deal of time to run
on the computer. If the sub-set of storms being optimised were of long
duration then the program often ran into job step limits on the Rhodes Cyber
computer before an optimal fit was reached.

It was originally intended to calibrate the semi-distributed model on QSM20
and subsequently evaluate the results for Q9M21 and Q9M24 wusing the
equivalent parameter values. However, after repeated attempts this
procedure was abandoned and the smaller gauged catchments calibrated first.
Acceptable calibrations were achieved in a shorter period of time.
illUstrating the advantage of some knowledge ‘about sub-catchment response
characteristics for calibrating a larger catchment.

10.1.4 Summary observations

In general, the results of calibrating model 0SE2 were satisfactory for both
areas. The main weakness of the model appears to be in the estimation of
the initial moisture status of the catchment using an index of the previous
30 days of rainfall. With the exception of the antecedent moisture
parameter a high degree of stability is evident in parameter values when
calibrating a group of storms on the same catchment. In general the
differences in parameter- values both between catchments and within
catchments (between sub-areas) are explicable in terms of physiographic
differences. It is considered to be too soon to attempt to derive more
definite. quantitative relationships. Further catchments need to be
calibrated to obtain a better understanding of the model operation under
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different hydrological response characteristics. It will also be necessary
10 examine whether the relative insensitivity of the model to averaging sub-
catchment factors found in the North Danville catchments 1s also found
elsewhere.

10.2 OSE1 - Simple antecedent moisture model

10.2.1 Curve fitting capabilities

The curve fitting capability of the model for the North Danville catchments,
over the range of storms, appears adequate (figure B6B, for example).
However, an acceptable fit was not obtained for some storms with a high
degree of spatial variability 1in the rainfall input (storms 2.06.61,
30.07.63, 22.07.64 for ND1 and storms 30.07.73, 14.07.73 for ND5). The
curve fitting capabilities for storms on ND5 are better, implying perhaps
that the larger catchment has a smoothing effect on spatially variable
rainfall events. Individual storm simulations may be significantly better in
the different formats of the model but there is little difference 1n the
overall fitting capabilities of the lumped or semi-distributed versions.
For the event of 1967 on the North.Danville catchments, a significantly
better result is obtained using the semi-distributed format (tables A21 and
A26). However, the 1969 event, which is adequately reproduced using the
lumped model, cannot be reproduced by the semi-distributed version. The
curve fitting capabilities for the Ecca storms are less satisfactory.
Without the incorporation of initial losses the fits would have been even
worse. Simulation of the 'large' events is generally adequate, although
neither version of the model can reproduce the large, twin peaked event
-(20.7.79), suggesting the need for a variable ROP. As is the case with
North Danville, spatially variable rainfall events were difficult to
simulate satisfactorily (storm 6.03.77, fig. B1B). It .was also found that
simulations were generally better for the larger catchment (table A18 and
A19). The overall 'curve fitting capabilities of the lumped and semi-
distributed model formats are not significantly different, however on an
individual storm basis there are differences (figure B1 B and C). The model
has distinctly poorer fitting capabilities on the 'small’' events.
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10.2.2 Parameter stability and acceptability

The lumped and semi-distributed calibration results for 0SEt1 are given in
tables A18 - A27 in appendix A.  For the North Danville catchments it was
possible to wuse constant non-linear routing and initial 1loss parameters.
Basin delay is the only routing parameter which needed to be varied in the
luwped and semi-distributed version of the model. SMAX was held constant
but the shape of the S-curve had to be varied to get adequate fits. The APF
parameter was varied according to the season in which the event occurred.
The APF for winter (Oct-Mar) was set 0.10 higher then the APF for summer
(Apr-Sept). Generally this Simple separation produced acceptable results,
indicating that 1in summer there is higher evaporation 'and therefore a
greater drying effect, while in winter the evaporation is lower and the
catchment is more moist for the same amount of antecedent rainfall. The
calibration results for the Ecca (table A18, A22) indicate how difficult it
was to establish constant parameter values for the set of events. In
particular. the results for the so-called 'small' events are very variable.
due possibly to the fact that these 'small' events can hardly be classed as
floods. The four ‘'larger' floods (20.07.79, 23.07.79, 19.08.79 and
2.11.85). indicate less variation in parameters, particularly the semi-
distributed model parameters. The problem with modelling the ‘small' events
is that only a limited area near the catchment outlet appears to be
generating the runoff. Evidence for this feature is that the response of
the catchment to the low flows is very quick. The result is that the model
needs low A and K values to simulate the rapid response (tables A18. A19
and A22).

Table 10.2 lists comparative parameter values for ND1, ND5 and Q9M20. for
both versions of the model. Parameters for ND1 and ND5 are similar and as
would be expected the channel delay on ND1 is generally less than ND5. The
lumped results indicate that a greater degree of delay and attenuation
occurs in the semi-arid Ecca catchment. This is also the case for the semi-
distributed version which in addition has initial losses a kind of delay).
far greater than those applied to ND5.
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Table 10.2 Comparison between parameter values for OSE1 on ND1. ND5 & Q9M20

Parameter ND1 - NDS QSMz20*

lumped Semi-Dist. lumped Semi-Dist. lumped Semi-Dist.
1. K 5.5 6.0 6.0 6,0 9.0-11.5 5,40-11.,5
2. N 0.7 0,7 0.7 0.7 0.7 0,7
3. CDEL _ 0,0-1.25 _ 0.0-2.25 _ 0,75-5,25
4. KC 3 0,4-0,8 3 0,31-1,15 _0,40-1,04
5. DEL 0,0-1.50 _ 0.0-3,0 _ 1.5
6. A 4.0 _ 5.5 _ 4,5-7.,0
7. 8B 0,15 _ 0,15 _ 0.15 _
8. SMAX 150 150 150 150 200 200
9. DA 0.42-0.88 0,43-0.68 0,50-0,60 0.55-0.63 0,26-0,94 0.20-0,90
10. C 0,10-0.75 0,056-0.32 0.06-0,42 0.05-0,26 0,03-0,58 0,03-0,58
t4. APF 0.80/0.90 0.,80/0,90 0,80/0.,90 0,85/0,90 0,85/0,95 0,85/0,95
15. IL 0,0 0,0 0.0 0,0 1,0-50,0 1,0-45,0

The values listed under semi-distributed represent the range over the sub-
catchments.
* Parameters for ‘large' events only.

SMAX values for the two catchments are different as is the general shape of
the S-curves (see section 10.1.2 for an explanation for the different S-
curves). There is a great deal of variation in the S-curve parameters which
is not easily explicable in terms of physical storm or catchment
characteristics. The parameter APF differs between catchments and is
generally higher on the Ecca. However., the effect of changing this
parameter is closely associated with changes in the S-curve parameters.
These associations require further investigation specifically to find out
whether a stable set of S-curve parameters can be used together with more
variable APF values. = The initial losses parameter was included. once
modelling on North Danville had been completed and has been assumed to be
0,0. On the Ecca.. initial losses improved the calibration results quite
significantly, especially for events with ‘dry' antecedent conditions. The
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improvement occurs because even at a low moisture status, the S-curve
generates runoff. Without the IL parameter, flow would occur in the period
prior to actual catchment response (e.g. storm 20.07.79). The initial losses
parameter allows catchment moisture requirements to be satisfied prior to
producing runoff.

10.2.3 Ease of calibration

Although OSE1 was found to be more difficult to calibrate than OSE3, it was
easier to calibrate on the temperate North Danville catchments than the
semi-arid Ecca catchments. OSE1 has more parameters than OSE3, which makes
it more difficult to operate. It was often felt that the best result was
rarely achieved with OSE1, whereas with OSE3 it was generally possible to
recognise the best result. In particular. problems were encountered with
the volume reduction stage of the model. which in OSE1 has 3 parameters, all
of which were difficult to stabilize. It was also more difficult to combine
the effects of the APF and IL parameters. as both reflect antecedent
moisture conditions. Calibration would be made a great deal easier if the
S-curve parameters could be stabilised and response variations between
storms accounted for using other parameters.

10.2.4 Summary observations

The fact that OSE1 uses a constant runoff proportion precludes adequate
reproduction of complex, multi-peaked events. Storm events on the larger
catchments were modelled more successfully. Apart from some events with a
high level of spatial variability in rainfall input. there seems to be .
1 ttle difference between the lumped and semi-distributed versions. One of
the main proble s with calibrating this model is in the determination of the
S-curve parameters. It is extremely difficult to fix the shape of the S-
curve when modelling the storms  separately. Some pre-calibration
investigations of the variation in storm response characteristics may help
and ways of doing this effectively are being studied. ’
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10.3 0SE3 - Augmented hydrograph model
10.3.1 Curve fitting capabilities

The curve-fitting capabilities of the model on the North Danville catchments
are considered to be adequate in both the lumped and semi-distributed
formats, for the range of storms used (tables A30, A31, A34, A35 and figures
B7A and B9B). However, with respect to the lumped model and particularly
the smaller catchment (ND1), theré are several situations where acceptable
fits are not possible. As with the previous two models this feature is
associated with the degree of spatial variability in the rainfall input.

The semi-distributed format of the model did not produce significantly
better results for the spatially variable events, the exception being storm
10 (7.09.69) on ND5. For the storms of 1963 (ND1 and ND5) and 1969 (ND1)
there was not sufficient information to define the distribution of rainfall
over the sub-areas, therefore adequate simulation was not possible.
However, it is likely that the flexibility of the semi-distributed format of
the model has not been adequately exploited. Figures B13A and B,
illustrate a situation where the semi-distributed fit is an improvement on
the fit obtained using the lumped format. The curve fitting capabilities of
‘0SE3 on the Ecca catchment, are generally less adequate and without the
inclusion of initial losses would have been worse (figure B4B). To
facilitate modelling, the storm events on the Ecca were divided into 'large'
and 'small' runoff events. With the exception of storm 13 (25.11.85), the
'larger' events are reproduced adequately, especially those events with
'wet' antecedent moisture conditions (storms: 23.07.79 amd 2.11.85, figure
BSB). The smaller storms were generally less satisfactorily reproduced as
were events with a high degree of spatial variation of rainfall input (storm
2, "6.03.77). For most events the curve fitting capabilities of the semi-
distributed format were better than the lumped model. The sub-catchment
factors determined for initial losses improved the response of the model
(table A33). However, even in semi-distributed format the model was not
capable of reproducing double peaked events on the Ecca catchments (figure
B4B), suggesting that a constant ROP is inadequate in this semi-arid area.
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10.3.2 Parameter stability and acceptability

Both lumped and semi-distributed calibration results for OSE3 are given in
tables A28-A37. For the temperate North Danville catchments it was possible
to simulate observed flows acceptably with constant routing and initial loss
parameters (see tables A30. A31. A34. A36). Although the catchment delay of
the time-area routing function was allowed to vary. this is not considered a
serious problem and only effects the timing of the hydrographs to a limited
extent. As expected. the volume reduction parameter (ROP). does vary
between events (see Section 6.3). The variation of the ROP parameter is
much the same for storm events on ND1 and ND5. At present it is difficult
to evaluate the suitability of the ROP's achieved. although it is possible
to establish intuitively a degree of acceptability. For example the
24.10.59 storm is a large event, the rainfall is fairly intense and the
catchment is ‘wet’ prior to the event. therefore a high ROP is 'not
u expected (ROP=0.420). The 30.07.60 storm is a long duration, low intensity
rainfall event with ‘dry’ antecedent conditions, therefore a low ROP is
expected. The general stability of parameters on North Danville appears to
suggest that catchment charactersitics are not very variable, thus making it
possible to model events with reasonable success even in lumped format.

For the semi-arid Ecca catchments, parameter stability appears to be
dependent on the size of the event and the format of the model. There |is
little stability when the model is in lumped format (table A28. A29) and
when small events are calibrated (table A28, A29 and A32). In the semi-
distributed version. the channel routing parameters are constant (table A32)
and the range of the basin routing parameter (K) for the 1arge storms is
small. The poor results achieved for the 'small' storms is possibly due to
the fact that these events can hardly be classed as floods and that the
"large’ events reflect true flood conditions for the semi-arid Ecca. The
general lack of stability of parameters in the lumped format suggests that.
in the semi-arid situation, catchment and storm characteristics are very
variable. It is extremely difficult to determine a single value for a
parameter that is suitable for all events.
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Table 10.3 1lists comparative values for ND1. ND5 and Q9M20 (large events
oniy), for both versions of the model. As intuitively expected. ND1
(smaller catchment) has lower delays then ND5 in the semi-distributed format
and a smaller time-area base (A) in the lumped version of the model. For ND5
and Q9M20 the table indicates that a greater degree of delay and
attentuation occurs in the Ecca catchment. For the lumped version. basin
routing K and A are generally higher for Q9M20. In the semi-distributed
version of the model. K can be lower (less attenuation on some sub-
catchments) for Q9M20. but initial losses (which can include channel
losses) for the Ecca are higher than for ND5. The methods used to set
initial values for the sub-catchment parameter factors are similar to those
described in section 10.1.2 for the S-curve model.

Table 10.3 Comparison between parameter values for O0SE3 on ND1, ND5 & Q9M20

Parameter ND1 ND5S Q9m20*

lumped Semi-Dist. lumped Semi-Dist. lumped Semi-Dist.
1. CDEL _ 0.0-1.25 _ 0,0-2.25 _ 0,75-5,25.
2. KC _ 0,4-0.8 _ 0,13-0,85 _ 0,43-1,10
3. ROP 0.09-0.43 0.09-0.44 0,10-0.37 0.10-0.38 0,19-0,54 0,31-0,58
4. N 0,5 0.5 0.5 0,5 0,5 0,5
5. DEL  0.0-1.75 _ 0,0-1.75 _ 0,0-1,50
6. A 4.0 _ 5.0 _ 4.5-8,0
7. 8B 0.15 _ 0.15 _ 0,15 o
8. K 15 15 15 15 15-24 9,7-25.2
9. IL 2.5 2,5 2,5 2.5 0-65 0-98

The values listed under semi-distributed represent the range over the sub-
catchments. -
* Only ‘large’ events considered.:

10.3.3 Ease of calibration
It was generally easier to calibrate both forms of the Augmented Hydrograph

on the North Danville catcments. This is possibly due to the greater
degree of parameter stability obtained on the North Danville catchments.
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In most cases it was easier to =2stablish when the best possible result had
been achieved.. when the model was in the lumped version. This was due in
part to inexperience with semi-distributed modelling and because of the
fewer parameters involved in the lumped version. Therefore the sub-
catchment parameter faétor values need to be investigated futher to improve
the understanding of the semi-distributed version of the model.

10.3.4 Summary observations

This model was found to be easier to calibrate than the previous constant
runoff proportion model, OSE1. This is largely because the volume reduction
component is simpler than in OSE1. With respect to the North Danville
catchments the semi-distributed version does not achieve better results than
the lumped model. However, the semi-distributed model is better able to
reproduce storm hydrographs in the Ecca catchment. As with OSE1, multi-
peaked and spatially variable rainfall events are not well modelled.

10.4 OSE4 - RORB model

Before discussing the results of calibrating this model it should be
emphasised that OSE4 has been applied in its basic form only. Few of the
options that are available to refine the model beyond its basic structure
have been tested. Thus, the sub-area routing factors have been calculated
on the basis of the channel length between nodes and no attempt has been
made to incorporate a sub-area routing component as suggested in Laurensen
and Mein (1985). A further component could also be incorporated to include
distributed channel losses. The observed flows for this model refer to
s ormflows and not totalflows as in the other models. There is
unfortunately no simple or direct way of allowing for the decay of an
initial observed flow at the beginning of the storm. An additional
difference 1is that the OSE4 program does not calculate coefficients of
efficiency or determination but rather a statistic referred to as the
‘average absolute ordinate error' (AAOE in tables A38 to A40). The
percentage errors for volume and peak are included in the program printout
and are comparible with the other models.
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10.4.1 Curve fitting capabilities

Although only the results for the constant runoff coefficient version of the
model are reported in appendices A and B, the continuing losses model was
also tested. The latter proved to be inadequate especially for the Ecca
storms and generally for those storms with large intensity variations during
the rainfall input. Some events begin with relatively high intensity
rainfall which initiates runoff, followed by lower intensity rainfall which
sustains flow. The continuing losses model ignores the later rainfall as it
lies below the continuing loss level. This situation is exacerbated for the
small storms on the Ecca where the runoff proportion is extremely low and is
therefore derived from the highest 15 minute intensity fall occuring after
the period of initial losses.

The runoff proportion model is more flexible in its fitting capabilities but
nevertheless it is still difficult to fit to some situations. Figure B2D
illustrates that the model assumes that some of the flow is derived from
upper catchment areas when in fact no flow was observed at Q9M24. To
decrease the amount of flow derived from upstream areas it would be
necessary to include a spatially variable channel losses component. The
alternative method of introducing spatial variability in runoff amount is to
allow some proportion of the sub-areas to be impervious to rainfall.
However. when the runoff response is very low (5%) this usually means that
more runoff is generated from these impervious areas than was observed. The
model will therefore not run. Figure B4C illustrates that despite dividing
this twin peaked event into two bursts (table A38 - storm 6) the first peak
is still underestimated. The latter fit could be improved by adjusting the
proportion of flow resulting from each rainfall burst. However, this
example serves to illustrate the difficulty of defining these proportions.
It is of interest to note that the twin peaked event on ND1 (figure B7B) was
reproduced satisfactorily without resorting to seperated rainfall bursts.

The model calculates the runoff coefficient from the rainfall (after
removing initial losses and the observed flow volume. The large volume
errors result when some of the simulated flow volume has not been routed out
at the end of the observed duration. The mean and standard deviations for
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the three fit statistics given in Tables A38 to 40 suggest that 0SE4 is more
successful in modelling the North Danville catchments than the Ecca. While
Q9M20 was the only Ecca catchment calibrated with this model, summary data
for output from Q9M21 and Q9M24 was examined during each run. Only during
the larger events did the volumes, peaks and timing of flows from these
gauged sub-catchments come close to matching the observed data.

10.4.2 Parameter stability and acceptability

As with models OSE1 and OSE3, the parameters of OSE4 were not necessarily
expected to be constant for all storms. However. it was expected (or hoped)
to find greater stability in the routing parameter KC than is indicated by
the results given in tables A38 to 40. These values are extremely variable
for the Ecca ranging from 0,8 for the smallest storm to 15,0 for the
largest. The variation is much less for the North Danville storms (ND1 and
ND5) and could possibly be reduced by adopting a different N value.

No attempt has been made in this preliminary study to examine in detail any
relationships between initial losses or the runoff coefficient and
antecedent moisture status and storm parameters. However, a casual
comparison of the model parameters with storm characteristics does not
reveal any obvious structure. Further investigations into this matter will
follow after more catchments have been calibrated and will closely parallel
similar studies involving models OSE! and OSE3.

10.4.3 Ease of calibration

The simple version of the model used in this study (that is without
attempting to use some of the optional components) is relatively
straightforward to calibrate. There is commonly only one combination of KC
and initial losses that produces the best fit to a single storm. After only
a few test runs it becomes quite simple to roughly estimate the effects of
changing KC or I.Loss values. For those storms where an acceptable fit is
not possible it becomes apparent after several parameter changes that
further improvement is beyond the models capabilities. Increasing initial
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losses inevitably delays the start of runoff as well as increasing the
proportion of later rainfall amounts that contribute to runoff. The effect
of such a parameter change on the hydrograph shape is dependent upon the
shape of the rainfall profile particularly at that point where initial
losses are satisfied. | The rainfall profile shape also has a strong
influence on how sensitive the model is to changes in initial loss.

10.4.4 Summary observations

The use of the continuing losses model was not successful for both catchment
areas. The vrunoff proportion model was relatively easy and rapid to
calibrate but little stability exists in the parameter values. This is
especially true over the range of events from the Ecca catchments.  Sub-
catchment outflows at Q9M21 and Q9M24 were not simulated satisfactorily even
when the results for Q9M20 were good.

10.5 Discussion of model comparisons

The mean values for the fitting criterion are compared in table 10.4.
Comparisons are made between model types as well as between the two groups
of catchments. The table suggests that model O0SE3 most accurately
reproduces the observed hydrographs with model O0SE2 performing least
successfully. The relatively higher values for the percentage volume and
peak errors associated with OSE2, appear to be largely due to systematic
error. This feature is illustrated by the larger differences between the
two coefficients for OSE2 (lumped and semi-distributed). The figures in
table 10.4 do not provide a complete impression of the comparitive success
of the models. 0SE2 has a far more stable set of parameter values which
can. to 'a large extent, be intuitively justified on the basis of known
differences between catchments or sub-areas within catchments. The other
models have a greater amount of parameter variability which has no
immediately apparent relationship with storm characteristics. This is
particularly true when modelling the Ecca storms. Model OSE!1 has more
parameters than OSE3 and OSE4 due to the S-curve component designed to
estimate the constant runoff proportion from antecedent conditions. The
parameters of this component are extremely variable but this could be a
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consequence of the way in which the model was calibrated. More emphasis was
placed on stabilising the routing and APF parameters than the S-curve
parameters. The alternative, of trying to fix DA and C and modify other
parameters to achieve a satisfactory fit, requires investigation. It might
then be simpler to find reasons for variations in the other parameters than
it is to find reasons for differences in the S-curve parameters. The
results obtained so far suggest that the additional component in OSE1 for
estimating the runoff proportion is not justified and merely makes the
calibration procedure more complex.

Table 10.4 Comparison of model fit statistics

Mean values

% Vol. % Peak C. Eff. C. Det. AAOE %
All catchments
OSE2 lumped 12,6 15,6 0,700 0,844
semi-dist. 16.5 15,4 0.633 0,862
OSE1  lumped 6,4 7.9 0,857 0,885
semi-dist. 6,4 7,9 0.879 0,916
0SE3  lumped 4,4 4.5 0,875 0,903
semi-dist. 3.9 5.1 0,904 0,916
0SE4  lumped 6,0 7,0 25,0
All models
Ecca ' 8.5 9.1 0,754 0.832 36.2
North Danville 9,4 10,9 0.812 0.915 19.5

AAQOE - Average absolute ordinate error.

The tables in appendix A present a relatively confusing impression of the
differences between lumped and semi-distributed modelling. The patterns are
similar regardless of the actual model type (0SEt, 2 or 3). Some of the

storms are modelled more successfully with the lumped versions while others

favour the semi-distributed approach. Figures B10 to B13 illustrate a
situation where. given well defined spatial variation of rainfall input. the
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semi-distributed versions of the models produce improved overall fits. This
is not always the situation and figure B8 1illustrates that the semi-
distributed - versions are not always successful. For this particular event
0SE4 appears to come closest to the observed hydrograph (figure B8C). It is
difficult to draw firm conclusions at this stage but it would appear that
inadequate definition of the spatial variation in rainfall input contributes
to some of the poor modelling results in the North Danville catchments.
This factor certainly makes it difficult to compare the relative success of
the lumped and semi-distributed approaches. Further model tests, in
catchments with more complete data, are required to investigate this
problem further.

The small storms on.the Ecca catchments are difficult to simulate with all
the models. The authors believe that the scale of operation of the
hydrological processes during these storms is much smaller than the
distribution scale of the models. It is suggested that the streamflow
during these events is generated in the lower parts of the catchment and
only in areas close to river channels. The rapid -and very small résponses
of the observed hydrographs support this view and suggest that surface
runoff generated elsewhere in the catchment is re-absorbed into the soils or
valley bottom  alluvium. The incorporation of a channel losses parameter
into both versions of OSE2 proved to be useful with respect to modelling the
small Ecca storms. However, table A1 illustrates that it was still
necessary to reduce the time area base parameter (A) to achieve the faster
response in the lumped model. The values for the basin routing parameter
(K) are lower for models OSE1 and 2 than for OSE3. This might be expected
as gross rainfall is being routed in OSE3 while only excess rainfall is
routed in the other models. The other routing parameters (KC, A, B and
CDEL) have very similar values for models OSE1 and 3.

Only model O0OSE2 could satisfactorily reproduce the two peaks of storm
20.07.79 on the Ecca catchments (figure B4) although OSE4 could produce a
better fit if the proportions of flow from the two rainfall bursts were
adjusted. It is therefore apparent that a model having some way of
accounting for a variable runoff proportion during a storm is necessary for
the semi-arid catchments. Figures B6 and B7 suggest that the same is not
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true for the North Danville catchments. All the models are capable of
reproducing the two peaks of the 24.10.59 event on ND1.

With respect to ease of calibration, O0SE3 and OSE4 are more straightforward
to calibrate than the other models. However. this conclusion does not take
into account the additional work that will have to be done in the future to
obtain a better understanding of the variation in model parameter values.
The semi-distributed version of OSE2 is the most difficult model to
calibrate while the results obtained so far indicate that this more complex
approach is not justified for most storms. After a larger number of
catchments have been calibrated. the physical relevence of the parameters of
OSE2 may become better defined. If this is possible then some of the
difficulties of calibrating OSE2 will be removed.
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11. CONCLUSIONS AND FUTURE INVESTIGATIONS

There are very few clear guidelines in the hydrological modelling literature
to suggest what degree of si.plification is permissable to produce
acceptable simulation results in different situations. Simplification can
refer to many different things. . The whole structure of a model may be a
simplified concept of the real physical system. Alternatively the model may
have a complex, spatially distributed structure but be applied in a
simplified way because of the users inability to accurately evaluate certain
physically-based parameters. Such simplifications may imply the evaluation
of parameters through indirect methods (Bathurst, 1986) rather than by
direct measurement. Association of parameter values with physical factors
such as vegetation, soil type, slope or geology may be the only way in which
physically-based, distributed models can be applied. The situation then
becomes very similar to less strongly physically-based conceptual models
where the parameters have some demonstrated physical significance. If the
realistic range of possible parameter values is known, as well as the
simulation sensitivity to variations within that range, then quantifiable
levels of uncertainty may be defined (Abbott, et al, 1986). This is an
important chéracteristic and one that has been lacking in many of the
existing models having very simple structures and parameters which ave
little physical relevance.

The models tested include three essentially simple conceptualisations of the
generation of flood hydrographs and use a rainfall-runoff ratio that is
constant during a single event. One of these models (0OSE1) has a component
which attempts to relate the rainfall-runoff ratio to antecedent moisture
conditions. Non-linear routing -procedures are then used to delay and
attenuate the resulting channel discharge. ~ The fourth model (0SE2)
incorporates more components in the runoff generation structure of the model
in an attempt to make the model more conceptually realistic. The rainfall-
runoff ratio at any time during a storm is variable and controlled partially
by the moisture status of the catchment and partly by the rainfall
intensity. All four models can be operated in semi-distributed mode through
lumped modelling of user defined sub-catchments and channel routing
procedures. Three - of the models have separate lumped model formulations
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while the fourth (OSE4) can also be used in a lumped way by setting the
number of sub-areas to unity.

The models have been calibrated using data from two different regions: the

“humid forested catchments of North Danville, Vermont, USA and the semi-arid

Ecca catchment of South Africa. Appendix A lists the parameter values and
fit statistics for all the model-catchment combinations while appendix B
uses computer generated graphical plots to illustrate some of the fitting
characteristics of the models. Some general conclusions can be made.

a) There 1is very little apparent difference between the lumped and semi-
distributed versions of the model. However. the summary statistics in
table 10.4, ignore the fact that there were fewer storms where totally
unacceptable fits were possible with the semi-distributed versions than
the lumped. There were also demonstrable improvements using the SD
version when the spatially variable rainfall input was well defined.

b) There is a large variation in the amount of rainfall input data
available for individual events. When the rainfall input is known to be
variable, but 1is inadequately defined by the available data, model
results must be interpreted with caution. Research studies designed to
test the performance of models will always be faced with this problem.
If model tests are confined to those few research areas where high
density rainfall information 1is available then it 1is wunlikely that
models will ever be tested over a wide range of catchment types. Models
are frequently applied where input data is deficient and it is important
to investigate how successfully they perform in these situations as
well. However, without at least some high level quality data, it would
be difficult to <conclude to what extent a model is truly able to
reproduce the rainfall-runoff characteristics of a catchment.

c) The semi-distributed models were more difficult to calibrate due to the
need to evaluate the sub-area parameter factors. Given more experiénce
~of the models and the physical relevance of parameter values “these
difficulties should be reduced. The importance and sensitivity of the
sub-area parameter factors is unclear at present.
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d) Table 10.4 suggests that the simple models can reproduce observed
hydrograph shapes better than the more complex OSE2 model. However, the
poorer overall OSE2 results are partly a consequence of the systematic
errors in the fits on the North Danville catchments. This can be seen by
comparing the coefficient of efficiency values of OSE2 with the others
(+20% less and the coefficient of determination values of 0SE2 with the
others (+5% less). The poorer fits may be caused by inadequate storm
input definition for some storms but a deficiency in the -antecedent
moisture status component is also considered to play a major role. This
component. together with the S-curve function. 1in model OSE1 requires
further investigation. The large differences in the S-curve parameters
between storms are dif icult to explain and a new approach to calibra-
tion will be investigated in the future (section 10.2.2). Such problems
are irrelevant to models OSE3 and 4 Systematic errors do not occur in
these models as the volume of runoff is fixed by the single runoff
proportion which has no constraints placed on it.

e) With respect to conclusion c) it should be noted that the results for
0SEZ2 are achieved with a much higher degree of parameter stability. The
antecedent precipitation parameter is the main exception to this
conclusion although other parameters were also changed in order to
simulate some of the very low response events on the Ecca catchments.
Further work is necessary before any conclusions can be drawn about the
variable parameter values on the simple models. There do not appear to
be any simple relationships with the runoff coefficients and storm
characteristics or antecedent precipitation for example. A more
complete evaluation of possible relationships will only take place after
more catchments have been calibrated. '

Some of the results that have emerged from the calibrations of the model on
the two different sets of catchments are encouraging. The parameter values
of model OSE2 can be generally interpreted in terms of differences between
catchments or sub-area physical characteristics. No firm quantitative
relationships have been investigated and this will only be carried out after
more experience of the model is obtained through application to a broader
range of catchments.
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The programme of future investigations (1986-1988) is designeq to follow
three main interlinked directions :

a) Further calibration and verification on more catchments from both humid
_ and semi-arid parts of southern Africa and the United States. The
available data cover a range of physiographic characteristics. Some of
the data are of a better quality than those used in this report while
some are of a poorer quality and less complete.

b) Sensitivity analyses of model parameters and sub-area parameter factors
and investigations into an alternative calibration approach to OSEf.

c¢) Investigations into the association of parameter values with measurable
storm or catchment characteristics or both and the feasibility of
applying the models to ungauged situations.

This present report constitutes the first part of the overall study designed
to investigate several aspects of the general applicability of isolated-
event flood models. It has investigated the models' calibration performance
in two areas with different rainfall-runoff response characteristics. This
report has not addressed the problem of verifying the calibration results.
Verification of the applicability of model parameters to events or
catchments not used for calibration is an essential part of a thorough test
of any models performance. The second report, which will be compiled during
1988, will concentrate on verification testing and try to reach some
conclusions about the general applicability of the models discussed.
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APPENDIX A

MODEL CALIBRATION RESULTS : TABLES

The tables are arranged in the follcwing way.

Model name Catchment
and type Q9M20 Q9M21  Q9M24 ND1 - ND3 ND4 ND5
0SE2 Lumped A1 A2 A3 A4 A5 A6 A7
S.dist. A8 A10 A12 A14 A16
sub-area factors A9 A11 A13 A15 A17
0SE1 Lumped A18 A19 A20 A21
S.dist. A22 A24 A26
sub-area factors  A23 A25 A27
OSE3 Lumped A28 A29 A30 A31
S.dist. A32 A34 A36
sub-area factors A33 A35 A37
0OSE4 S.dist. A38 A39 ' A40

Notes: a) Parameter values that change between storms on the same
catchment are listed in the tables, other are given
below the tables.

b) Coefficients Eff. = Efficiency = 1 - £(0bs-Sim)?
Z(0bs-0bs.mean)?
Det. = Determination = (corr.coefficient)?

c) AAOE (OSE4) Average absolute ordinate error %

12 Obs-Sim  * 100
N Obs

where N = number of data points.




Table A1

Catchment Ecca,

Calibration results

Q9M20

Area 73,9km?

Model S-curve model - OSE2 Type Lumped
Storm  Date Parameters % errors: Coefficients:
No. A APF CLP Volume Peak Eff. Det.
(6) (14)  (15)
1 28.02.77 2,00 0,913 2,32 8,8 -1,9 0,772 0,824
2 6.03.77 Not modelled (rainfall very spatially variable)
3 7.05.77 5,38 0,880 2,32 -21,3 9,8 0,725 0,761
4 19.04.78 3,00 0,975 2,32 -12,8 -13,6 0,827 0,845
5 21.04.78 2,00 0,920 2,32 6,7 11,9 0,303 0,637
6 20.07.79 5,38 0,93 2,32 3,2 -2,0 0,972 0,974
7 23.07.79 5,38 0,963 2,32 -1,6 -3,8 0,902 0,911
8 19.08.79 5,38 0,970 2,32 3,2 4,9 0,856 0,869
9 26.03.81 1,75 0,810 2,32 5,9 -2,7 0,941 0,956
10 22.10.81 5,38 0,913 1,80 1,1 44,3  -0,142 0,519
11 23.12.81 No acceptable fit possible
12 2.11.85 5,38 0,93 2,32 -8,4 -18,3 0,923 0,946
13 25.11.85 5,38 0,963 2,32 -15,4 3,1 0,534 0,597
14 1.12.85 5,38 0,945 2,32 7,7 -19,3 0,583 0,612
15 3.12.85 Not modelled (data errors)
Mean 8,0 11,3 0,683 0,788
St. dev. 6,0 12,1 0,327 0,159
Other parameters: K(1) = 10,00 N(2) = 0,6
DEL(5) = 0,25 B(7) = 0,098
SMAX(8) = 175,05 DA(9) = 0,282
C(10) = 0,672 PCSLP(11) = 340,0
PCVSA(12) = 0,43 IAF(13) = 0,67



Table A2 Calibration results
Catchment Ecca, Q9M21 Area 9,1km?
Model S-curve model - OSE2 Type Lumped
Storm  Date Parameters % errors: Coefficients:
No. APF Volume Peak Eff. Det.
(14)
1 28.02.77 0,870 23,0 -40,2 0,313 0,438
2 6.03.77 0,897 16,6 -24,2 0,778 0,794
3 7.05.77 0,956 5,8 -1,3 0,557 0,673
4 19.04.78 not modelled (suspect data)
5 21.04.78 0,800 -1,6 3,9 0,300 0,506
6 20.07.79 0,943 -0,6 -9,6 0,981 0,981
7 23.07.79 0,943 -1,1 13,7 0,955 0,980
8 19.08.79 0,960 5,2 13,9 0,858 0,864
9 26.03.81 0,850 2,3 -19,1 0,157 0,395
10 22.10.81 not modelled (zero flow)
11 23.12.81 0,870 -26,9 18,5 -0,656 0,039
12 2.11.85 0,943 -1,7  -4,7 0,948 0,949
13 25.11.85 not modelled (missing data)
14 1.12.85 0,918 -13,9 9,7 0,354 0,790
15 3.12.85 not modelled (data errors)
Mean 9,0 14,4 0,504 0,673
St. dev. 9,5 11,1 0,490 0,299
Other parameters: K(1) = 6,69 N(2) = 0,6
DEL(5) = 0,0 A(6) = 1,45
B(7) = 0,1 SMAX(8) = 159,0
DA(9) = 0,248 c(10) = 0,693
PCSLP(10) = 370,1 RCVSA(12) = 0,656
IAF(13) = 0,839 CLP(15) = 2,43



Table A3

Calibration results

‘Catchment Ecca, Q9M24
Model S-curve model - OSE2

Area 23, 1km?
Type Lumped

Storm Date Parameters % errors: Coefficients:
No. APF Volume Peak Eff. Det.
(14)
1 20.07.79 0,960 25,9 3,9 0,847 0,934
2 23.07.79 0,960 -2,8 -11,4 0,945 0,947
3 19.08.79 0,956 -7,2 10,5 0,859 0,919 .
4 2.11.85 0,910 4,2 4.4 0,793 0,833
Mean 10,0 7,5 0,861 0,908
St. dev. 10,7 3,9 0,063 0,051
Other parameters: K(1) = 6,83 N(2) = 0,6
DEL(5) = 0,25 A(6) = 2,00
B(7) = 0,098 SMAX(8) = 200,8
DA(9) = 0,21 C(10) = 0,62
PCSLP(11) =327,9 PCVSA(12) = 0,53
IAF(13) = 0,60 CLP(15) = 2,70



Table A4 Calibration results

Catchment North Danville, NDi Area 42,94km?

Model S-curve model - OSE2 Type Lumped
Storm  Date Parameters % errors: (Coefficients:
No. APF Volume Peak Eff. Det.
_(14)
1 24.10.59 0,90 -1,0 9,5 0,990. 0,991
2 30.07.60 | 0,85 35,9 17,3 0,790 0,970
3 2.06.61 No accepteble fit possible '
4 31.07.62 0,85 -11,8 -17,4 0,903 0,953
5 30.07.63 Not modelled (rainfall very spatially variable)
6 22.07.64 Not modelled (rainfall very spatially variable)
7 7.06.65 0,85 -25,3 -33,2 0,773 0,978
8 19.10.66 0,90 -26,4 -26,3 0,667 0,980
9 16.07.67 0,85 8,7 8,6 0,661 0,772
10 11.09.68 0,85 10,2 -4,4 0,959 0,972
11 7.09.69 0,85 20,9 21,4 -0,277 0,527
12 23.08.71 0,85 62,2 59,5 -0,786 0,981
13 3.07.72 0,85 10,0 16,4 0,510 0,637
14 10.07.72 0,85 4,0 -3,0 0,941 0,945
15 17.09.73 0,85 4,4 -10,9 0,961 0,967
Mean 18,4 19,0 0,591 0,889
St. dev. 17,4 15,5 0,555 0,157
Other parameters: K(1) = 5,0 N(2) = 0,7
DEL(5) = 0,25 A(6) = 2,9
B(7) = 0,15 SMAX(8) = 214,5
DA(9) = 0,377 c(10) = 0,251
PCSLP(11) = 127,7 PCVSA(12) = 3,8

IAF(13) 0,39 CLP(15) = 0,0
Note: Some of the poorer fits (e,g, 2,8 and 12) can be improved by
modification to APF only.



Table A5

Calibration results

Catchment North Danville, ND3 Area 8,37km?
Model S-curve model - OSE2 Type Lumped
Storm  Date Parameters - % errors: Coefficients:
No. APF Volume Peak Eff. Det.
(14)
1 30.07.60 0,868 23,9 11,2 0,495 0,619
2 2.06.61 No acceptable fit
3 31.07.62 0,868 9,0 -4,9 0,934 0,953
4 30.07.63 No acceptable fit
5 22.07.64 No acceptable fit
6 7.06.65 No acceptable fit
7 19.10.66 0,918 6,3 2,6 0,678 0,723
8 16.07.67 No acceptable fit '
9 11.09.68 0,868 3,7 -28,1 0,903 0,933
10 7.09.69 No acceptable fit
11 23.08.71 0,868 28,7 16,6 0,726 0,973
12 10.07.72 0,868 -5,4 -42,9 0,6% 0,729
13 17.09.73 0,868 6,0 -31,7 0,864 0,886
Mean 11,8 19,7 0,756 0,831
St. dev. 10,1 14,9 0,154 0,139
Other parameters: K(1) = 4,6 N(2) = 0,7
DEL(5) = 0,001 A(6) = 1,5
B(7) = 0,15 SMAX( ) = 227,0
DA(9) = 0,394 C(10) = 0,279
RCSLP(11) = 126,0 PCVSA(12) = 3,70
= 0,43 CLP(15) = 0,0

IAF(13)



Table A6 Calibration results

Catchment North Danville, ND4 Area 43,51km?
Model S-curve model - 0SE2 Type Lumped
Stcrm  Date Parameters errors: Coefficients:
No. APF ~ Volume Peak  Eff. Det.
(14)
1 7.06.65 0,872 7,0 16,7 0,749 0,820
2 19.10.66 0,922 -13,7 -9,3 0,894 0,987
3 16.07.67 0,872 14,1 -19,9 0,384 0,486
4 11.09.68 0,872 -8,3 -16,1 0,937 0,968
5 7.09.69 no acceptable fit possible
6 23.08.71 0,872 45,3 36,6 0,007 0,959
7 10.07.72 0,872 6,5 2,8 0,843 0,854
8 14.07.73 0,872 -2, -5,2 0,91 0,968
.9 17.09.73 0,872 -12,6 -29,2 0,841 0,936
Mean 13,7 17,0 0,702 0,872
St. dev. 13,4 11,6 0,335 0,167
Other parameters: K(1) = 5,5 N(2) = 0,7
' DEL(5) = 0,25 A(6) = 2,82
B(7) = 0,15 SMAX(8) = 200,0
DA(9) = 0,359 C(10) = 0,290
PCSLP(11) = 130,0 PCVSA(12) = 3,80
IAF(13) = 0,29 CLP(15) = 1,0



Table A7 Calibration results
Catchment North Danville, ND5 Area 111,60km?
Model S-curve model - OSE2 Type Lumped
Storm Date Paramgeters % errors: Coefficients:
No. APF Volume Peak Eff. Det.
(14)
1 30.07.60 0,848 34,0 22,3 0,757 0,919
2 2.06.61 No acceptable fit possible
3 31.07.62 0,848 1,0 19,1 0,957 0,957
4 30.07.63 Not modelled (rainfall very spatially variable)
5 22.07.64 Not modelled (rainfall very spatially variable)
6 7.06.65 0,848 -1,5 -2,9 0,918 0,920
7 19.10.66 0,898 -21,5 -19,9 0,789 0,989
8 16.07.67 0,848 2,8 -4,9 0,874 0,877
9 11.09.68 0,848 12,6 10,3 0,934 0,974
10 7.09.69 No acceptable fit possible
11 23.08.71 0,848 34,9 41,8 0,280 0,954
12 10.07.72 0,848 -21,2 -19,0 0,795 0,909
13 20.07.72 0,848 -32,6 -33,7 0,700 0,974
14 14.07.73 0,848 -24,8 -28,2 0,732 0,985
15 17.09.73 0,848 -8,3 -21,3 0,921 0,961
Mean 17,7 20,3 0,787 0,947
St. dev. 13,2 11,6 0,190 0,036
Otker parameters: K(1) = 5,75 N(2) = 0,7
DEL(5) = 0,5 A(6) = 2,68
B(7) = 0,15 SMAX(8) = 218,0
DA(9) = 0,451 C(10) = 0,245
PCSLP(11) = 131,0 RCVSA(12) = 3,87
IAF(13) = 0,30 CLP(15) = 0,0




Table A8

Catchment Ecca, Q9M20

Calibration results

Model S-curve model - 0OSE2

Area 73,9km?

Type Semi-distributed

Storm Date Parameters % errors: Coefficients:
No. APF CLP Volume Peak Eff. Det.
(14) (15)
1 28.02.77 0,910 2,70 11,0 4,6 0,704 0,776
2 6.03.77 0,925 2,70 -1,9 2,5 0,615 0,745
3 7.03.77 0,948 2,70 -17.,4 10,2 0,428 0,502
4 19.04.78 0,968 2,70 4.1 -6,7 0,971 0,974
5 21.04.78 0,930 2,70 -10,1 3,6 0,277 0,667
6 20.07.79 0,960 2,70 -8,3 -6,2 0,96 0,971
7 23.07.79 0,960 2,70 -11.8 6,9 0,725 0,855
8 19.08.79 0,965 2,70 -10,4 -10,1 0,814 0,830
9 26.03.81 0,880 2,70 12,7 -6,3 0,878 0,918
10 22.10.81 0,915 2,40 -17.9 16,1 -0,069 0,526
11 23.12.81 0,910 2,33 -39,3 60,1 -0,901 0,001
12 2.11.85 0,960 2,70 2,9 11,1 0,673 0,871
13 25.11.85 0,960 2,70 -0,3 127,8* 0,113 0,804
14 1.12.85 0,910 2,20 -46.,8 2,2 -0,030 0,532
15 3.12.85 Not modelled (data errors)
Mean 13,9 11,3** 0,440 0,712
St. dev. 13,5 15,2** 0,522 0,259

Other parameters:

CDEL
SMAX(8)

K(1)

(
(3)

c(10)

PCVSA(12)

6,0
1,0
200,0
0,695
0,6

© PCSLP(
(

N
KC

(2
(
DA(
1
1

)
)
)
)

4
9
1
3

IAF(13)

0,6
0,5
0,2
400,0
0,6

Sub-catchment weighting factors are given in Table A9
* lLarge error possibly caused by data errors.
** Does not include result for storm 13.
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Table A9

Sub-catchment parameter weighting factors

Catchment Ecca, Q9M20
Model S-curve model - 0OSE2

Area

Type

73 ,9km?
semi-distributed

Sub-cat. Area

=
(o]
.

(%)

1
K

3

4

Parameters

8

9

CDEL KC SMAX DA

10

11

C PCSLP

12

13

14

15

PCVSA IAF APF CLP

W 0O NN O v W N -

-—
(e

11
12

13,0
5,9
5,6
7,0
6,4

7,0

11,4
7,9
6,0
9,7

12,9
7,4

1,00
0,92
0,92
0,92
0,90
0,90
0,85
0,80
0,65
0,95
1,05
0,80

5,25
4,50
4,50
4,00
4,00
4,00
3,00
2,75
2,25
1,25
0,75
0,25

0,80
0,90
0,90
1,00
0,75
0,75
0,50
0,60
0,96
1,40
1,00
0,60

1,10
0,95
0,95
0,90
0,82
0,82
0,78
0,78
0,78
0,90
0,80
0,90

0,72
0,84
0,84
0,92
1,05
1,05
1,15
1,15
1,15
1,07
0,99
1,07

0,83
0,93
0,93
0,95
0,95
0,95
0,95
0,95
0,95
0,92
0,99
1,07

0,75
0,82
0,82
0,90
0,90
0,90
0,92
0,92
0,92
0,90
0,92
0,90

1,00
0,83
0,83
0,83
0,83
0,83
0,83
0,90
0,90
1,00
0,83
1,00

0,92
1,03
1,03
1,05
1,10
1,10
1,30
1,30
1,30
1,20
1,40
1,20

1,00
1,00
1,00
0,99
1,00
1,00
1,00
1,00
1,00
1,01
0,99
1,01

1,00
0,89
0,89
0,94
0,85
0,85
0,75
0,75
0,75
0,88
0,85
0,80

Parameter N(2) all

weights =

1,00



Table A10 Calibration results

Catchment Ecca, Q9M24
Model S-curve model - OSE2

Area 23,1km?

Type Semi-distributed

Storm Date Parameters % errors: Coefficients:
No. APF Volume Peak Eff. Det.
(14)
1 20.07.79 0,960 14,8 -3,8 0,936 0,965
2 23.07.79 0,960 -6,8 -6,5 0,953 0,971
3 19.08.79 0,960 -9,7 10,1 0,857 0,887
4 2.11.85 0,910 -9,8 -4,1 0,713 0,775
Mean 10,3 6,1 0,85 0,899
St. dev. 3,3 2,9 0,109 0,091
Other parameters: K(1) = 6,0 N(2) = 0,60
CDEL(3) = 1,0 KC(4) = 0,50
SMAX(8) = 200,0 DA(9) = 0,25
C(10) = 0,965 PCSLP(11) = 400,0
PCVSA(12) = 0,6 IAF(13) = 0,6 \
Table A1 Sub-catchment parameter weighting factors

Catchment Ecca, Q9M24
Model  S-curve model - OSE2

Area 23,1km?

Type Semi-distributed.

Parameters
Sub-cat. Area 1 3 4 8 9
No. (%) K CDEL KC SMAX DA

10 11 12 13 14

15

C PCSLP PCVSA IAF APF CLP

1 41,2 1,00 1,50 0,80 1,10 0,72 0,83 0,75
2 18,8 0,92 0,75 0,90 0,95 0,84 0,93 0,82
3 17,8 0,92 0,75 0,90 0,95 0,84 0,93 0,82
4 22,0 0,92 0,00 0,90 0,90 0,92 0,95 0,90

1,00 0,92 1,00 1,00
0,83 1,03 1,00 0,89
0,83 1,03 1,00 0,89
0,83 1,05 0,99 0,94

Parameter N(2) all weights = 1,00



Table A12

Calibration results

Catchment North Danville, ND1 Area 42,94km?
Model S-curve model - OSE2 Type Semi-distributed
Storm Date Parameters % errors: Coefficients:
No. APF Volume Peak Eff. Det.
(14)
1 24.10.59 0,90 -2,2 3,7 0,983 0,985
2 30.07.60 . 0,85 46,9 20,8 0,651 0,975
3 2.06.61 No acceptable fit possible
4 31.07.62 0,85 -10,2 -20,9 0,913 0,963
*5 30.07.63 0,85 334,6 297.,6 -51,8 0,559
*6 22.07.64 0,85 52,2 43,6 -1,218 0,787
7 7.06.65 0,85 -25,6 -38,4 0,731 0,943
8 19.10.66 0,90 -25,2 -25,7 0,682 0,987
9 16.07.67 0,85 2,5 0,7 0,933 0,942
10 11.09.68 0,85 13,6 -4,0 0,955 0,978
*11  7.09.89 0,85 152,4 201,7 -30,3 0,258
12 23.08.71 0,85 83,8 72,9 -2,002 0,992
13 3.07.72 . 0,85 12,3 9,9 0,444 0,579
14 10.07.72 0,85 -1,2 -10,0 0,959 0,961
15 17.09.73 0,85 2,9 -12,0 0,906 0,973
Mean _ 20,6 19,9 0,565 0,934
St. dev. 25,1 20,8 0,869 0,119
Other parameters: K(1) = 5,0 N(2) = 0,7
CDEL(3) = 1,0 KC(4) = 0,85
SMAX(8) = 214,5 DA(9) = 0,251
C(10) = 0,251 PCSLP(11) = 127,7
PCVSA(12) = 3,8 IAF(13) = 0,39
CLP(15) = 0,0

* Values not used to calculate mean and St. dev.
Some of the poorer fits (eg, 2,3,6,8,12) can be improved by
modification to APF only.

Note:




Table A13 Sub-catchment parametef weighting factors

Catchment North Danville, ND1 Area 42,94km?
Model S-curve model - OSE2 Type Semi-distributed
Parameters
Sub-catch. Area 1 3 4 8 11 12 13 14
No. % K CDEL KC SMAX PCSLP PCVSA IAF APF
1 19,5 1,00 1,00 0,80 1,00 1,00 1,00 1,11 0,99
2 13,4 1,50 0,50 0,87 1,15 0,85 0,85 0,89 1,00
3 18,0 1,00 0,75 1,35 1,00 1,00 1,00 1,00 1,00
4 19,6 0,800,800,8 0,90 1,10 1,10 1,11 0,99
5 16,9 0,9 0,9 0,77 1,00 1,00 1,00 0,94 1,00
6 12,6 0,800,800,73 0,95 1,05 1,05 0,95 1,01

Parameters N(2), DA(9), C(10), CLP(15) all weights = 1,00



Table At4

Calibration results

Catchment North Danville, ND4

Model S-curve model - 0OSE2

Area 43,51km?
Type Semi-distributed

Storm  Date Parameters % errors: Coefficients:
No. APF Volume Peak eff. Det.
(14)
1 7.06.65 0,872 11,4 24,9 0,582 0,713
2 19.10.66 0,922 -6,8 -4,4 0,952 0,965
3 16.07.67 0,872 29,1 -5,5 0,686 0,740
4 11.09.68 0,872 1,9 -5,9 0,981 0,983
5 7.09.69 No acceptable fit possible
6 23.08.71 0,872 57,7 44,6 -0,429 0,335
7 10.07.72 0,872 -25,9 -31,6 0,735 0,850
8 14.07.73 0,872 -5,9 -12,3 0,934 0,958
9.17.09.73 0,872 -19,8 -32,9 0,786 0,909
Mean 19,8 20,3 0,653 0,807
St. dev. 18,2 15,3 0,459 0,216
Other parameters: K(1) = 5,55 N(2) = 0,7
CDEL(3) = 1,00 KC(4) = 0,85
SMAX(8) = 200,0 DA(9) = 0,359
C(10) = 0,245 PCSLP(11) = 130,0
PCVSA(12) = 3,80 IAF(13) = 0,30
CLP(15) = 0,0



Table A15 Sub-catchment parameter weighting factors

Catchment North Danville, ND4 Area 43,51km?
Model S-curve model - OSE2 Type Semi-distributed
Parameters
Sub-catch. Area 1 3 4 8 11 12 13 14
No. % K CDEL KC SMAX PCSLP PCVSA IAF APF

18,5 0,75 1,50 0,60 1,00 1,00 1,00 1,12 0,99
126 0,8 1,25 0,65 1,05 0,90 0,90 0,94 0,99
126 1,450,75 1,00 1,15 0,85 0,85 0,91 1,00
114 1,20 1,500,87 1,05 1,00 1,00 1,11 0,99
19,2 0,9 1,00 1,05 0,95 1,05 1,05 1,15 1,00
11,8 0,75 0,50 0,75 0,90 1,10 1,10 1,15 0,99
7 13,9 1,00 0,00 0,42 0,90 1,10 1,10 1,15 1,01

Oy O bW N -

Parameters N(2), DA(9), C(10), pLP(15) all weights = 1,00



Table A16

Calibration results

Catchment North Danville, ND5 Area 111,60km?
Model S-curve model - OSE2 JType Semi-distributed
Storm  Date Parameters %» errors: Coefficients:
No. APF Volume Peak Eff. Det.
(14)
1 30.07.60 0,848 34,2 13,7 0,816 0,971
2 2.06.61 No acceptable fit possible
3 31.07.62 0,848 -4,9 -1,2 0,937 0,946
4 30.07.63 No acceptable fit possible
5 22.07.64 No acceptable fit possible
6 7.06.65 0,848 -1,9 -7,8 0,957 0,959
7 19.10.66 0,898 -20,0 -18,9 0,810 0,986
8 16.07.67 0,848 0,4 -11,0 0,944 0,947
9 11.09.68 0,848 1,6 1,6 0,94 0,979
10 7.09.69 No acceptable fit possible
11 23.08.71 0,848 446 51,1 0,040 0,990
12 10.07.72 0,848 -23,0 -28,6 0,813 0,976
13 20.07.72 0,848 -21,0 -23,6 0,838 0,937
14 14.07.73 0,848 -22,9 -30,1 0,691 0,920
15 17.09.73 0,848 -13,2 -26,9 0,885 0,958
Mean 17,7 19,5 0,790 0,960
St. dev. 13,7 14,7 0,262 0,022
Other parameters: K(1) = 5,75 N(2) = 0,7
CDEL(3) = 1,0 KC(4) = 0,85
SMAX(8) = 218,0 DA(9) = 0,451
C(10) = 0,245 PCSLP(11) = 131,0
PCVSA(12) = 3,87 IAF(13) = 0,30
CLP(15) = 0,0



Table A17 Sub-catchment parameter weighting factors

Catchment North Danville, ND5 Area 111,60km*
Model S-curve model - OSE2 - Type Semi-distributed
Parameters
Sub-catch. Area 1 3 4 8 1 12 13 14

No. % K CDEL KC SMAX PCSLP PCVSA IAF APF
1 7,5 0,8 1,50 0,80 1,00 1,00 1,00 1,11 0,99
2 5,2 1,40 1,00 0,87 1,10 0,80 0,80 0,89 1,00
3 6,9 0,80 1,25 1,3 1,05 0,9 0,90 1,00 1,00
4 7,5 0,751,500,85 0,95 1,051,05 1,11 0,99
5 6,5 0,80 1,00 0,77 1,05 0,90 0,90 0,94 1,00
6 4,8 0,750,50 0,73 1,00 1,00 1,00 1,11 1,01
7 5,2 1,20 1,00 0,97 1,05 0,9 0,95 1,00 0,99
8 5,6 1,350,750,45 1,10 0,80 0,80 0,91 0,99
9 4,3 1,30 0,50 0,67 1,05 1,00 1,00 1,00 1,00
10 7,7 0,75 2,25 0,65 0,95 1,05 1,05 1,12 0,99
11 4,9 0,85 2,00 0,70 1,10 0,90 0,90 0,94 0,99
12 4,9 1,45 1,50 1,00 1,170 0,85 0,85 0,91 1,00
13 4,4 1,20 2,25 0,95 1,00 1,00 1,00 1,11 0,99
14 7,5 0,90 1,75 1,05 0,90 1,05 1,05 1,15 1,00
15 4,6 0,751,25 0,75 0,90 1,10 1,10 1,15 0,99
16 5,4 1,000,750,80 0,90 1,10 1,10 1,15 1,01
17 2,0 0,8 0,000,377 0,95 1,05 1,05 1,13 0,99

18 5,1 1,70 0,00 0,50 1,05 1,00 1,00 1,00 1,02

Parameters N(2), DA(9), C(10), CLP(15) all weights = 1,00



Table A18 Calibration results

Catchment Ecca, QIM20 Area 73,9km?
Model Simple antecedent moisture Type Lumped

model - OSEf

Storm  Date Parameters % errors:
No. DEL K A DA C APF IL Volume Peak Eff. Det.

(5) (1) (6) (9) (10) (14) (15)

Coeff:

28.02.77 0,00 3,0 2,0 0,147 0,600 0,90 1,0 -4,6

6.03.77 0,00 6,0 1,0 0,300 0,290 0,90 .1,0 30,2-

1

2

3 7.05.77 0,00 2,5 3,0 0,260 0,420 0,90 25,0 -4,0
4 19.04.78 0,00 2,5 2,5 0,250 0,380 0,90 22,0 -7,5
521.04.78 0,00 6,0 1,0 0,170 0,495 0,95 1,0 -3,6
6 20.07.79 1,50 9,0 4,5 0,940 0,030 0,95 50,0-15,6
7 23.07.79 1,50 10,0 6,5 0,265 0,500 0,95 1,0 -3,9
* 8 19.08.79 1,50 10;0 7,0 0,660 0,095 0,90 30,0-10,8

9 26.03.81 0,00 5,0 1,5 0,095 0,600 0,90 1,0 15,8-

10 22.10.81 0,00 5,5 2,0 0,450 0,130 0,85 1,0 -1,6

11 23.12.81 0,00 1,5 2,0 0,350 0,180 0,85 16,0 5,3-

*12 2.11.85 1,50 11,55,5 0,610 0,580 0,90 1,0 -1,7
*13 25.11.85 0,00 10,0 4,0 0,360 0,280 0,90 1,0 -4,2

14 1.12.85 1,00 4,5 4,0 0,350 0,380 0,90 1,0 2,2-

15 3.12.85 Not modelled (data errors)

1,2
31,0

1,4
-4,3

0,8
15,1
-5,8
-1,6
11,6
-4,4
12,2
-6,6

2,6
18,7

0,915
0,622
0,735
0,845
0,790
0,744
0,949
0,861
0,923
0,871
0,957
0,934
0,551
0,819

0,923
0,748
0,742
0,847
0,878
0,770
0,962
0,887
0,955
0,884
0,959
0,943
0,617
0,832

Mean 7,9

8,4

0,822

St. dev. 7,9 8,6 0,123

0,853
0,102

Other parameters: N(4)
SMAX(8)
" * 'Large' storm events.

200,0

097 B(7) = 0,15



Table A19 : Calibration results

Catchment Ecca, Q9M21 Area 9,1km?
Model Simple antecedent moisture Type Lumped
model - OSE1
Storm  Date Parameters % errors: Coefficients:
No. K A DA C APF IL Volume Peak Eff. Det.

(1) (6) (9) (10) (14) (15)

28.02.77 0,50,50,170 0,880 0,90 1,0 9,0-19,9 0,806 0,815
6.03.77 1,0 0,5 0,150 0,370 0,90 10,0 26,3-17,2 0,794 0,794
7.05.77 2,5 1,5 0,700 0,100 0,85 40,0 -18,4-21,5 0,836 0,836

19.04.78 - not modelled (suspect data) ,

21.04.78 3,0 0,5 0,160 0,560 0,95 10,0 -0,9 -0,4 0,660 0,779

20.07.79 7,5 0,5 0,950 0,028 0,95 58,0 -15,4 -4,9 0,773 0,794

* 7 23.07.79 10,0 1,5 0,190 0,510 0,95 0,1 -4,3 -3,8 0,952 0,975

* 8 19.08.79 17,0 5,0 0,600 0,095 0,90 25,0 1,7 -0,7 0,897 0,912

9 26.03.81 2,0 1,0 0,120 0,690 0,90 1,0 13,6-14,4 0,409 0,524
10 22.10.81 not modelled (zero flow)
11 23.12.81 1,0 1,5 0,400 0,120 0,85 15,0 . 2,1-21,5 0,710 0,729

*12 2.11.85 11,5 1,5 0,490 0,560 0,90 1,0 -6,9 -9,3 0,927 0,957

(o) B & 4 B N O B A

*13 25.11.85 not modelled (missing data)
14 1.12.85 3,5 1,5 0,250 0,500 0,90 1,0 -0,1 1,3 0,977 0,984
15  3.12.85 Not modelled (data errors)
Mean 9,0 10,4 0,794 0,827
St. dev. 8,5 8,7 0,162 0,133
Other parameters: N(2) = 0,7 DEL(5) = 0,0
SMAX(8) = 200,0

* 'Large' storm events.



Table A20 Calibration results
Catchment North Danville, ND1 Area 42,94km?
Mode]l Simple antecedent moisture Type Lumped
model - OSE1
Storm  Date Parameters %» errors: (Coefficients:
No. DEL DA C APF  Volume Peak Eff. Det.
(5) (9) (10) (14) 4
1 24.10.59 0,25 0,420 0,280 0,90 -2,5 3,2 0,914 0,928
2 30.07.60 0,50 0,710 0,115 0,80 6,3 -25,7 0,831 0,850
3 2.06.61 No acceptable fit possible '
4 31.07.62 0,25 0,830 0,110 0,80 4,7 -13,9 0,863 0,891
5 30.07.63 Not mocelled (rainfall very spatially variable)
6 22.07.64 Not modelled (rainfall very spatially variable)
7 7.06.65 1,50 0,885 0,103 0,80 3,4 -3,8 0,910 0,942
8 19.10.66 1,25 0,620 0,260 0,90 -7.,8 6,9 0,875 0,942
9 16.07.67 0,00 0,697 0,204 0,80 -6,0 6,2 0,803 0,875
10 11.09.68 0,00 0,705 0,163 0,80 3,3 -10,2 0,977 0,980
11 7.09.69 1,00 0,650 0,750 0,80 -5,5 -4,7 0,810 0,881
12 23.08.71 0,00 0,420 0,256 0,80 -2,3 -5,2 0,974 0,977
13  3.07.72 1,00 0,590 0,245 0,80 -8,3 3,2 0,921 0,946
14 10.07.72 0,00 0,506 © °5 0,80 -3,4 -2,2 0,945 0,952
15 17.09.73 0,25 0,528 0,..3 0,80 3,5 -5,8 0,936 0,936
Mean 4,7 7,6 0,89% 0,925
St. dev. 2,0 6,6 0,060 0,041
Other parameters: K(1) = 5,5 N(2) = 0,7
A(6) = 4,0 B(7) = 0,15
SMAX(8) = 150,0 IL(15) = 0,0



Table A21

Calibration results

Catchment North Danville, ND5 Area 111,60km?
Model Simple antecedent moisture Type Lumped
model - OSE1
Storm  Date Parameters % errors: Coefficients:
No. DEL DA C APF  Volume Peak Eff. Det.
(5) (9) (10) (14)
1 30.07.60 1,00 0,585 0,088 0,80 5,0 -21,5 0,882 0,892
2 2.06.61 0,00 0,585 0,060 0,80 -12,8 6,1 0,913 0,970
3 31.07.62 0,25 0,585 0,098 0,80 2,0 -3,9 0,965 0,972
4 30.07.63 Not modelled ( rainfall very spatially variable)
5 22.07.64 0,00 0,600 0,230 0,80 3,0 -1,1 0,772 0,797
6 7.06.65 3,00 0,575 0,063 0,80 -9,1 10,9 0,924 0,970
7 19.10.66 0,25 0,620 0,240 0,90 -5,0 5,4 0,956 0,978
8 16.07.67 0,00 0,550 0,160 0,80 2,5 -0,2 0,859 0,8841
9 11.09.68 0,00 0,575 0,126 0,80 1,9 -0,6 0,93 0,966
10 7.09.69 0,75 0,575 0,423 0,80 0,6 -0,8 0,936 0,963
11 23.08.71 0,00 0,605 0,281 0,80 -3,9 1,8 0,974 0,984
12 10.07.72 0,00 0,640 0,150 0,80 -4,9 -1,4 0,933 0,943
13 20.07.72 0,00 0,500 0,135 0,80 2,3 -2,0 0,893 0,909
14 14.07.73 No acceptable fit possible
15 17.09.73 0,25 0,585 0,218 0,80 0,9 -8,9 0,938 0,938
Mean 4,1 5,1 0,916 0,936
St. dev. 3,4 5,9 0,055 0,053
Other parameters: K(1) = 6,0 N(2) = 0,7
A(6) = 5,5 B(7) = 0,15
SMAX(8) = 150,0 IL(15) = 0,0



Table A22

Calibration results

Catchment Ecca, Q9M20

Area 73,9km?

Model Simple antecedent moisture Type Semi-distributed
model - OSE1
Storm Date Parameters % errors: Coefficients:
No. K DA C APF IL  Volume Peak Eff. Det.
(1) (9) (10) (14) (15)
1 28.02.77 0,5 0,150 0,610 0,90 1,0 6,6 -4,8 0,944 0,960
2 6.03.77 0,5 0,200 0,330 0,90 1,0 5,7 -15,3 0,819 0,846
3 7.05.77 No acceptable fit possible
4 19.04.78 0,5 0,250 0,360 0,90 30,0 1,1 -6,4 0,950 0,961
**5 21.04.78 1,0 0,130 0,510 0,95 1,0 -15,1 10,7 -0,367 -0,321
* 6 20.07.79 6,0 0,930 0,034 0,95 45,0 -23,4 -23,5 0,654 0,779
* 7 23.07.79 11,0 0,200 0,510 0,95 1,0 -1,9 -5,8 0,960 0,970
*8 19.08.79 10,0 0,700 0,090 0,90 34,0 -8,1 -4,0 0,869 0,970
9 26.03.81¢ 0,5 0,08 0,800 0,90 1,0 7,9 -7,4 0,795 0,825
10 22.10.81 2,0 0,370 0,160 0,85 1,0 -3,2 1,1 0,648 0,774
11 23.12.81 0,5 0,300 0,200 0,85 15,0 -14,8 -32,1 0,751 0,79
*12 2.11.85 11,0 0,610 0,580 0,90 1,0 -2,2 -4,0 0,92 0,972
*13 25.11.85 No acceptable fit possible
14 1.12.85 2,0 0,350 0,380 0,90 5,0 -16,6 4,1 0,670 0,881
15 3.12.85 No acceptable fit possible
Mean 8,8 9,9 0,820 0,885
St. dev. 7,0 9,3 0,126 0,084

Other parameters:

N(2)

KC(4)

** Does not include the
* 'Large' storm events.

1}

0,7
0,8
result

CDEL(3) 1,0
SMAX(8) = 200,0
for storm 5.



Table A23

Sub-catchment parameter weighting factors

Catchment Ecca, Q9M20 Area 73,9km?
Model Simple antecedent moisture Type Semi-distributed
' model - OSE1
Parameters
Sub-cat. Area 1 3 4 15
No. (%) K CDEL KC IL
1 13,0 1,00 5,25 0,80 1,50
2 5,9 0,92 4,50 0,90 1,50
3 5,6 0,92 4,50 0,90 1,50
4 7.0 0,92 4,00 1,00 1,50
5 6,4 0,90 4,00 0,75 1,50
6 7,0 0,90 4,00 0,75 1,50
7 11,4 0,8 3,00 0,50 1,30
8 7,9 0,80 2,75 0,60 1,20
9 6,0 0,65 2,25 0,9% 1,10
10 9,7 0,95 1,25 1,40 0,95
11 12,9 1,05 0,75 1,00 0,90
12 7,4 0,80 0,75 0,60 0,85

Parameters N(2), SMAX(8), DA(9),

C(10), APF(14),
all weights

1,00



Table A24 Calibration results

Catchment North Danville, ND1 Area 42,94km’
Model Simple antecedent moisture Type Semi-distributed
model - OSE1
Storm Date Parameters % errors: Coefficients:
No. CDEL DA C APF  Volume Peak Eff. Det.
(3) (9 (10) (14)
1 24.10.59 1,50 0,560 0,310 0,90 -1.,1 0,4 0,929 0,936
2 30.07.60 1,75 0,613 0,09 0,80 26,2 -14,2 0,732 0,816
3 2.06.61 1,75 0,545 0,056 0,80 -11,9 9,6 0,867 0,943
4 31.07.62 1,75 0,650 0,095 0,80 2,6 -21,7 0,884 0,891
5 30.07.63 No acceptable fit'
6 22.07.64 No acceptable fit
7 7.06.65 2,50 0,490 0,068 0,80 3,9 -5,2 0,82 0,8%
8 19.10.66 4,00 0,570 0,237 0,90 -4,7 4,5 0,935 0,967
9 16.07.67 1,25 0,580 0,173 0,80 -7,2 7,3 0,857 0,916
10 11.09.68 1,50 0,680 0,150 0,80 5,4 -12,8 0,972 0,978
11 7.09.69 No acceptable fit
12 23.08.7% 1,25 0,630 0,328 0,80 -1,7 -7,4 0,992 0,993
13 3.07.72 2,50 0,435 0,200 0,80 -1,8 0,8 0,825 0,853

14 10.07.72 1,25 0,620 0,153 0,80 -2,0 -0,9 0,952 0,962
15 17.09.73 1,50 0,613 0,280 0,80 2,0 7,2 0,921 0,921

Mean 5,9 7,7 0,894 0,922
St. dev. 7,1 6,3 0,072 0,052
Other parameters: K(1) = 6,0 N(2) = 0,7

KC(4) = 0,80 SMAX(8) = 150,0

—
—
—
—_
n
~—
I

0,0



Table A25 Sub-catchment parameter weighting factors

Catchment North Danville, ND1 Area 42,94km?
Model Simple antecedent moisture Type Semi-distributed
model - OSE1
_ Parameters
Sub-catch. Area 3 4
No. % CDEL KC

19,5 1,00 0,50
13,4 0,50 0,75
18,0 0,75 0,90
19,6 1,25 0,65
16,9 0,50 0,70
6 12,6 0,00 1,00

N H W NN -

Parameters N(2), SMAX(8), DA(9), C(10), APF(14),
IL(15) all weights = 1,00



Table A26 Calibration results

Catchment North Danville, ND5 Area 111,60km?
Model Simple antecedent moisture Type Semi-distributed
model - OSE1
Storm Date Parameters % errors: Coefficients:
No. CDEL DA C APF  Volume Peak Eff. Det.

(3) (9) (10) (14)

.07.60 1,75 0,620 0,090 0,80 9,0 -20,0 0,844 0,857
.06.61 1,50 0,550 0,056 0,80 -10,7 10,7 0,889 0,970
.07.62 1,25 0,58 0,100 0,80 -5,3 -11,7 0,960 0,968
.07.63 No acceptable fit possible

.07.64 1,00 0,630 0,263 0,80 -0,7 -1,9 0,926 0,931
.06.65 2,00 0,585 0,095 0,80 2,2 -6,6 0,92 0,909
.10.66 1,25 0,585 0,225 0,90 -4.,6 1,0 0,960 0,976
.07.67 1,25 0,585 0,160 0,80 -2,4 -4,2 0,930 0,937
.09.68 1,25 0,585 0,125 0,80 1,7 0,5 0,954 0,960

w w w
O - N O

W 00 N O 0 B W N -
— nN)
o W NN

-—
-—

10 7.09.69 No acceptable fit possible
11 23.08.71 1,25 0,560 0,267 0,80 -4,7 3,9 0,957 0,985
t2 10.07.72 1,25 0,585 0,140 0,80 -8,7 4,5 0,924 0,954
13 20.07.72 1,50 0,585 0,148 0,80 1,9 -1,7 0,869 0,869
14 14.07.73 1,00 0,55 0,135 0,80 -5,6 2,9 0,971 0,99
15 17.09.73 1,50 0,58 0,215 0,80 -0,1 -8,6 0,917 0,918
Mean 4,4 6,0 0,923 0,941
St. dev. 3,4 5,5 0,042 0,043
Other parameters: K(1) = 6,0 N(2) = 0,7
KC(4) = 0,85 SMAX(8) = 150,0

IL(15) = 0,0



Table A27 Sub-catchment parameter weighting factors

Catchment North Danville, ND5 Area 111,60km?
Model Simple antecedent moisture Type Semi-distributed
model - OSE1
Parameters
Sub-catch. Area 3 4
No. (%) CDEL  KC
1 7,5 1,50 0,80
2 5,2 1,00 0,87
3 6,9 1,25 1,35
4 7,5 1,55 0,85
5 6,5 1,00 0,77
6 4,8 0,50 0,73
7 5,2 1,00 0,97
8 56 0,75 0,45
9 4,3 0,50 0,67
10 7,7 2,25 0,65
i1 4,9 2,00 0,70
12 4,9 1,50 1,00
13 4,4 2,25 0,95
14 7,5 1,75 1,05
15 4,6 . 1,25 0,75
16 5,4 0,75 0,80
17 2,0 0,00 0,37
18 5,1 0,00 0,50

Parameters K(1), N(2), SMAX(8), DA(9), C(10), APF(14), I,L(15)
all weights 1,0



Table A28 Calibration results

Catchment Ecca, Q9M20 Area 73,9km?
Model Augmented Hydrograph - OSE3 Type Lumped

Storm Date Parameters % errors: Coefficients:
No. ROP DEL A K IL Volume Peak Eff. Det.
(3) (5) (6) (8) (9)

1 28.02.77 0,029 0,00 2,5 13,5 0,0 -1,9 2,6 0,938 0,942
2" 6.03.77 0,110 0,00 2,0 4,0 0,0 -0,2 3,0 0,737 0,830
3 7.05.77 0,022 0,00 6,0 9,0 30,0 -21,3 5,4 0,735 0,775
4 19.04.78 0,006 0,25 5,5 8,022,0 -0,3 =-2,9 0,960 0,961
5
6
7

21.04.78 0,064 0,00 1,0 21,0 0,0 -4,2 -0,4 0,828 0,888
20.07.79 0,320 1,50 4,5 24,0 65,0 -1,0 2,1 0,876 0,879
23.07.79 0,470 1,25 7,0 15,0 0,0 -0,6 -0,7 0,950 0,900
*8 19.08.79 0,540 1,50 8,0 16,0 32,0 -6,5 1,8 0,917 0,936
9 26.03.81 0,008 0,00 4,0 85 0,0 2,2 -1,2 0,938 0,939
10 22.10.81 0,030 0,00 5,0 10,0 0,0 -16,7 14,4 0,356 0,69
11 23.12.81 0,007 0,50 5,5 6,0 14,0 0,3 -3,5 0,979 0,980
*12  2.11.85 0,300 1,25 7,5 16,5 0,0 -6,8 2,5 0,928 0,962
*13 25.11.85 0,191 0,00 5,0 18,0 0,0 -19,1 4,6 0,524 0,628
14 1.12.85 0,130 1,00 5,5 9,0 0,0 -3,9 -23,8 0,821 0,825

15 3.12.85 No acceptable fit possible
Mean 0,159 6,1 4,9 0,81 0,867
St. dev. 0,180 7,4 6,4 0,189 0,106
Other parameters: N(4) = 0,5 B(7) = 0,15

* 'Large' storm events.



Table A29

Calibration

results

Catchment Ecca, Q9M21
Model Augmented Hydrograph - OSE3 Type Lumped

Area 9,1km?

Storm Date Parameters % errors: Coefficients:
No. ROP A K IL  Volume Peak Eff. Det.
(3) (6) (8) (9)

1 28.02.77 0,018 1,0 3,0 1,0 9,5 -10,6 0,848 0,872

2 6.03.77 0,045 1,0 2,5 10,0 5,3 -6,8 0,866 0,868

3 7.05.77 0,190 2,0 6,0 40,0 -12,9 -18,9 0,870 0,892

4 19.04.78 Not modelled (suspect data)

5 21.04.78 0,041 0,5 13,0 1,0 -1,6 3,9 0,664 0,771
*6 20.07.79 0,310 1,5 23,0 50,0 1,2 2,9 0,832 0,841
* 7 23.07.79 0,435 1,5 16,0 1,0 -1,8 2,6 0,960 0,978
*8 19.08.79 0,480 2,0 25,0 32,0 -5,6 9,4 0,938 0,967

9 26.03.81 0,014 1,0 6,5 1,0 -5,1 4,6 0,598 0,656

10 22.10.81 Not modelled (zero flow)
*11 23.12.81 0,026 5,0 1,00 15,0 -2,7 -16,4 0,760 0,783 -
*12 2.11.85 0,305 1,5 20,0 1,0 -4,1 1,9 0,896 0,956
13 25.11.85 Not modelled (missing data)
14  1.12.85 0,049 2,5 6,4 3,0 -0,0 -0,2 0,967 0,968
15  3.12.85 Not modelled (data errors)
Mean 0,174 4,5 7,1 0,83 0,868
St. dev. 0,179 3,8 6,1 0,119 0,101

Other parameters:

N(4)
B(7)

0,5
0,15

* 'Large' storm events.

DEL(5) = 0,001



Table A30 Calibration results
Catchment North Danville, ND1 Area 42,94km?
Model Augmented Hydrograph - OSE3 Type Lumped
Storm  Date Parameters % errors: Coefficients:
No. ROP DEL Volume Peak Eff. Det.
(3) (5)
1 24.10.59 0,435 0,25 -0,9 7,1 0,991 0,991
2 30.07.60 0,090 1,00 7,3 -8,8 0,900 0,908
3 2.06.61 0,385 0,25 -1,8 0,1 0,974 0,975
4 31.07.62 0,238 0,50 6,6 -3,8 0,958 0,967
5 30.07.63 Not modelled (rainfall very spatially variable)
6 22.07.64 0,068 0,25 -2,0 5,9 0,284 0,511
7 7.06.65 0,165 1,75 5,3 0,3 0,945 0,958
8 19.10.66 0,135 0,75 -4 .1 2,5 0,930 0,91
9 16.07.67 0,160 0,00 -2,4 -2,2 0,85 0,888
10 11.09.68 0,090 1,00 -3,2 -1,9 0,981 0,982
11 7.09.69 No acceptable fit possible
12 23.08.71 0,110 0,50 2,3 -1,5 0,93 0,970
13 3.07.72 0,240 1,25 3,0 0,1 0,97 0,969
14 10.07.72 0,140 0,50 -1.,8 0,7 0,99 0,971
15 17.09.73 0,170 0,75 4,4 -6,8 0,977 0,980
Mean 0,187 3,5 3,2 0,899 0,925
St. dev. 0,112 2,0 3,0 0,189 0,128
Other parameters: N(3) = 0,5 A(6) = 4,0
B(7) = 0,15 K(8) = 15,0
IL(9) = 2,5



Table A31 Calibration results

Catchment North Danville, ND5S Area 111,60km?

Model Augmented hydrograph - OSE3 Type Lumped

Storm Date Parameters % errors: Coefficients:
No. ROP DEL Volume Peak Eff. Det.
(3) (5)
1 30.07.60 0,100 1,75 4,8 -2,4 0,925 0,929
2 2.06.61 0,370 0,25 -4,2 0,3 0,961 0,965
3 31.07.62 0,195 0,50 -0,9 8,2 0,986 0,988
4 30.07.61 No acceptable fit possible
5 22.07.64 0,135 0,00 1,6 0,6 0,923 0,925
6 7.06.65 0,110 2,00 -0,6 -0,2 0,945 0,950
7 19.10.66 0,125 0,00 -1,2 4,9 0,945 0,957
8 16.07.67 0,190 0,00 5,7 -3,7 0,900 0,916
9 11.09.68 0,093 1,25 -9,0 8,4 0,968 0,983
10  7.09.69 0,215 1,00 1,8 -8,5 0,887 0,894
11 23.08.71 0,125 0,75 -2,5 4,6 0,985 0,993
12 10.07.72 0,160 0,75 -3,9 5,1 0,963 0,969
13 20.07.72 0,235 0,50 -0,7 0,8 0,96 0,967
14 14.07.73 0,300 0,00 4.4 -2,1 0,931 0,937
15 17.09.73 0,185 0,50 6,3 -2,6 0,950 0,958
Mean 0,181 3,4 2,9 0,945 0,952
St. dev. 0,080 2,5 2,6 0,029 0,029
Other parameters: N(4) = 0,5 A(6) = 5,0
B(7) = 0,15 K(8) = 15,0

—
—
—
(Vo)
~—
"

2,5



Table A32 Calibration results

Catchment Ecca, Q9M20 Area 73,9km?

Model Augmented Hydrograph - OSE3 Type Semi-distributed

Storm Date Parameters % errors: Coefficients:

No. CDEL  ROP K IL Volume Peak Eff. Det.
(1 3 (8) (9)

28.02.77 0,5 0,022 5,0 20,0 -3.,8 3,5 0,889 0,909
6.03.77 1,0 0,095 3,5 6,0 -6,5 -3,4 0,744 0,846
7.05.77 0,5 0,062 7,5 30,0 -3,4 0,3 0,807 0,819

19.04.78 0,5 0,010 4,5 22,0 12,1 -7,5 0,944 0,949

**5 21.04.78 0,5 0,030 5,0 1,0 -25.1 9,4 -0,438 0,587

*6 20.07.79 1,0 0,350 16,0 65,0 -0,7 -13,8 0,910 0,915

* 7 23.07.79 1,0 0,410 16,0 0,0 0,23 1,9 0,%6 0,933

*8 19.08.79 1,0 0,580 17,0 32,0 -6,75 -1,2 0,953 0,966

g 26.03.81 0,5 0,008 3,0 0,0 9,8 -12,3 0,950 0,962
10 22.10.81 0,5 0,028 9,0 10,0 -2,8 11,1 0,493 0,736
11 23.12.8¢ 0,5 0,007 1,0 13,0 4,0 -11,2 0,747 0,783

*12 2.11.85 1,0 0,310 18,0 0,0 -3,4 0,8 0,949 0,972

AW N -

*13 25.11.85 No acceptable fit possible
14 1.12.85 0,5 0,130 9,5 4,0 -0,5 -3,7 0,898 0,925
15  3.12.85 No acceptable fit possible
Mean 0,157 6,1 6,2 0,854 0,868
St. dev. 0,190 6,7 4,9 0,138 0,113
Other parameters: KC(2) = 0,8 N(4) = 0,5

** Does not include the result for storm 5.
* TlLarge' storm events.



Table A33

Sub-catchment parameter weighting factors

Catchment Ecca, Q9M20 Area 73,9km?
Model Augmented Hydrograph - OSE3 Type Semi-distributed
Parameters
Sub-cat. Area [ 2 8 9
No. (%) CDEL  KC K IL
1 13,0 5,25 0,80 1,00 1,50
2 5,9 4,50 0,90 0,92 1,50
3 5,6 4,50 0,90 0,92 1,50
4 7,0 4,00 1,00 0,92 1,50
-5 6,4 4,00 0,75 0,9 1,50
6 7,0 4,00 0,75 0,90 1,50
7 11,4 3,00 0,50 0,8 1,30
8 7,9 2,75 0,60 0,80 1,20
9 6,0 2,25 0,9% 0,65 1,10
10 9,7 1,25 1,40 0,95 0,95
1 12,9 0,75 1,00 1,05 0,9
12 7.4 0,75 0,60 0,80 0,85

Parameters ROP(3), N(4) all weights = 1,00



Table A34

Calibration results

Catchment North Danville, ND1
Model Augmented Hydrograph - 0SE3

Area 42,94km?

Type Semi-distributed

Storm  Date Parameters % errors: Coefficients:
No. ROP Volume Peak Eff. Det.
(3) ,
1 24.10.59 0,438 -3,8 2,5 0,987 0,991
2 30.07.60 0,090 11,6 -10,8 0,869 0,886
3 2.06.61 0,405 0,9 3,7 0,983 0,989
4 31.07.62 0,230 2,4 -10,5 0,972 0,973
5 30.07.63 Not modelled (rainfall very spatially variable)
*6 22.07.64 0,100 -1,4 -0,9 0,043 0,378
7 7.06.65 0,190 7,5 -6,6 0,906 0,915
8 19.10.66 0,148 -2,1 -0,3 0,967 0,986
9 16.07.67 0,198 -5,3 -12,3 0,871 0,883
10 11.09.68 0,095 1,7 -2,7 0,99 0,997
11 7.09.69 No acceptable fit possible
12 23.08.71 0,091 -1,3 -1,3 0,972 0,984
13 3.07.72 0,242 -1,3 -12,6 0,797 0,779
14 10.07.72 0,168 2,7 -0,6 0,957 0,966
15 17.09.73 0,165 1,9 -7,0 0,972 0,972
Mean 0,197 3,4 5,5 0,934 0,943
St. dev. 0,112 3,1 4,7 0,062 0,066
Other parameters: CDEL(1) = 1,0 KC(2) = 0,80
N(4) = 0,5 K(8) = 15,0
IL(9) = 2,5

*Does not include the result for storm 6.



Table A35 Sub-catchment parameter weighting factors

Catchment North Danville, ND1 Area 42,94km?
Model Augmented Hydrograph - OSE3 Type Semi-distributed

, Parameters
Sub-catch. Area 1 2
No. % CDEL KC
1 19,5 1,00 0,50
2 13,4 0,50 0,75
3 18,0 0,75 0,90
4 19,6 1,25 0,65 :
5 16,9 0,50 0,70 .

6 12,6 0,00 1,00
Parameters ROP(3), N(4), K(8), IL(9) all weights = 1,00




Table A36 Calibration results

Catchment North Danville, ND5 Area 111,60km?
Model Augmented hydrograph - OSE3 Type Semi-distributed

Storm  Date Parameters errors: Coefficients:
No. ROP Volume Peak Eff. Det.
(3)
1 30.07.60 0,100 6,8 -6,8 0,838 0,859
2 2.06.61 0,385 1,2 10,1 0,938 0,960
3 31.07.62 0,205 -0,1 0,9 0,994 0,995
4 30.07.61 No acceptable fit possible
5 22.07.64 0,101 -1,5 2,7 0,901 0,914
6 7.06.65 0,120 -0,9 -9,6 0,911 0,912
7 19.10.66 0,125 -1,6 3,9 0,95 0,968
8 16.07.67 0,170 0,3 3,2 0,947 0,958
9 11.09.68 0,100 -6,8 0,0 0,981 0,988
10 7.09.69 0,080 0,2 -0,1 0,718 0,773
11 23.08.71 0,125 -1,2 1,0 0,976 0,983
12 10.07.72 0,205 2,6 2,8 0,978 0,985
13 20.07.72 0,238 1,4 3,6 0,937 0,949
14 14.07.73 0,270 2,8 1,7 0,871 0,881
15 17.09.73 0,195 1,7 -2,9 0,978 0,980
Mean 0,173 2,1 3,5 0,924 0,936
St. dev. 0,084 2,1 3,2 0,075 0,063
Other parameters: CDEL(1) = 1,0 KC(2) = 0,85
N(4) = 0,5 K(8) = 15,0

IL(9) = 2,5



Table A37 Sub-catchment parameter weighting factors

Catchment North Danville, ND5 Area 73,9km?

Model Augmented Hydrograph - OSE3 Type Semi-distributed

Parameters

Sub-catch Area 1 2

No. (%) CDEL  KC
1 7,5 1,50 0,50
2 5,2 1,00 0,70
3 6,9 1,25 0,85
4 7,5 1,55 0,60
5 6,5 1,00 0,65
6 4,8 0,50 0,95
7 5,2 1,00 0,55
8 5,6 0,75 0,25
9 4,3 0,50 0,55
10 7.7 2,25 0,45
11 4.9 2,00 0,55
12 4,9 1,50 0,90
13 4.4 2,25 0,50
14 7,5 1,75 0,65
15 4,6 1,25 0,40
16 5,4 0,75 1,05
17 2,0 0,00 0,15
18 5,1 0,00 1,00

Parameters ROP(3), N(4), K(8), IL(9) all weights = 1,0



Table A38 Calibration results

Catchment Ecca, Q9M20 Area 73,9km?
Model Runoff-routing - OSE4 Type Semi-distributed
Storm Date Parameters % errors: AAQE
No. KC I.Loss. R.Coeff Volume Peak %
1 28.02.77 1,0 15,0 0,03 -8,8 -7,3 34,7
2 6.03.77 4,0 8,0 0,15 -3.6 -2,8 35,2
3 7.05.77 3,0 42,0 0,05 -12,0 -4.,8 63,8
4 19.04.78 0,8 45,0 0,02 -25,7 -1,9 50,5
5 21.04.78 3,0 5,0 0,03 -2,6 -26,8 32,7
*6 20.07.79 9,0 65,0(0) 0,05(0,38) 0,1 -4,6 18,8
7 23.07.79 8,0 10,0 0,25 -3,3 -12,1 15,1
8 19.08.79 15,0 50,0 0,60 -0,7 -2,1 20,8
9 26.03.81 1,0 12,0 0,01 -33,7 -61.,4 64,0
10 22.10.81 2,5 5,0 0,02 -4,17  -0,2 28,3
11 23.12.81 No acceptable fit possible
12 2.11.85 10,0 10,0 0,17 -2,6 4,5 19,3
13 25.11.85 8,0 10,0 0,19 -0,6 27,8 31,1
14 1.12.85 13,0 13,0 0,12 -2,6 -3,3 56,0
15 3.12.85 Not modelled (data errors)
Mean 0,148 8,4 12,3 36,2
St. dev. 0,169 10,4 17,3 17,1
Other parameters: Parameter N = 0,7

* 2 rainfall bursts in storm - figures in parenthesis refer to 2nd
burst.



Table A39 Calibration results

Catchment North Danville, ND1 Area 42,94km?
Model Runoff - routing - OSE4 Type Semi-distributed
Storm Date Parameters errors: AAQE
No. KC I.lLoss R.Coeff Volume Peak %
1 24.10.59 9,0 8,0 0,38 -3,9 -5,4 13,7
2 30.07.60 5,0 25,0 0,10 -7,0  -4.,5 18,0
3 2.06.61 8,0 10,0 0,34 -4,4 2,5 13,4
4 31.07.62 7,0 20,0 0,26 -1,9  -3,3 14,2
5 30.07.63 no acceptable fit possible
6 22.07.64 3,5 0,0 0,04 -7,6 3,6 34,3
7 7.06.65 10,0 12,0 0,20 -5,1 -4,2 26,6
8 19.10.66 3,8 10,0 0,09 -5,9 -6,1 20,2
9 16.07.67 8,0 25,0 0,35 -5,3 6,0 20,6
10 11.09.68 4,0 22,0 0,10 -10,0 -3,6 29,8
11 7.09.69 no acceptable fit possible
12 23.08.7t 3,5 15,0 0,10 -4,6 -2,6 21,2
13 3.07.72 6,0 22,0 0,71 -3,7 2,7 38,2
14 10.07.72 5,8 10,0 0,12 -4,5 -5,9 13,8
15 17.09.73 6,0 15,0 0,16 -4 .1 1,9 10,6
Mean 0,227 5,2 4,0 21,1
St. dev. 0,183 2,1 1,4 8,7

Other parameters: N = 0,7



Table A40 Calibration results

Catchment North Danville, ND5 Area 111,60km*
Model Runoff-routing - OSE4 Type Semi-distributed

Storm  Date Parameters % errors: AAQE

No. KC I.Loss R.Coeff Volume Peak %
1 30.07.60 5,5 22,0 0,10 -3,4 -1,5 17,5
2 2.06.61 9,0 10,0 0,32 -3,6 1,3 17,1
3 31.07.62 8,0 20,0 0,24 -1,7 6,8 14,8

4 30.07.61 No acceptable fit possible

5 22.07.64 5,0 10,0 0,08 -6,5 10,5 26,2
6 7.06.65 6,5 18,0 0,12 4,1 -2,7 8,2
7 19.10.66 4,5 10,0 0,08 -5,8 -9,5 11,5
8 16.07.67 6,0 15,0 0,11 2,1 -12,1 16,7
9 11.09.68 5,0 20,0 0,10 -3,3  -2,1 26,0
10 7.09.69 4,0 22,0 0,12 -11,5 -8,9 31,4
11 23.08.71 5,5 15,0 0,11 -6,5 -0,5 24,1
12 10.07.72 7,0 5,0 0,12 -4,3  -3,7 15,9
13 20.07.72 7,0 10,0 0,18 -2,0 -0,1 20,6
14 14.07.73 5,5 5,0 0,15 -3,1 1,7 9,8
15 17.09.73 7,0 15,0 0,17 -2,8  -3,1 10,0
Mean 0,143 4,3 4.6 17,8
St. dev. 0,067 2,6 4,1 7,0

Other parameters: N=20,7




APPENDIX B

MODEL CALIBRATION RESULTS : GRAPHICAL PLOTS

Figure Catchment Storm Different models
date A B C D

B1 Q9M20 6.03.77 O0SE2-SD  OSE1-LM  0QSE3-SD 0SE4-SD
B2 QSM20 21.04.78 0SE2-LM  QSE2-SD  OSE3-LM (QSE4-SD
B3 Qam21 21.04.78 (QSE2-1M  OSE3-LM

B4 Q9M20 20.07.79 O0SE2-LM  OSE3-LM  0SE4-SD

BS Q9M20 23.07.79 O0SE2-1M  OSE3-LM  0SE4-SD

B6 ND1 21.10.59 O0SE2-SD  OSE1-SD

B7 ND1 21.10.59 OQSE3-SD  OSE4-SD

B3 ND1 22.07.64 O0SE2-SD  OQOSE3-SD  O0SE4-SD

B9 ND1 19.10.66 OSE2-LM  0SE3-LM

B10 ND1 16.07.67 O0OSE2-LM  QSE2-SD

B11 ND4 16.07.67 O0OSE2-LM  0OSE2-SD

B12 ND5 16.07.67 O0SE2-LM  (QSE2-SD

B13 ND5 16.07.67 O0OSE3-LM  QSE3-SD

B14 ND1-ND5 19.10.67 0SE2-SD

B15 ND1-ND5 11.09.68 (SE2-SD
Note: The same scale is used for streamflow discharges (always in

cumecs) and rainfall (in mmh ™! multiplied by a variable
Thus using mmh'1*0.1-2.0 on the axis represents

factor).
20mmh'1.
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FLOW (CUMECS) OR RAIN (MM/HReO0.1)

FLOW (CUMECS) OR RAIN (MM/HReO0.1)
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FLOW (CUMECS) OR RAIN (MM/HReO0.1)

FLOW (CUMECS) OR RAIN (MM/HRe0.1)
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FLOW (CUMECS) OR RAIN (MM/HRe0.2)

FLOW (CUMECS) OR RAIN (MM/HRe0.2)
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FOREWORD

This report is the first preliminary report on the Water Research Commission
project entitled ‘'Hydrological Research in catchments of the eastern and
southern Cape'. The project has two major themes; one associated with
1solated event deterministic models and the second with the use of
stochastic models in semi-arid regions. This report addresses the former
subject and 1is a continuation of preliminary work begun 1n an earlier
project and reported by Hughes (1983). |

The Hydrological Research Unit (HRU) at Rhodes University has been involved
in the field of mathematical modelling of the rainfall-runoff process since
its i1nception in 1974. It has established two areas where hydrological data
are collected for research purposes. The first is in the semi-arid Ecca
catchments of the eastern Cape while the second 1s 1n the sub-humid coastal
area of the southern Cape Province.

Dr. Hughes has been a member of the HRU since 1980, and Ms Beater is a
graduate student carrying out a research programme towards an MSc. degree.
The research that has been completed in the past, as well as the
continuation of this project, 1s only possible because of the funding from
the Water Research Commission and due to the facilities provided by Rhodes
University to my Department. My gratitude and appreciation is accordingly
expressed to both organisations.

J.B.McI. Daniel
(Professor of Geography, Rhodes University).
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ABSTRACT

The first chapters of this report review some aspects of the philosophy
underlying deterministic approaches to modelling flood events. The
discussion concentrates on isolated event modelling of non-urbanised
catchment hydrological response. Consequently, some of the features
specific to urban hydrological models (such as flow routing in stormwater
drainage systems) are ignored. The introductory chapters are not meant as a
full review of all'modelling approaches but rather to define the context in
which the models tested can be placed,

The four models investigated in this study are, a developed version of an
implicit source area model, two simple constant runoff proportion models and
a semi-distributed runoff-routing model. The first three models have been
formulated as both lumped as well as semi-distributed models. . The
distribution system for all models is based wupon sub-catchments. The
structures of the four models are described and their parameters discussed
with respect to perceived associations with physical characteristics of
either the 1input rainfall or the catchment or both. Some of the models
share common components but have essential differences in part of their
structure. By comparing model results 1t was considered possible that some
weaknesses might be identified and isolated.

The models have been calibrated on two physiographically and climatically
different sets of catchments. Both represent nested gauging situations and
one set (Ecca) is situated in the semi-arid eastern Cape of South Africa
while the other (North Danville) is in the humid temperate north eastern
United States. The ability of the four models to reproduce a range of
observed storm hydrographs is examined from their curve fitting capabilities
as well as the degree of parameter stability and acceptability. For each
. model, comparisons are made between the performance in the different regions
and between the performance of the lumped and semi-distributed model
versions. The North Danville catchments were generally modelled more
successfully, although limitations in the available input data precluded
firm conclusions from being made. Improved calibration results were
obtained wusing the semi-distributed versions when the input rainfall was
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spatially variable and adequately defined by the available data. Small
events in the semi-arid catchments were not modelled successfully by any of
the models. This is considered to be a consequence of a disparity between
the scale of spatial variations of the real and modelled runoff generating
processes during such low runoff vresponse events. There are small
differences in the overall ability of the four models to reproduce observed
events. However, this was achieved with a more stable set of parameter
values for the variable runoff proportion source area model, than for the
other three. It is necessary to carry out further investigations to decide
whether the variations in some parameter values between storms can be
estimated from the storm input characteristics. Similarly, further work
involving model testing on more catchments is necessary to examine more
completely the physical relevance of the parameters of all the models. This
work, as well as investigations into parameter sensitivity and model
application forms part of a continuing project on single event modelling.
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1. INTRODUCTION

Before discussing mathematical modelling approaches to the estimation of
some or all of the characteristics of isolated or single flood events it is
desirable to first of all define an 'event'. This 1is difficult in as much
as the processes involved in the redistribution of water within the
atmosphere/surface/subsurface system operate on a more or less continuous
basis. Most hydrologists would agree that the processes predominantly
operative during a 'flood event' differ only in degree from those during
"low flow' conditions. It is nevertheless impossible to define precisely a
set of conditions that give rise to a 'flood event' as opposed to a 'non-
flood event'. This can only be done in an arbitrary way by defining some
peak discharge limit or perhaps a threshold rate of increase in discharge.
An example would be the baseflow separation line of Hewlett and Hibbert
(1967). A further example could be to choose only those events with peaks or
volumes with recurrance intervals greater than a prescribed value. These
arbitrary approaches to defining an event make no statements about any
special set of conditions or processes that operate during the events.
Consequently, it might be expected that modelling approaches to flood events
would not be significantly different to modelling approaches to other
periods in hydrological time series. However, this is not the case, and
often flood models are designed as special case models. Such models ignore
processes whichs are otherwise included, in some way, in models designed to
simulate a range of hydrological occurrences. They may also concentrate
more heavily on other processes deemed less important during lower flow
situations.

The difference 1in approach to flood event modelling could be prompted by
several factors. It may be prompted by the particular use for which the
model 1is designed or related to the model designers' perception or
-understanding of the physical system being modelled. Perhaps -the most
common vreason 1is an attempt to concentrate on those processes of the
hydrological system that are most relevant to simulating flows at short time
intervals (such as flow routing and neglect those deemed unimportant during
storm rainfall. Event based models may therefore neglect the simulation of
evapotranspiration and its effect on soil moisture (Loague and Freeze,
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1985). This point is also related to the model designers' understanding of
catchment hydrology. Ultimately, all hydrological models represent an
attempt to simplify the physical system to a point where the model is
operable for practical purposes but remains a sufficiently accurate
simulation tool. The way in which a balance is achieved between the degree
of simplification and the level of simulation accuracy has not been
determined. It 1is, of course, a difficult problem and one that is
inevitably related to the intended use of the model. A model designed to be
used in a wide variety of catchments with different physiographic and
climatic characteristics 1is expected to be more sophisticated than one
intended for more limited purposes. At our current level of knowledge,
hydrologists do not really know how much more complex such a model has to
be. Nor do they know which components of the system have to be modelled in
a more complex way. It is, admittedly, an enormous task to solve such a
problem. A conclusive answer might only be achieved by testing a wide range
of model types on an equally wide range of differing catchments (Sorooshian,
1983). The observed data from each catchment would also have to represent
the variety of different streamflow responses that could occur from the
catchment and be of good 'research' quality. Assuming that such data have
been collected, the consolidation of such a test data set would alone be an
enormous task. |

It is inevitable that less extensive testing of flood event models has taken
place and also that the confident use of models is often restricted to the
area that they were developed in. The literature on hydrological models
abounds with different approaches to model testing. Some contributions have
concentrated on isolating the most important (or sensitive) components of
models (Pickup, 1977; Mein and Brown, 1978; Bondelid et al., 1982;
Sorooshian and Arfi, 1982; Rogers et al., 1985) often with the intention of
isolating which model parameters should be most accurately evaluated.
Others have concentrated on the application of models to situations or areas
where a specific model (or models) has previously not been applied (Hope,
1983; Eyre and Crees, 1984; Devaurs and Gifford, 1986). Still others have
investigated whether or not the sub-components of models (such as soil
moisture levels or the extent of source areas) are simulated accurately
(Manley, 1977; Beven and Kiekby, 1979; Ward, 1984; Bérnier, 1985; Moore et
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al., 1986). Some contributions represent comparitive tests of different
modelling approaches (Delleur et al., 1976; Singh and Buapeng, 1977; Lowing
and Mein, 1981; Loague and freeze, 1985) while others concentrate on single
models (mein, et al., 1974; Foroud and Broughton, 1981; Diskin et al, 1984;
Hughes, 1984; and many others). All such reports in the literature
represent a large and still growing body of information related to the
problem referred to in the previous paragraph. However, this problem still
remains and until it is solved there will always be a measure of doubt about
the successful use of models in practical, applied situations.

This report initially examines some of the principles underlying the
different approaches to single event modelling (sections. 2 and 3). It
attempts to integrate some of the current attitudes to the deterministic
modelling of flood events and discusses some of the problems of applying
alternative modelling approaches. These sections of the report also place
into context the models that have been selected for testing as well as the
methods that are used to evaluate and compare the performance of the models.
The remainder of the report describes the models under test, the initial
test data and the results of calibrating the models on these data. The
present report therefore provides the theoretical background to the complete
study as well as establishing the authors' attitudes to the development,
testing and application of single event models. The initial test data are
drawn from two totally different regions. The calibration results reported
herein have demonstrated that the models can be applied to simulating storm
events in two different rainfall-runoff response situations. A future
report (to be prepared in 1988) will discuss the results of further model
calibration and verification on a wider range of catchments. This second
report will also attempt to draw conclusions about the usefulness of the
models for solving problems in applied situations.

- It would be impossible to thoroughly test all the single event modelling
approaches that have been reported in the literature. The models have
therefore been selected to represent a range of approaches from very simple
constant runoff proportion models to a more complex model which incorporates
more than one runoff generation component. All the models selected represent
non-linear approaches to modelling the response of runoff to rainfall. In



-4~

order to investigate the desirability of wusing distributed approaches
(section 2.3.1 of this report) it was decided to choose models that could be
operated 1n either lumped or distributed format. This excludes some
approaches that have been tested by other hydrologists working in this field
(kinematic flow routing, for example). The models were also chosen on the
basis ‘of their perceived applicability to simulating floods from a
relatively wide range of catchment sizes.
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2. DETERMINISTIC MODELLING APPROACHES TO THE SIMULATION OF FLOOD EVENTS

In their introduction to a paper which discusses tests carried out on three
models, Loague and Freeze (1985) suggest that comparisons should be made
between different generic types of model. They consider that many earlier
contributions have compared models of the same generic type. James and
Hawkins (1981) presented a system of model classification based wupon the
needs of users and the approach to modelling. Their purpose was to evaluate
the reliability of available models for meeting users' needs and to provide
a taxonomic system for general model assessment. James and Hawkins (1981)
covered a wide range of model types from catchment process models, through
flood and drought frequency models to alluvial process models. There is-
very little reference to the detail of individual modelling approaches.
When looking at a more restricted group of models it is difficult +to
construct a classification scheme that considers the detail of the complete
range of approaches that have been adopted. There are a wide range of
criteria which could be used to devise a scheme to group models. However,
in some cases a model may fall into one group on the basis of one criterion
but into a different group using another criterion. This chapter attempts to
summarise and discuss the approaches that have been used by examining
criteria related to the type of input data required, the detail of the
output, the degree of spatial distribution used, and other factors. No
attempt is made to define groups which individual models fall into uniquely.

2.1 Continuoué or-isolated event models

Continuous simulation models have been used to generate sequences of flood
peaks or volumes but require long periods of short time interval input data.
They may be useful to compare the probability structure of rainfall and
resulting streamflow events (Packman and Kidd, 1980; Beaudoin et al., 1983)
- but long records of short period rainfall data are rarely available. They
have also been used extensively for real time flood forecasting (Green,
1979; Anderson and Burt, 1985). One of the advantages is that moisture
storages are modelled continuously, precluding the necessity to estimate
initial conditions at the start of the storm. This is only an advantage if
the model simulates the storages realistically.
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An alternative approach 1is to model .continuously but with a coarse time
interval between events (Dunsmore, et.al. 1985). Given the condition of
realistic simulation, such models have similar advantages to the first type
without the stringent data requirements. If the model structure is
essentially the same when dealing with event and non-event periods then the
model has to be rigorous and flexible enough to operate under a wide variety
of hydrological response situations. If, alternatively, the structure of
- the event model is different, then effectively the user is dealing with two
models. He therefore has to establish two sets of parameter values by
whatever technique is pertinant to the model or available to him. When the
required output is only one isolated event it is necessary to know what
length of period prior to the event that continuous simulation must begin.
It may be difficult to assume a fixed period as it would still be necessary
to set the initial model storage levels. One suggestion would be to begin
at a point when the storages could be assumed full, such as the previous
large rainfall event. In other cases, such as arid or semi-arid areas, it
may . be better to begin at the end of a prolonged dry period when storage
levels could be assumed to be low.

It is difficult to draw a clear line of distinction between the second
approach referred to above and some isolated or single event models (IEM's).
IEM's have essentially three basic components: a method of determining
initial conditions; a method of determining that proportion of rainfall that
contributes to streamflow during the storm (excess rainfall or direct
runoff); and some form of flow routing procedure. If a coarse time period
model constitutes the first component then this is similar to continuous
modelling with a differential time interval. A distinction could be made
between those techniques that explicitly model initial storage conditions
and those that rely upon some simple surrogate estimate (initial observed
flow rate or antecedent precipitation indices, for example).

2.2 Model distinctions based upon intended application

Not all deterministic flood event models have been designed with the same
intended application and often their structure is related in some way to the
particular problem that they were initially designed to solve. This can
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lead to difficulties if a model is wused for a purpose for which it was not
originally intended. This is especially true if the new application Iis
conceptually "in conflict" with the structure of the model. For example, a
model that was originally designed to simulate flows from small catchments
with little spatial variation in hydrological processes should not be used
in relatively large catchments. Such an exercise 1is unlikely to be
successful if the original model is not capable of accounting for either the
spatial variation of processes or of rainfall input.

2.2.1 Design flood applications

Perhaps the classic application of single event flood models is for design
purposes. In the past this has involved models with relatively simple
formulations designed to predict the flood peak or the flood volume or both.
Included in this group could be the Rational method, R-index (Hewlett et
al., 1977; Hope, 1983; 1984), SCS formulae and various rainfall excess
generating equations (Singh and Buapeng, 1977) attached to routing methods
such as time-area diagrams, unit-hydrographs or others. One characteristic
of some of these models is that they concentrate on estimating the peak flow
rate and 1its timing and sometimes the flood volume. The unfortunate
characteristic of most deterministic approaches to design floods is that
they rely upon the equivalence of return period (or probability of
exceedence) of the storm rainfall event and the resulting flood. Several
authors have drawn attention to the inadequacy of such an assumption
(Hiemstra, 1969; Cordery, 1970; Marsalek, 1978; Wenzel and Voorhees, 1978;
Urbonas, 1979; Beaudoin et al 1983; Dunsmore et al., 1986; Hughes, 1986),
identifying the importance of the role played by antecedent moisture as well
as other characteristics of the rainfall event apart from simply its depth
and duration. This problem is not necessarily model related, as even
complex flood models suffer from this - basic error in
- the concept of the design storm.

There is a further, perhaps more fundamental, problem that is inherent in
most design flood approaches (deterministic and probabilistic). That is the
concept that the probability of exceedance of a specified peak or volume is
an adequate definition of the risk of flooding. This can only be true if
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the damage 1is directly associated with the single parameter of the flood
specified in the probability statement (i.e. peak or volume), and that the
other aspects of the event are irrelevant. Even when peak discharge is the
dominant factor there may be other considerations that are important to the
overall design problem. As long as the flood discharges remain below the
design peak there is no problem. However, if it is exceeded, then the
length of time it is exceeded and the volume of runoff occurring before the
structure is capable of carrying the flow again could be relevant to the
resulting amount of damage or inconvenience. Other design situations,
although less common, may require information about the complete flood
hydrograph. This would certainly be the case when the amount of storage
available forms part of the design. The requirements for the effective
planning of flood plain development or channel improvement works could
involve the estimation of complete hydrographs with realistic shapes owing
to the often complex relationships between discharge and overbank inundation
(Hughes, 1980). Reference to the probability of peak or volume exceedance
is then no longer adequate. Extending the probability statement to include
several aspects of a hydrograph in a multivariate distribution approach is
difficult although has been attempted in a limited way by Hiemstra and
Francis (1979). The alternative of defining the exceedance probability of
the event in terms of the important parameters of the causative rainstorm
(for example, depth, duration and intensity variations) and antecedent
conditions is also difficult to achieve (Hughes, 1986).

There are a large number of models with more complex structures than the
relatively simple ones referred to above. Many are quite capable of
simulating realistic hydrograph shapes resulting from complex temporal and
spatial variations in rainfall intensity. However, the concept of the
design event and associated probability statements have not been updated to
allow the inclusion of such additional information about the characteristics
of a flood. It is doubtful if it is mathematically possible to update the
concept in the manner suggested in the previous paragraph. That the concept
requires some form of updating and refinement cannot be in doubt,
neverthéless the most effective way still remains to be determined.
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2.2.2 Real time flood forecasting

A number of models have been designed to be used as flood forecasting models
(Green, 1979; Serban, 1976; Beven, et. al. 1984) while others have been
adapted for this use (Eyre and Crees, 1984). They are generally moisture
accounting models and continuous, using either constant time intervals or
reduced time intervals during potential floods. Some sophisticated
forecasting systems exist whereby rainfall forecasts, from radar
observations, are wused as input to a model which continuously updates
streamflow predictions (Green, 1979).. Within larger catchments, monitored
headwater rainfall inputs can be used to predict sub-catchment flows which
are then routed to predict the flood levels further downstream. Such
practices are only justified where the travel time of the flood wave is of
sufficient length to allow adequate warning downstream. Efficient and
accurate channel routing functions would form a major component of such
models.  Although channel routing methods are well developed, given certain
basic data, overbank flooding and its attenuating effects can be difficult
to model (James et al., 1981).

2.2.3 Land use change, sediment and chemical component models

These models have been grouped together as they are often perceived to
require more realistic modelling of the physical processes involved in
catchment hydrology (Beven and O'Connell, 1982; Roberts, 1983; Fleming,
1984; Hughes, 1985). With models designed to predict land use change
effects on flooding it is essential that the parameters or coefficients of
the model have at least quantifiable relationships with the physical
characteristics of catchments. In most cases it would also be necessary to
allow for spatial variation of parameter values over the catchment.  Except
in small catchments, it is unlikely that the whole area would be under one
. land use then change to another. A special case where changes in land use
would need to be accommodated, would be those areas experiencing
hydrologically significant seasonal differences in land use.

The need for models with a realistic representation of the physical system
(physically-based) where chemical or sediment production components are to
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be 1included, can be illustrated by a simple example. The hydrological
components of a model may simulate a greater proportion of overland flow in
relation to rapid subsurface flow than actually occurs. If the majority of
the chemical solution processes occur in the subsurface environment then the
model is unlikely to predict chemical quantities adequately.

Complex, spatially distributed, physically-based models are often difficult
to apply in many flood modelling situations. However, when the extra effort
involved 1in determining the parameter values of such models is rewarded by
greatly improved simulation results, then the use of such models is
warranted. Although no conclusive tests have been reported in the
literature, integrated simulation studies, requiring output of more than
just streamflows should be more successful if truly physicélly-based models
are used. Some further comments on the degree of model complexity will be
made in later sections.

2.3 Model complexity

Differentiating models on the basis of their complexity can be useful. To a
certain extent, it is a measure of the amount of input data required, or
number of parameters needing evaluation, before storms can be simulated.
However, while it is likely that models having a sound base in the physical
hydrology of catchments will be complex, the reverse is not necessarily so.
Complex models have a high number of "degrees of freedom", to borrow a
statistical term. This statement can be liberally interpreted to mean that
there is a lot of scope for errors to be made and for these errors to
compound and not necessarily cancel. Simple models can be easier calibrate
on individual events, but it is often not possible to find any physical
relevence for their parameter values. Consequently, such models may be
unreliable if applied to storms not included in the calibration data set.

This report identifies two aspects of model complexity which are discussed
separately below. The first 1is based upon the spatial complexity
accommodated in the model while the second addresses the complexity of the
way in which the hydrological processes in each spatial element (or linking
spatial elements) are treated.
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2.3.1 Degree of spatial distribution

There are three possible reasons for incorporating some degree of spatial
distribution into a model. The first is to allow for spatially variable
input variables, mainly precipitation (Beven and Hornberger, 1982; Corradini
and Singh, 1985; Schultz, 1985). The second is to allbw for spatial
variation in the hydrological response characteristics within catchments
(Peck et al., 1977; Clark, 1980; Beven, 1983; Rajendran and Mein, 1986)
The final reason could be related to the second and may be a direct
consequence of the type of approach -used in one or more components of the
model. For example, if a kinematic flow routing approach is to be used then
the model needs to be spatially distributed. It is not a simple task to
suggest which of the first two reasons is most important. This is largely
due to the fact that different dominant factors prevail in individual
regions, or catchments, or even during individual storm events. For any
storm occuring in a catchment it would be necessary to investigate whether
any variaton in runoff amount or pattern from sub-areas is a consequence of
variations in rainfall characteristics or runoff response characteristics or
both. In some circumstances, part of the answer is obvious. Convective
thunderstorms are known to have spatially variable intensity patterns even
over small areas (Schultz, 1985). Similarly, in catchments with diverse
physiographic or land use characteristics, spatial variation in hydrological
response can be expected. However, the complete answer is likely to be
elusive in many situations. |

Having decided that a distributed model is the most applicable approach to a
given problem, it 1is then necessary to provide the input and parameter
information at an adequate level of accuracy to justify the distributed
approach. In terms of rainfall input, this would mean a sufficient number
of gauging locations, or rainfall estimation points, to represent the degree
of heterogeneity in either intensity or total storm rainfall. With respect
to spatially variable parameter values it would first of all be necessary
for the relevent parameters to have at least some definable physical
relevance, quantifiable from measurable characteristics of the catchment.
Regression-type relationships, . suitably tested for the area of application,
may be adequate. - Directly measurable parameters in physical equations
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should be the optimum if the physical accuracy of the model structure is the
main criterion. However, it has to be remembered that in pfactice it is not
always possible to obtain measurements of certain hydrological
characteristics at a large number of locations within catchments. If the
point raised earlier about 'degrees of freedom' is also considered, then
complex, physically-based, distributed models lose much of their initial
attractiveness for solving practical problems.

The importance of measurement techniques and scale corresponding to model
structure and distribution scale has been emphasised by several authors
(Beven and 0'Connell, 1982; Dunne, 1983; Abbott et al., 1986). Loague and
Freeze (1985) maintain that the primary barrier to the application of
physically-based models lies in our inability to quantify the spatial
variability of rainfall and soil hydraulic properties at a satisfactory
scale.

There are many different approaches to sub-dividing the catchment area in
fully distributed models. Distribution schemes based directly upon
physiographic criteria have been used widely. Breaking the catchment down
into individual slope elements (Jayawardena and White, 1977, 1979), or
utilizing some aspect of the channel network (Lee and Delleur, 1976; Surkan,
1974) are common approaches. Indirect use of physiographic criteria have
also been wused by dividing catchment areas up into travel time elements
(Krzysztofowicz and Diskin, 1978; Watson, 1981). An alternative is to base
the network of sub-areas on a uniform grid pattern with an appropriate
spacing for the size of the catchment (Gupta and Soloman, 1977). A com-
promise between lumped and fully distributed models is the semi-distributed
approach where an essentially lumped model is applied to sub-catchments
within the total area (Mein et al., 1974). Clearly, a channel routing
component would be required to delay, attenuate and accumulate the runoff
from each sub-catchment. Having developed such a component to add to one
lumped model it is usually a simple matter to apply it to others.
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2.3.2 Model component complexity

The word 'complexity' has been used in this sub-heading although it does not
convey the real essence of the following discussion. The problem lies in
the confusion that can be caused by equating model complexity with the
‘model's ability to represent the 'real world' of hydrological response. A
model with a complex structure may be based upon false premises or applied
in an inappropriate way and therefore be no more representative of the
physical system than a relatively simple model. Different names have been
used to represent groups of models based upon their complexity or physical
reality. Roberts (1979), amongst others, used the black, grey, white box
scheme, which 1is useful as it correctly implies a continuum or spectrum of
increasing physical reality. An alternative is to refer to empirical,
conceptual and physical (or physically-based) models. However, this scheme
immediately raises semantic problems as any model that relies upon
calibration with observed data is an empirical model. In addition, many
models have sound physically-based components coupled with simple empirical
approximations as part of their structure. The following classification
scheme is presented to define more accurately how the authors of this report
perceive model distinctions.

a) Simple empirical models: This group consists of those models where
little or no attempt is made to relate the model components to
physical reality. They are essentially curve fitting methods. The
most likely approach for predicting storms not used for calibration
is through statistical relationships between model parameters and
storm or catchment characteristics. It is unlikely that parameters
will remain stable even within one catchment due to changing
hydrological response characteristics between storms that are not
accounted for in the model.

b) Conceptual models: Such models may also be fitted using empirical
calibration procedures. However, they can be distinguished from those
above by virtue of the fact that the structure of these models is based
upon conceptualisations of the processes active during flood events.
They may be viewed as an assemblage of empirical components, each
representing individual or groups of processes. Their success will be
partly dependent upon the accuracy of the model developer's perception
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of the physical system and the way in which this perception is
translated into the mathematical components of a model. Some of the
model components hay be strongly physically-based. This group represents
a wide range of modelling approaches, some being developed as generally
applicable models while others are intentionally restricted to certain
areas of application (i.e. urban, forested or agricultural catchments,
small catchments or humid regions). Models which have a sound
conceptual structure relative to their intended area of application,
may have a totally unsound structure if wused out of context. A
distributed model utilizing infiltration equations to determine excess
rainfall and a sound surface flow routing procedure (for example
kinematic flow routing) ~could be considered a realistic
conceptualisation for some areas. However, in catchments where
subsurface flow is an important process during some events the model is
no longer realistic. This does not mean that the model could not be
calibrated in such catchments. It merely suggests that the parameters
would not be evaluated correctly in terms of their original conceptual
meaning.

Physically-based models: James and Hawkins (1981) state that the
'ultimate surface water model would be comprehensive in its cover-age of
the physical factors influencing surface water movement and consequently
reliable in its quantitative estimation of stream-flow'. The authors of
this report would agree with the first part of the statement but
consider the second to be misleading. The reliability of such a model
would also depend to a great extent on the user's ability to supply the
model with the necessary data requirements (Beven, 1983). It is
difficult to conceive of a hydrological model that can be applied in
practice and that is formulated from a set of highly physical equations.
This is not necessarily so because our understanding of the movement of
moisture through and over natural materials is lacking. It is mainly
because the hydrological response system at a catchment scale is very
complex. In addition it is not possible to measure all the physical
characteristics of catchments (which vary temporally and spatially)
necessary to evaluate such physical equations. The best that can be
achieved is a model which has a sound conceptual structure with
parameters demonstrated to have quantifiable physical significance, and
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which is sufficiently sophisticated to account for the spatial and
temporal variation in hydrological processes. The point about the
difficulties of applying complex, physically-based, distributed models
has already been made in section 2.3.1 above and need not be repeated
here. It 1is sufficient to conclude that a great deal of effort is
involved if the parameters are to be evaluated correctly. If this
effort is by-passed by estimating parameter values using incompletely
substantiated assumptions, then the models can become a highly complex
conceptual model. Abbott et al. (1986), in presenting the first readily
available description of the SHE model, raise some very valid pdints
about the use of physically-based, distributed models. By utilizing a
physically-based structure and having an intimate knowledge of the
sensitivity of the model to parameter value variations, the level of
uncertainty associated with parameter estimation may be reduced. This
uncertainty may also be quantified by carrying out simulations wusing
parameters within a reasonable range of possible values. It is not
possible to quantify the uncertainty when there exists no understanding
of the physical significance of the parameters.

2.4 Approaches to modelling components

The previous sections have discussed several general aspects of the
different approaches to modelling flood events. Reference to individual
components of the hydrological response system has only been used to
illustrate generalised points. This section looks more specifically at the
different components of flood event models and the various ways in which
processes have been conceptualised and simplified for use in mathematical
models. Most flood event models can be reduced to three main components.

a) The estimation of the catchment moisture status prior to the start of
the storm event. ‘

b) A method or methods of converting gross rainfall into excess
rainfall or more exactly, that proportion of gross rainfall that
contributes to runoff. This will inevitably include procedures for
up-dating the levels of any storages used in the model.

c) The routing of runoff across and/or below the land surface and in the
network of channels to the catchment outlet.
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2.4.1 Antecedent conditions

The different approaches to the estimation of initial conditions has already
been partly discussed in section 2.1 Continuous models (with or without
variable time intervals) do not require a separate component for these
estimations as storages are updated continuously. Where data are available
and where the model and its sub-components are physically realistic with
respect to the catchment under consideration, such approaches should give
the best results. However, the estimation of soil moisture storage levels
is rarely tested using observed data and consequently it is often difficult
to assess whether these levels are being modelled accurately. Other
storages that can be included are interception and surface detention
storage. The effects of different initial levels of these on hydrological
response during floods is not well understood.

In 1isolated event models, estimates of initial moisture status have been
based on simple decay functions of some number of previous days' rainfall,
either modified or not for seasonal influences (Hughes, 1984). The level of
catchment outflow at the beginning of the storm has also been used. In the
UK, the Meteorological Office use moisture budgeting techniques to estimate
soil moisture deficiencies continuously on a regional basis and such values
have been used in several models (for example, Pirt and Bramley, 1985). The
authors are not aware of any distributed, isolated event models that make
use of distributed estimates of initial conditions. This could be a major
 drawback if it is assumed that antecedent conditions can play a major role
in determining the degree of hydrological response and that such conditions
could be spatially variable. Whatever method is used to estimate initial
conditions it must be compatible with the structure of the rest of the
model. The principle is particularly pertinent to the use of a short time
interval isolated event model coupled to a longer time interval water
balance model.
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2.4.2 Estimation of excess rainfall

The term ‘excess rainfall' 1s misleading and is a somewhat outmoded
expression. However, even in its literal sense it i1s‘still applicable to
many models 1n use today. It also remains a convenient term to refer to
that proportion of the gross rainfall that eventually contributes to
catchment outflow. The first point to consider 1s whether specific models
are designed to estimate total outflows or stormflows. If stormflows only
are modelled then no attempt 1s made to model the slower responding
paseflow. The underlying reason for neglecting this flow component would be
that it 1s considered negligible during the major part of a flood hydro-
graph. The difficulty is that some form of separation line between the flow
components must be assumed. A commonly used method is that of Hewlett and
Hibbert (1967) where stormflow begins when flow rises faster than a separa-
tion line of gradient 1,13mm day'1day'1 (5,47 x 10'4m3s.'1km'2.n'1).
Wnile this may be a useful generalisation it fails to account for the very
big differences that may occur bpetween catchments of different soils and
physiography. If total flows constitute model output, then some attempt has
to be made to estimate the amounts of baseflow occuring during the event.
This may be negligible when antecedent moisture levels are relatively low
and events shortlived.

Procedures used to estimate excess rainfall are difficult to group as they

really represent a continuous spectrum from simple through to complex, more

pnysically-pased, methods. However, 1in broad terms it is possible to
identify three loosely defined categories.

a) Simple methods utilize constant runoff ratios, (NERC, 1975) continuing
constant loss rates (Laurenson and Mein, 1985) or infiltration curves
(Singh and Buapeng, 1977). Some infiltration loss curves allow for
varianle losses during a storm and can be soundly based upon
observations of the process. They have been included in this group of
simple methods as they usually fail to account (either explicitly or
implicitly) for the role of subsurface flow processes. However, used 1n
a distributed model, (for example, the model of Huggins and Monke, 1966)
infiltration equations could form one component of a strongly
physically-based approach to excess rainfall determination. Models
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using constant ' runoff ratios or loss ratios can be modified to allow
some degree of temporally variable response. Laurenson and Mein (1985)
suggest that separate 'bursts' of rainfall within a storm could have
different response levels. However, it 1is not apparent how such
relative differences could be quantified.

Intermediate approaches include those attempts to vary runoff response
as the storm progresses as well as with changes in rainfall intensity.
More than one concept of runoff generation may be employed in the
estimation of rainfall excess. Examples of this group could include
several models that have attempted to use the variable source area
concepts of runoff generation in either an implicit or explicit way (Lee
and Delleur, 1976; Krzysztofowiéz and Diskin, 1877; Hughes, 1984; Pirt
and Bramley, 1985). One of the major problems with the first group (a)
is that the parameter values of the excess rainfall component will
inevitably change for different events even on the same catchment.
Consequently, for prediction (not calibration) purposes it would be
necessary to estimate. loss rates or runoff proportions from a
combination of catchment and storm characteristics. It is difficult
enough to quantitatively characterise individual storms, let alone
relate such measures to model parameters. Intermediate approaches often
represent an attempt to allow parameters to remain fixed for any given
catchment.

Physically-based equations of surface and subsurface flow processes
represent the highest 1level of the spectrum. The authors have no
experience of models which fit into this group and can be said to
represent  the hydrological response system of a wide range of
catchments. However, there are models which claim to be physically-
based with respect to a limited range of catchment response
characteristics (Beven and Kirkby, 1979). The SHE model (Abbott, et
al., 1986) may represent a major advance in this area of hydrological
modelling.
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2.4.3 Flow routing methods

Inevitably the approach to flow routing is closely allied to the other
components and structural elements of any model. Simple methods can include
linear (Bauer and Midgley, 1974; Ponce, 1979; Green, 1979; ) or non-linear
(Hughes and Murrell, 1986) storage-routing equations, instantaneous unit
hydrograph methods, or time-area diagrams (0'Donnell, 1966; Dooge, 1973;
Watson, 1981). They have been used in both lumped and semi-distributed
models. Usually, land surface (or subsurface) and tributary channel
routing are integrated in one estimation formula. Fully distributed, slope
element or grid models often have more complex and physically-based routing
approaches such as kinematic flow methods (Stephenson, 1980) or physical
hydraulic equations (Danish Hydraulic Institute, 1985).

2.4.4 General

One general observation that may be made is that a model that is expected to
have widespread applicability should have components that are compatible
with each other. For example, there seems little point in using a
physically-based routing method with a simple method for rainfall excess
determination. It is likely that the weakensses of the rainfall excess
method will have an effect on the routing parameters. Their values may then
need to be different to the 'physically realistic' ones in order to account
for poor estimation of the time distribution of rainfall excess. Model
components should also be compatible with the level of spatial distribution
used as well as the time interval used in the model. As these are not
independent of the response characteristics of individual catchments it is
difficult to make recommendations or define precise guidelines for model
development or model application. It appears that more investigations are
required to ascertain which approaches to flood event modelling will be most
successful in different circumstances.
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3. MODEL CALIBRATION, VERIFICATION AND TESTING

3.1 Calibration

Conventionally, the calibration of a deterministic model involves changing
the values of the parameter set until a satisfactory correspondence between
the simulated and observed data is achieved. The criteria chosen to
determine whether a satisfactory fit has been achieved can have an influence
on the final parameter values. The choice of fitting criteria has received
a great deal of attention in the modelling literature (Diskin and Simon,
1977; Sefe and Brougton, 1982; Gérgens, 1983; Sorooshian, 1983; Green and
Stephenson, 1986). The selection of criteria depends to a large extent on
the important characteristics of the data set relative to the specific aim
of the modelling study. In flood event modelling, the following hydrograph
characteristics can be considered to be important;
i) total volume of runoff;
ii) peak flow rate;
iii) timing of peak flow rate;
iv) time duration of rise to peak;
v) shape of recession curve.

It is often necessary to assess the degree of correspondence between
observed and simulated flows using several statistics (Gdrgens, 1983; Green
and Stephenson, 1980). The following measures should provide a satisfactory
assessment:

i) coefficient of efficiency (Aitken, 1973), E;

ii) coefficient of determination, D;

iii) percentage error in total runoff volume, %V;
iv) percentage error in peak discharge, %P;
v) time difference between observed and simulated peak, TP.

Both the coefficients of efficiency and determination could be calculated
using untransformed discharge values or using the natural logarithms of the
values. The logarithmic transformation removes the bias towards the high
values of runoff. Large differences between E and D is indicative of
systematic error which may also be illustrated by high percentage errors in
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both peak and volume. Low percentage errors in peak and volume, low values
of D and E and a large time difference between peak discharges is indicative
of a time shift of the whole hydrograph.

Models may be calibrated manually, by modifying one or more parameter value,
observing the effect on the fitting criteria and then repeating the
exercise. This can be time consuming and confusing when there is a high
degree of  interaction between parameters. The alternative is to use a
procedure whereby some or all of the parameters are evaluated using an
automatic optimising technique (Rosenbrock, 1960; Ibbit and O0'Donnell, 1971;
Gupta and Sorooshian, 1985). Only one objective function cén be used and it
may be necessary to carry out some manual adjustments afterwards to achieve
a better overall fit based on several criteria. Interaction between
parameters can cause complications and result in sub-optimum results being
produced. Similarly, beginning the optimisation with different starting
values can result in different final solutions. Whichever method of
calibration is used, a knowledge of the degree and patterns of interaction
between parameters as well as the sensitivity of the fitting criterion to
changes in parameter values is always useful. The definition of model
sensitivity to changes in parameter values and plotting of response surfaces
are essential if the uniqueness of a particular solution is to be assessed.
Where complex. interactions between different parameters occur it 1is not
always straightforward to define the full array of response patterns. In
addition, different individual events may have different model response
patterns depending upon the characteristics of the input rainfall data.

When testing some models, it may be expected that parameter values should
remain stable for all storms experienced on the same catchment. Two methods
of calibration could be adopted to investigate whether this expectation is
realistic. Individual storms may be calibrated separately and the stability
of the parameters assessed later. Alternatively all available storms could
be calibrated together as one data set but resetting the initial moisture
status at the beginning of each storm. The latter approach has certain
advantages particularly when it is possible to achieve similar fits with
different parameter sets. In the former approach the non-uniqueness of
results on individual storms could be confusing and lead to erroneous
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conclusions. It is important to note that a lack of uniqueness of solutions
is not necessarily a weakness of a model. If the model is conceptually
sound, with parameters that have some degree of physical interpretation then
only one solution may be 'correct'. Other solutions may produce similar
fits, but be achieved by setting certain parameter values at levels that do
not correspond to the parameters physical interpretation on a specific
catchment. Thus, in testing such models intuitive assumptions about the
physical interpretation of parameters may play a major role during a
calibration exercise. Only after a number of catchments, having different
hydrological characteristics, have been modelled can the validity of these
intuitive assumptions be assessed and perhaps modified.

Not all models can be expected to have stable parameter values for all
storms on the same catchment. Simple models wutilising constant loss
coefficients are an example. Variations in total rainfall amount, temporal
intensity patterns and antecedent conditions, amongst others, inevitably
lead to variations in the proportion of rainfall that becomes streamflow.
It is therefore not practical to calibrate a series of storms together.
Part of the overall assessment of the models' applicability or validity
would then include an investigation of the relationships between parameter
values and relevant storm characteristics. Without a knowledge of such
relationships and the way 'in which they vary between catchments it is
difficult to imagine how such models may be applied.

Calibration of semi-distributed models is an extremely difficult task unless
information about the differences in hydrological response between sub-areas
is known. In addition this information should be able to be interpreted in
terms of differences in parameter values. Without this  background
knowledge, changing the values of sub-area parameters to achieve improved
fits becomes a dangerous and time consuming exercise. It is evident that
the potential for reaching spurious conclusions 1is very high indeed.
Despite these disadvantages, semi-distributed approaches should be more
successful than lumped models when there 1is some degree of spatial
variability in the rainfall input data. Improvements over lumped modelling
approaches may be achieved simply by accounting for this spatial variability
even if most model parameters are kept constant for all sub-areas.
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In general terms, complete‘calibration of isolated event models involves
three stages. Firstly, it - is necessary to achieve a satisfactory
correspondence between observed and simulated discharges for individual
storm events. Secondly, it is necessary to establish if, and in what way,
parameter values vary between storm events on the same catchment. Finally,
before a model can be considered satisfactorily calibrated for the range of
catchments it is intended to represent, the way in which parameters vary
between catchments should be known. Admittedly, the latter represents an
extension of the conventional use of the term calibration. However, this
extension is warranted if deterministic model calibration is to be
considered more than just a curve fitting procedure.

3.2 Verification

There 1is often a degree of confusion between the use of the words
'verification' and 'validation' and they have been used in the literature to
mean the same thing. Sorooshian (1983) uses both terms to refer to a check
or test that calibrated parameter values can be wused to satisfactorily
simulate events not used for calibration. Stedinger and Taylor (1982),
referring to stochastic models, used the term 'validation' for this process
and ‘'verification' for ensuring that the computer coding of the model
represents the idealized model. Both terms refer to confirming the
soundness or truth of a result and therefore could be used interchangeably.
It therefore seems to be irrelevant which term is used as long as it is
followed by a description of what aspect of the model is being verified or
validated.

Verification of the computer model is necessary to ensure that moisture is
not lost or gained due to the incorrect operation of a particular function.
Solutions to functions should also be checked for stability within the range
of parameters or variables over which the model is intended to operate
(Hughes and Murrell, 1986). The remainder of this section discusses
different aspects of verifying that the model, operated with an identified
set of parameter values, can be satisfactorily applied to a specific
catchment.
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With reference to single event models, the first level of verification would
be a check that the model formulation is adequate to simulate a range of
storm responses. This stage is likely to occur concurrently with
calibration. If the model cannot adequately simulate the hydrographs of the
calibration data set, then there is little point in carrying out further
model tests on a particular catchment. Having <calibrated the model
successfully it 1is then necessary to evaluate the meaningfulness of the
resulting parameter values. If the model is a relatively sophisticated one
then the parameters may be expected to remain stable for a variety of
response characteristics from the same catchment. Thus verification will
involve running the model with a series of observed storms not included in
the calibration set and evaluating the simulation results. It is important
that the storms reserved for verifying the calibration parameter set
represent a relatively broad spectrum of the type of hydrological response
that the model is designgd to simulate. For models of the simpler, curve
fitting type, an intermediate stage is necessary. The parameters of these
models may be expected to vary with the characteristics of the storm
rainfall or antecedent conditions. It would therefore be necessary to
evaluate these relationships before any worthwhile verification could take
place. The parameters of strongly physically—based'models should be able
to be evaluated from field based measurements of soil, vegetation or
physiographic characteristics when these are available. Verification then
consists of testing whether such values produce adequate simulation results.

Regardless of the models complexity and the user's expectations, the
verification results may suggest further modification to the parameter
values. This implies further calibration to investigate whether a modified
parameter set can produce satisfactory results for all the available storm
data. This must be considered a legitimate step in model testing as it
makes use of the maximum amount of information available. However, the
implication 1is that if additional data became available the parameter set
may still vrequire changes. Thus, no conclusive result about the
representativeness of the model or the particular parameter set can be
achieved. Perhaps the main problem lies in determining whether the
available set of observed storm events is representative of the range of
response types that can be expected from a specific catchment. This will
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inevitably depend upon the climate and land use regimes of the catchment.
The problem is similar to determining the length of record that is adequate
to achieve a stable calibration of a continuous model (GOrgens, 1983).

The final level of verification relates to testing the transferability of
parameters to other catchments (Hughes, 1985). In this context ‘'other
catchments' also refers to the same catchment used for calibration, but
under a different land use regime. The general lack of success associated
with attempts at transferring parameters of rélatively simple models has
prompted many workers in this field to favour the use of physically-based
models (Bevan and O'Connell, 1982; Roberts, 1984). However, there are few
reports in the literature of physically-based models being tested over a
range of different catchments. Perhaps this is because a large amount of
fieldwork 1is necessary to evaluate the parameters of physically-based
distributed models. Such fieldwork 1is obviously difficult and time
consuming to undertake on a large scale.

3.3 Model testing

To summarise the points made in the previous two sections, model testing
includes the whole range of procedures used to decide whether a specific
model is efficient and hydrologically representative with respect to its
intended use.

Thorough testing should incorporate the following :
i) Evaluations of calibration efficiency;
ii) Evaluation of the stability of calibration results;
iii) Analysis of the sensitivity of model results to changes in para-
meter values as well as input data errors;
iv) Assessment of the range of hydrological response types that can be
satisfactorily modelled;

v) Assessment of the transferability of model parameters to other
situations (storms or catchments) not represented in the
calibration or development data sets;

vi) Testing of any hypothesized or perceived associations between model
parameters and physical catchment or storm characteristics.
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While there may be overlaps between the six points referred to above it is
apparent that a complete evaluation of a model's capabilities represents a
tremendous task. The amount of data required is difficult to determine and
might not be obtainable. It is hardly surprising that many model tests are
less than thorough and limited by available data, computer or manpower
resources. Most tests that have been reported contribute to an overall
understanding of what it 1is possible to achieve with deterministic
hydrological models. However, as more and more new models are designed the
amount of comparitive testing that is required grows rapidly.
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4. S-CURVE MODEL (OSE2)

4.1 Background

The model described in this section is an extended version of the implicit
source area model presented by Hughes (1983; 1984). The central concept of
the original model is that the proportion of rainfall that contributes to
streamflow varies throughout the storm in relation to the moisture status of
the catchment. This relationship was defined in the model wusing an
asymmetric S-curve described by a three parameter hyperbolic tangent (TANH)
function (Hughes, 1984). The runoff-ratio in any particular time interval is
calculated from the relative moisture status. The _runoff-ratio is
- interpreted as the proportion of the catchment area that functions as a
source area. All rain falling on this contributes to streamflow, while rain
over the remainder of the catchment contributes to an increasing relative
moisture level and an expanding source area. The initial moisture status at
the start of the storm was estimated from a decay function of the previous
20 days rainfall. Excess rainfall routing was achieved using a non-linear

storage-routing equation (Hughes and Murrell, 1986).

The original model was able to reproduce observed hydrograph shapes reason-
ably well after calibratién in both semi-arid and sub-humid test catchments.
However, the model parameters were found to vary quite considerably for
different storms on the same catchment (Hughes, 1983; 1984). This was
especially true for the semi-arid catchments which are characterised by
variable storm producing mechanisms (Hughes, 1983). Only if the model
parameters could be related to storm characteristics in some way could the
model be used to estimate hydrographs when observed data are unavailable (to
generate design hydrographs for example). An alternative is to develop the
model . further by identifying the conceptual weaknesses and incorporating
additional components where necessary to improve the model's flexibility.
The following sections discuss the way in which this model has been
developed.
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4.2 Conceptual weaknesses

One of the weaknesses of the original model is that intense rainfall at the
beginning of a storm with low antecedent moisture conditions generates
~insignificant amounts of runoff. This 1is inevitable when the model
formulation only implicitly incorporates one method of runoff generation and
operates as a lumped model. To extend the generality of the model it would
be necessary to conceptually incorporate other runoff generation processes
that have been identified as being important in a wide range of catchments.
Subsurface flow and infiltration-excess overland flow (Ward, 1985) are two
processes that could be added using relatively simple model formulations.

The model operates in regular time intervals defined by the user. A large
amount of rain falling in one time interval means that the differences
between the moisture status at the start and end of the interval can be
quite high. The original model used an iteration process 1o calculate
average moisture status within the interval. Conceptually, rain that does
not become runoff has to travel over or through the soils of the catchment
before contributing to the expansion of source areas. The original model
formulation does not allow for a variable amount of time for this to happen
in different catchments. The soil depth, drainage characteristics and
steepness of the slopes within different catchments must influence the rate
at which rain falling on valley tops and sides reach the valley bottom.

The conceptual structure of the model is based upon a lumped formulation.
However, a consideration of the spatial variability of both rainfall input
and catchment characteristics within some catchments suggests that lumped
models will not always perform adequately. Even when such characteristics
are relatively uniform there are some processes that are difficult to-
incorporate in a lumped model, yet may be important in certain catchments.
Semi-arid catchments with channels developed in alluvium may experience high
degrees of channel losses from streamflow generated in headwater areas.
Thus, not only is the amount of streamflow reduced, but the timing of the
overall response at the outlet may also be affected. While it is difficult
to 1imagine how this model could be developed into a fully distributed
version, the alternative of adopting a semi-distributed approach based upon
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lumped modelling of sub-catchments is feasible.  Such an approach has been
used by Mein et al. (1974) and involves the addition of components to route
streamflow along the channels connecting nodal points within sub-catchments.

A further potential weakness in the model lies in the simplified approach to
the estimation of antecedent moisture status. To improve this part of the
model would probably involve the addition of a coarse time interval moisture
balance model which would be operated over a specified period prior to an
event. Such models are available (for example the ACRU model of Schulze,
1984) but its parameter values would also need to be estimated (by
calibration or other methods) for any specific catchment. Consequehtly,
this acknowledged weakness of the model has not been attended to at this
stage of the model development.

4.3 Conceptual structure of the developed model

The model can be divided into three major components; antecedent moisture
status estimation, runoff generation estimation and runoff routing
components. The model can be operated in either lumped or semi-distributed
mode. The essential difference lies in the fact that the sub-catchment
version allows for separate modelling of runoff generation from different
areas and the use of a different routing function. Figure 4.1 illustrates
the structure of the model.

4.3.1 Antecedent moisture

A decay function of the form :

n
AP =S DR, .ApF]
i=1

where DR; = rainfall total i days before the event, is used to calculate an
antecedent precipitation index (API) from n days of rainfall prior to the
event and a model parameter APF (£1,0). The number of days and the
parameter APF can be varied between events to allow for seasonal effects.
API then becomes the estimate of the initial moisture status of the
catchment.
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4.3.2 Runoff generation

Runoff may be generated in any time interval by one or both of two methods.
The first is dependent upon the intensity of the rainfall input, whilst the
second on  the intensity as well as the moisture status of the catchment.
Both use a hyperbolic tangent function to estimate a runoff proportion value
which is then multiplied by rainfall to produce the runoff amount. The
intensity controlled runoff uses a symmetric S-curve function with intensity
(mm. hr'1) as a fraction of some maximum value (dependent on the time
interval used in modelling) as the abscisa (figure 4.1a). The proportion of
the catchment contributing through this mechanism at the maximum intensity
is a model parameter (IAF). Conceptually, this element of runoff is viewed
as originating from relatively impervious areas close to the channel. It
may be thought of as infiltration-excess runoff away from saturated source
areas but from zones close to channels such that re-infiltration of surface
flow does not occur.
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Figure 4.2 S-Curve relationships used in the S-Curve model
a) intensity controlled runoff, b) implicit variable source area runoff.
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The moisture status of the catchment (RAT) is defined relative to some
maximum value (SMAX). SMAX is conceived as the moisture level (mm) at which
the complete catchment (or sub-catchment) is contributing directly to runoff
(runoff proportion = 1,0). Thus the runoff proportion (ROP) at any time
interval 1is defined by the relative moisture status and the shape of the
assymmetrical S-curve function. As in the earlier model (Hughes, 1984) this
function is constructed from two TANH functions having a common point at
(DA,C). DA and C are model parameters and their influence on the S-curve
shape is illustrated in figure 4.1b. As before, the runoff proportion (ROP)
multiplied by the rainfall amount provides the unrouted runoff depth in one
time interval. At high moisture levels there is a possibility that the
runoff from this equation and the infiltration excess function add up to
greater than unity. The model checks for this and adjusts accordingly.

The rainfall proportion that does not contribute to runoff is added to a
store, having an infinite maximum value and which starts at zero level for
convenience. In each interval a proportion of this conceptual slope storage
drains into the conceptual variable source area (VSA) store and increments
the moisture status of the catchment. Clearly, this gives rise to higher
runoff proportions during later intervals. To account for slow subsurface
drainage from the VSA store, a proportion of its absolute amount drains out
per interval. For zero rainfall periods during the event, the balance
between the drainage from the slope storage (into the VSA store) and the VSA
storage determines whether the source area expands or contracts. The amount
draining from the two storages are constant proportions of their levels
(%. hr'1) and defined by two model parameters (PCSLP and PCVSA). Drainage
from the VSA is perceived as being able to flow into the channel or into
deeper groundwater. While the former is likely to contribute to streamflow
during the event, the latter is not. There is little information on which
to base a quantitative differentation of these two components. For
convenience, and to avoid adding further parameters, a fraction equal to the
relative moisture status of the catchment is considered to flow into the
channel during the event. The remainder is not accounted for during the
storm duration.

Runoff can thus be generated by three separate components of the model. Two
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of them are considered to be relatively rapid flow elements, one determined
by the rainfall intensity and one by the moisture status of the conceptual
variable source area. The third element is the relatively slow drainage
from the VSA store to the channel. '

4.3.3 Runoff routing

Runoff routing is divided up into two components referred to as the 'land’
and 'channel' phases. The land phase routing is the same for both lumped
and semi-distributed model versions but for the channel phase different
modelling approaches are used. The land phase routing makes use of a non-
linear storage-routing relationship of the type S=KQN, where K and N are
model parameters. This equation is combined with the continuity equation
dS/dt=I-Q and the solution achieved using the method developed by Hughes and
Murrell (1986). In the lumped model this routing component represents the
attenuation effects of flow over and below the surface as well as in minor
tributaries. In the semi-distributed model, the routed flow is conceived to
represent the outflow from a nodal point at the sub-catchment centre. The
relatively rapid flow from the VSA and the intensity controlled runoff are
combined and routed using parameters K and N.  The slower flow component is
routed using a higher value of K. This is determined by dividing K by the
fractional loss from the VSA store per time interval and the moisture
storage ratio. This is an arbitrary scaling factor but avoids incorporating
additional parameters.

In the lumped model channel routing is carried out by means of a time-area
triangle with an initial delay. Each unit of output from the non-linear
land phase routing component is first of all delayed (parameter DEL) and
then spread forward in time using an isosceles triangle with variable base
length. The base length is calculated from a non-linear function of the
output from the land phase routing (in mm.hr"1). An inverse power function
of the form TA = A.Q'B is used, where TA is the base length in hours, Q is
discharge. in mm.hr'1 and A,B are parameters. As the discharge decreases,
the triangle becomes more elongated, implying slower routing. As B
increases, the triangle shape becomes relatively more variable .
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After initial test results on a semi-arid catchment it was considered
desirable to try and include a simple formulation to account for channel
losses. The effects that were necessary to achieve were less runoff at low
moisture levels than were being modelled, and a more rapid response of the
remaining runoff. The latter effect is logical as the majority of the
channel losses weré considered to be occurring in the upstream reaches.
Consequently, only the Ilower reaches with shorter travel times would be
contributing. The effects can be achieved by reducing the runoff volume and
the base of the time area triangle by a calculated amount. As this amount
is likely to depend upon the moisture status of the catchment it has been
made a function of this in the following equation:

CLOSS = 1/(RAT*ROP)CLP . ,
where RAT is the relative moisture status (< 1,0), ROP the runoff
proportion, CLP is a model parameter and CLOSS is the percentage runoff lost
to the channel and the percentage decrease in the base length of the time
area triangle. If CLP is greater than unity then losses vary at a lower
rate than the moisture status and vice versa. To maintain a water balance,
the amount of runoff absorbed by the channel is added to the VSA store to
increment the moisture status of the catchment. In the semi-distributed
form of the model it is merely necessary to reduce the output from each sub-
éatchment (by CLOSS percent) and route the remainder in the manner described
below.

Semi-distributed routing 1is achieved by routing sub-catchment outflow
through a conceptual channel reservoir to the next downstream sub-catchment
node. The downstream sub-catchment outflow is added and then routed further
downstream. Where the configuration of sub-catchments is such that more
than one group of sequentially linked sub-areas exist then allowance is made
for storing hydrograph elements and combining them at a confluence. The
routing formulae used is the same as in the land phase but with different
parameters. Land phase K is replaced with KC and N with a fixed value of
0,7. A further small difference exists in that the routing input for the -
land phase is the excess rainfall intensity during a specific time
interval. For channel routing this becomes the average of the upstream
inflows plus sub-catchment outflow (land routed excess rainfall) at the
beginning and end of the time interval. As the non-linear routing function
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employed only incorporates attenuation, a further group of parameters is
necessary to define the delays for each sub-catchment (CDEL).

4.3.4 Summary of parameters

The complete parameter set is given in table 4.1, which also lists the
alphanumeric symbols and the parameters relevance to either the lumped or
semi-distributed form of the model. Used as a lumped model, 13 parameters
are involved. One is used in the antecedent moisture estimation component,
six in the conversion of rainfall to runoff depths and six in the routing
procedure.

Table 4.1 Summary of parameters used in the developed S-curve model

Description Symbol Lumped or Semi-
distributed
1. Catchment routing constant K Both
2. Catchment routing power N Both
3. Channel delay time (hr) CDEL S.D.
4. Channel routing constant KC S.D.
5. Catchment delay time (hr) . DEL L
6. Time area base constant (hr) A L
7. Time area relation power B L
8. Maximum soil moisture level (mm) SMAX Both
9. Ordinate S-curve parameter DA Both
10. Abscisa S-curve parameter C Both
11. Percent flow from slope to
VSA store (%.hr1) PCSLP Both
12. Percent flow from VSA store (%hr'1) PCVSA Both
13. Impervious area factor IAF Both
14. Antecedent precipitation factor APF Both
15. Channel losses power CLP Both

If the semi-distributed format is to be used then 12 parameters are involved
and values must be assigned to these for each sub-catchment. If it is
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assumed that the runoff characteristics of the sub-areas can be considered
uniform then only parameters 3 and 4 and 15 need to be estimated for
separate areas. These are the only parameters that logically must be
different. In the computer program the model accepts single values for each
of the 12 parameters plus a matrix of sub-area factors, expanding the
parameter space to 12 * number of sub-areas. This is a useful method of
coding as 1t allows one or more parameters to be changed easily without
changing the relative values for each sub-area. Equally, it allows one sub-
area parameter to be changed without the others.

The model is not i1ntended to represent a physically-based approach in the
normally used sense. Consequently, few if any of the parameters can be
evaluated directly from field measurements. However, the model has been
designed such that the parameters should have relevance to some aspect of
the physical response system of catchments. The likely physical association
of the model parameters is discussed in the following section. An attempt
is also made to identify those catchment characteristics that may be most
important to consider when estimating parameter values. The value of such
an approach can only be tested after a thorough-assessment of the model on a
range of different catchments.

4.4 Physical relevance of parameters and perceived association with catch-
ment characteristics.

This model is designed to be a compromise between strongly physically-based
approaches and simpler curve fitting methods. It has never been intended
that the parameters should be measurable in the field. However, the model
has been designed to include‘the major elements of runoff generation in some
conceptual way. The intention was to build an adequate conceptualisation
such that a variety of different storm responses on a single catchment could
be represented by one set of parameter values. Thus, parameter values
should not vary for different storms on the same catchment. There is
inevitably a high degree of 1interaction between the parameters of this
model. If wused in semi-distributed format, there are a large number of
possible parameter value permutations that could produce a similar
hydrograph response to a single storm. Not all such permutations would



-37-
produce a satisfactory response to another storm. Consequently, the
calibration exercise largely consists of finding a unique permutation that
is suitable for a wide range of storms. This can be an extremely difficult
exercise and would be almost impossible without some kind of guidelines for
setting 1initial parameter values and their relative level on different sub-
catchments. This section of the report seeks to identify the physical
relevance of the parameters with respect to catchment characteristics. At
this stage these associations are of a qualitative nature. Part of the
model testing procedure will be to confirm or reject such associations.
Only when a range of catchments have been calibrated successfully will it be
possible to investigate whether the qualitative associations could be
extended into quantitative relationships. This may be considered to be the
ultimate goal with respect to testing the usefulness of this particular
model.

The antecedent precipitation factor (APF - parameter 14) determines the
extent to which an amount of rainfall input, a number of days prior to the
storm, has an effect upon the initial moisture status of the catchment. This
is in turn dependent upon the proportion of that rainfall that drains out of
the catchment and the amount that is lost due to evapotranspiration. = There
are a number of physical associations including soil drainage properties,
land use and vegetation and topography. However, there are also climate
factors and meteorological influences prevailing at the time of the rainfall
input. It becomes apparent that there are no simple associations for this
parameter and it must be recognised that this is a weak compdnent of the
model. The advantages and disadvantages of more complex approaches to the
determination of initial catchment moisture status were discussed in section
2.4.1 of this report.

The impervious area factor (IAF - 13) determines how much runoff occurs in
relation to rainfall intensity regardless of the moisture status of the
catchment. It should be related to the area of the catchment close to
channels that have low infiltration capacities. The inclusion of such a
component is considered justified by the observed response of some catch-
ments to intense rain falling on a dry catchment.
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Parameters 11 and 12 (PCSLP and PCVSA) should be related to slope and
valley bottom drainage characteristics. PCSLP determines how rapidly rain
falling on the slopes drains to and increments a conceptual source area.
This may be rapid on steep slopes with thin soils or with well drained upper
soil horizons overlaying a relatively impervious layer. Lower values of
PCSLP should occur if the valley slopes are gentler despite higher
subsurface permeabilities. The length of slopes and hence the drainage
density should also be important. PCVSA determines the rate at which
moisture is removed from the source area due to drainage into the channél as
well as deeper drainage. Consequently, the permeability and drainage
characteristics of the valley bottom soils and the sub-stratum will be
relevant to the value of this parameter.

Strictly, parameter SMAX (8) represents the amount of moisture in storage at
the moment when the whole catchment is saturated. Consequently it should be
evaluated as the moisture holding capacity of the catchment (or sub-area).
The two parameters DA and C (9 and 10) define the relationship between
moisture levels below SMAX and the proportion of the catchment that is
saturated at the surface. The S-curve relationship is designed to represent
" the complex spatial interaction between the topography, and soil water
retention capacity of the catchment or sub-area. Various authors have
addressed the problem of defining source areas either by direct measurement
(Kirkby et. al., 1976) or by estimation (Beven and Kirkby, 1979; 0'Loughlin,
1986). It remains to be seen whether the progressive increase in the models
conceptual source area is realistic and whether the form of its relationship
with relative catchment moisture status can be estimated.

The catchment routing parameters, K and N (1 and 2) represent the
attenuation effects of routing the so-called impervious area and variable
source area runoff elements to the main channel system. It has been found
by other authors who have used the Same form of non-linear routing equation
that it is better to hold N constant at some value between 0.6 and 0.8 (Mein
et al., 1974). K should be related to the predominant mode of flow by which
water collects in the stream channels. If this is overland flow then length
of flow slope and surface roughness should also affect the value of K. If
it is mainly saturated sub-surface flow then K may be higher (slower
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response) and affected by the lateral drainage characteristics of the soils
and sub-stratun. If there exists a high degree of spatial variation in the
rate of runoff response then it seems unlikely that a lumped approach will
prove adequate even for individual storms.

The time area diagram used in the lumped version of the model has three
parameters (DEL, A and B, - parameters 5 to 7). DEL merely represents the
time delay before a significant response to any amount of vrainfall is
experienced at the catchment outlet. It is difficult to propose a physical
association for this parameter as at least some response may be expected
immediately, if only from rain falling on the channel surfaces close to the
outlet. Hence, delay values are usually expected to be small and the
parameter is of less importance than A and B which define the length of the
symmetrical time area triangle for a given value of runoff in mm. heel, B
determines the extent to which this relationship is non-linear, lower values
of B suggesting more similar triangles for all ranges of flows. The time
area triangle should be related to the spatial pattern of the channel
network and the channel slope variations within this network. Elongated
catchment shapes are expected to have longer triangles than rounded shapes
given similar areas and slopes. Higher slopes in channels more distant from
the outlet may be expected to indicate shorter triangles. <Channel roughness
and flow resistance effects may also be important but subsidiary to the
other factors already mentioned. Sub-catchment channel routing is
controlled by two parameters for each sub-area. CDEL (3) represents the
delay before a sub-area begins to contribute to flow at the catchment
outlet, while KC represents the attenuation effects of routing the output
from the node of one sub-area along the channel to the next. Channel
length, dimensions, slope and flow resistance effects are expected to
determine the relative values of both these parameters. Problems are likely
to arise if strong attenuation effects result from overbank flows within a
specific reach above certain flow thresholds. No account of floodplain
inundation effects is allowed for in this model.

The final parameter CLP (15) determines the amount of flow that 1is lost
through absorption by the channel and its banks. This parameter also
affects the 1length of the time area triangle in the lumped model version.
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The percentage of flow lost to the channel is determined by a power function’
of the size of the source area and relative moisture status. Channel

losses should be related to the permeability of the bed and banks of the

channel as well as the spatial positioning of the source area. If channels

are developed on permeable materials (alluvium or permeable rock strata) and

local groundwater levels are below the channel bed, then channel losses may

be relatively high. As source areas can be predominantly surface features

it is possible to have a saturated surface adjacent to a channel which has a

capacity to absorb water through its bed. This may be a shortlived

situation as vertical drainage from the upper soil horizons (and lateral

drainage from higher slope areas) begins to reduce the lower zone moisture

capacity. During short duration, high intensity events on dry catchments,

channel losses may be high enough to absorb most of the runoff generated in

upstream areas. It is possible that channel losses are the main reason why

few flow events are recorded in some semi-arid areas despite thin soils and

high intensity rainfall. Alternatively, channel losses may be insignificant

or non-existent in catchments experiencing perennial streamflow. In such

cases CLP would be set to a very low value.

It can be seen that it is easier to suggest associations with catchment
characteristics for some parameters than others. The eventual usefulness of
the model depends, to a certain degree, on the extent to which these
associations can be confirmed after calibration and verification exercises
have been performed on a number of catchments. It also depends upon whether
the parameters to which the model is most sensitive have the highest levels
of physical relevance. There is little point in determining quantitative
relationships between relatively insensitive parameters and physical
catchment characteristics if this is not possible for those parameters that
affect runoff response the most.
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5. SIMPLE ANTECEDENT MOISTURE MODEL (OSE1)

5.1 Background

The model described in this section is an extended version of the Isolated
Event Model (IEM4), discussed in Eyre and Crees (1984), Mandeville (1983)
and the Flood Studies Report (1975). The original IEM4 model wused an
exponential relationship between 1initial soil moisture deficit at the
beginning of a storm and the proportion of gross rainfall that contributes
to storm runoff. In OSE1 the exponential relationship is replaced by an
assymmetrical S-curve function of the same type used in the S-curve model
(OSE2) described in chapter 4 of this report. The model uses an antecedent
moisture procedure determined by Hughes (1984), but unlike the S-curve model
it applies a constant runoff proportion (ROP) throughout a storm event. A
constant ROP has been retained for the purposes of comparing the performance
of OSE1 with the Augmented Hydrograph model, which is described later in
this report. The two models have similar major cdmponents but their order
of operation is different (figure 6.3).

IEM4 has been widely tested (Mandeville,1983) and applied in the United
Kingdom, not only for flood estimation (its orginal goal) but also for flood
forecasting purposes (Eyre and Crees,1984). IEM4 has not been tested on
ungauged catchments and it will be necessary to establish whether model
parameters can be related to storm and or catchment characteristics in some
way .

5.2 Conceptual structure of the model

As with the more complex S-curve model, OSE1 has three basic components;
antecedent moisture status estimation, volume reduction and shape
transformation and the model has been designed to run in lumped or semi-
distributed format (figure 5.1). The method of estimating antecedent
moisture status is to that used in the S-curve model and described in
section 4.3.1.
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Figure 5.1 Structure of the simple antecedent moisture model (OSE1)
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Table 5.1 Summary of parameters used in model OSE1

Description Symbol Lumped/semi -
distributed

1. Catchment routing constant K Both
2. Catchment routing power N Both
3. Channel delay time (hr) CDEL S.D
4. Channel routing constant KC S.D
5. Catchment delay time (hr) DEL L

6. Time area base constant (hr) : A L

7. Time area relation power B L

8. Maximum soil moisture level (mm) SMAX _ Both
9. Ordinate s-curve parameter DA Both
10. Abscisa S-curve parameter C Both

-—
-—

. not applicable to OSE1

12. not applicable.to OSE1
13. not applicable to OSE1
14. Antecedent precipitation factor APF Both
15. Initial losses IL Both

The volume reduction component of the model begins with an estimation of
initial losses (IL). Initial losses are first satisfied by the antecedent
rainfall total for the two days prior to the storm event. Any remaining
losses must then be satisfied by the rainfall in the early part of the
storm. All remaining rainfall amounts are reduced by a fixed proportion
(ROP) which is defined by the relative antecedent moisture status and the
shape of the S-curve. This method of volume reduction is thus similar to
the S-curve model, except that only one runoff proportion is calculated and
remains fixed for the rainfall inputs at all time intervals. The moisture
status (RAT) is defined relative to a maximum value (SMAX) when ROP is equal
to 1,0 and the S-curve shape is fixed by parameters DA and C (table 5.1).
The runoff routing or shape transformation components are identical to those
described in section 4.3.3 except that the channel losses modification has
not been included. OSE1 has fewer parameters than the S-curve model (10 for
lumped and 9 for semi-distributed modelling) but where the parameters are
shared between the two models they have the same basic meaning.
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5.3 Physical relevance of parameters and perceived association with
catchment characteristics

In a manner similar to the S-curve model (see section 4.4) this section
attempts to identify the physical relevance of the model parameters with
catchment and/or storm characteristics. The modelling of a wide range of
catchments will be necessary to confirm or reject these associations and
thus establish the usefulness of this particular model as a design tool.

Initial losses (IL-parameter 15) gives an indication of the amount of total
rainfall which will not contribute to storm runoff. A wide range of factors
are expected to be associated with initial losses and include the
following:-

a) The catchment antecedent moisture status, that is the ‘'wetter' the
catchment prior to an event, the lower the expected initial losses and
vice versa. b) Topographical (depressions causing ponding), soil
characteristics (infiltration rate), and vegetation (interception) are
also expected to influence initial losses.

¢) Loss of storm runoff due to channel losses, for example the
infiltration of channel flow into an alluvial bed could result in
significant losses.

d) Initial losses are also expected to be related to storm
characteristics, in particular the amount, intensity and duration of an
event.

It 1is apparent that there are no simple associations for this parameter as
all of the above factors are likely to effect initial losses to varying
degrees. It is likely that certain factors may be more dominant in
different catchment types. In the semi-arid situation it is expected that
the variability 1in initial losses will be greater than in the sub-humid
situation which are thought generally to have more stable antecedent
moisture conditions.

The expected physical relevance of parameter 14 (APF) and the parameters
determining the ROP (parameters 8, 9 and 10 - SMAX, C and DA) are similar
to those proposed in section 4.4 of the S-curve model. The catchment
routing parameters, K and N (1 and 2) represent the 'land' phase routing of
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runoff to the main channel system and have similar expected physical
associations as those described in section 4.4. The channel routing phase
of the lumped version of the model is controlled by the time-area diagram
which has 3 parameters (DEL, A and B, - parameters 5, 6 and 7). The
parameters should be related to topographical elements of the channel
system, such as the channel network pattern and channel slope variations
within the catchment. The shape of the catchment is also expected to effect
the shape of the time-area diagram (see section 4.4). The expected physical
association of the sub-catchment routing parameters (CDEL and KC - 3 and 4)
are identical to those described in section 4.4 of the S-curve model.
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6. AUGMENTED HYDROGRAPH MODEL (OSE3)

6.1 Background

The model described in this section is a modified version of the Augmented
Hydrograph model presented in Mandeville (1983). The central concept of the
orginal model was developed by Mandeville while working on isolated event
modelling at the Institute of Hydrology, Wallingford, and represents a novel
approach to modelling the rainfall-runoff process. In conceptual modelling
the usual procedure is to seperate the rainfall-runoff process into two
major components, which are independent of each other (Tennesse Valley
Authority, 1965; Rajendran and Mein, 1986; Murray and Gdrgens, 1981). The

first step, traditionally, 1is to estimate volume reduction (figure 6.1),
that is the transformation of rainfall into storm runoff (often referred to
as net or excess rainfall). This step generally includes the catchment
antecedent moisture status estimation. The volume vreduction procedure
produces a an excess rainfall hyetograph, which is then applied to the shape
transformation component which routes the excess rainfall across and or
beneath the land surface and along the channel network to produce delayed
and attenuated streamflow at the outlet.

VOLUME REDUCTION SHAPE TRANSFORMATION
F' R

NON-LINEAR TIME AREA
RESERVOIR DIAGRAM

FLOW
HYDROGRAPH

RUNOFF
RATIO

GROSS
RAINFALL

Y

Figure 6.1 Traditional order of model coﬁponents (from Mandeville,1983)
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The Isolated Event Model (IEM4), referred to in chapter 5 is a traditional
rainfall-runoff model. Analysis of this model by Mandeville (1983) revealed
that the major components were not independent of each other. He therefore
proposed a new form of model in which the major components are the same as
the IEM4, but their order is changed (figure 6.2). In the new model the
parameters of the shape transformation component do not depend in any way on
the volume reduction component.

SHAPE TRANSFORMATION VOLUME REDUCTION

FLOW
HYDROGRAPH

l

|

I
NON-LINEAR TIME AREA [| RuNOFF
RESERVOIR DIAGRAM || RaTio
|
I
l

GROSS

Y

RAINFALL

— — —— e c0 Y o e —— — — o—— —

Figure 6.2 Augmented hydrograph model : component order (from Mandeville,
1983)

In the Augmented Hydrograph model, the gross rainfall hyetograph is applied
as 1input to the shape transformation component, the output is a hydrograph
with the same volume as that under the gross rainfall hyetograph, but a
different shape (Figure 6.3). This intermediate hydrograph is termed the
augmented hydrograph. The augmented hydrograph is then applied as input to
the volume reduction component of the model to produce the flow hydrograph.
The augmented hydrograph has the same shape as the flow hydrograph but a
larger volume.
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The advantages of this approach include:-

a) By reversing the order of the two subsystems, so that the non-linear
reservoir precedes the runoff ratio, the large variations in the size of
the non-linear reservoir obtained when fitting the IEM4 model will be
reduced (Mandeville, 1983). The new model contains the non-linear
reservoir which is fixed for all events followed by the application of a
variable runoff ratio appropriate to any one event.

b) The new model has the advantage, if it works, of being able to check
routing parameters against shape and then reducing the volume to fit the
output hydrograph. '

c) There 1is no seperation of runoff into stormflow and baseflow; another
determination which is difficult to physically measure..

The model proposed by Mandeville is based mainly on the results from a
detailed study of one catchment and while preliminary tests are promising
(Mandeville, 1983) the model hypothesis has not been widely tested and
applied. For the model to be of value as a hydrological tool it will be
necessary to establish whether model parameters can be related to storm
characteristics in some way. Only if this were successful could the model
be wused to estimate hydrographs in the ungauged or design situation. It
might be necessary therefore to develop the model futher without changing
its basic structure. This can be done by identifying conceptual weaknesses
within the model and incorporating additional components where necessary to
improve the models flexibility.

6.2 Conceptual structure of the developed model

The form of the Augmented Hydrograph that is being tested can be divided up
into three major components. Initial losses are first removed from the input
rainfall, the remainder is then routed, then reduced to equal the runoff
volume. As with the models discussed in the previous chapters, the model
has been designed to run in lumped and semi-distributed format. On the basis
of some preliminary model runs on events from different catchments, the
initial losses component was added to account for antecedent rainfall
immediately prior to the event. The initial losses component operates the
same way as in model OSE1 and has one parameter (IL, table 6.1).
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Figure 6.3 Comparison between component responses of OSE1 and augmented
hydrograph models (from Mandeville, 1983)
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The shape transformation or runoff routing component involves applying the
rainfall hyetograph (minus initial losses) to the routing subsystems to give
output as a hydrograph with the same volume as the rainfall input but with a
different shape. Runoff routing is divided into two subsystems referred to
as the 'land' and 'channel' phases in a similar way to that described in
section 4.3.3 for model OSE2. The 'land' phase routing makes use of the
non-linear storage-routing relationship S=KQN. In the lumped version, the
'channel' phase routing, uses an isosceles triangle defined by the
parameters A, B and DEL (table 6.1). The semi-distributed 'channel' phase
routing uses the storage-routing equation to attenuate sub-catchment flows
as they pass through downstream sub-areas.

The intermediate hydrograph produced by the routing subsystems is applied as
input to the volume reduction component of the model, in which each of its
individual ordinates is reduced by multiplying by the runoff ratio (ROP) to
give the flow hydrograph as output. The initial value of ROP is estimated
as follows (Mandeville, 1983):-

Rop = Observed runoff volume
observed gross raintfall volume (minus initial losses)

The complete parameter set is given in table 6.1, which also lists the
alphanumeric symbols and the parameters relevance to either the lumped or
semi-distributed form of the model. In the lumped format, 7 parameters are
involved. One 1is wused to estimate initial losses, five in the shape
transformation procedure to produce the intermediate hydrograph and one
to effect volume reduction and produce the output hydrograph. If the semi-
distributed format is used then 6 parameters are involved and values must be
assigned to these for each sub-catchment. If it is assumed that the runoff
characteristics of the sub-areas can be considered uniform then only
parameters 1 and 2 need to be separately calculated for individual sub-
areas.
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Table 6.1 Summary of parameters used in the Augmented Hydrograph Model

Description Symbol Lumped/semi-distributed
1. Channel delay time (hr) CDEL S.D.

2. Channel routing constant KC S.D.

3. Runoff Coefficeent ROP both

4. Catchment routing power N both

5. Catchment delay time (hr) DEL L

6. Time area base constant (hr) A L

7. Time area relation power - B L

8. Catchment routing constant K both

9. Initial losses (mm) IL } both

6.3 Physical relevance of parameters and perceived association with catchment

characteristics.

Ideally the parameters of a simulation model should be determined
objectively and should be closely related to measurable physical catchment
characteristics. Differences in parameter values may then be examined in
light of physical changes on a catchment or changes in catchment
characteristics from one catchment to another (Dickenson and Douglas, 1972).

The expected physical relevance of the initial losses parameter and the
shape transformation or routing parameters of this model are identical to
those discussed in section 4.3 and 3.3. This section of the report will
concentrate on the perceived physical relevance of the volume reduction
parameter (ROP - parameter 3). According to Mandeville (1983), by changing
the order of the major components of the model, so that runoff routing
precedes the volume reduction component, the parameters of the two
components should be independent of each other. Therefore the routing
parameters should remain constant between events on the same catchment and
should not be influenced by the volume reduction parameter (ROP). . The
routing parameters are expected to be related to topographical catchment
characteristics such as slope, slope length, drainage pattern etc, which do
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not change. It is expected that the volume of runoff (ROP) will be related
to storm characteristics and the catchment antecedent moisture status,
(which do change between events), as well as soil characteristics (more
stable). Rainfall characteristics such as rainfall volume, duration and
intensity are expected to influence the runoff proportion. Soil
characteristics such as depth of soil, permeability and organic content are
expected to influence the volume of runoff. For example, if a long
duration, low intensity event occurs on a ‘'wet' catchment which has deep,
permeable soils, the ROP is likely to be fairly high. For the same event on
a ‘'dry' catchment the volume of runoff is expected to be lower because a
larger proportion of the rainfall will be required to satisfy the catchment
moisture status before runoff can occur. Likewise, 1if the same event
occurred on catchments with similar antecedent moisture conditions but with
different soil characteristics the proportion of runoff is expected to be
different. For example, the runoff response of shallow, impermeable soils
to rainfall is expected to different to the response of deep, permeable
soils.
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7. RUNOFF-ROUTING MODEL (RORB) (OSE4)

The basic conceptual structure of the rainfall-runoff routing model
developed at Monash University, Department of Civil Engineering has been
described by Mein et al. (1974). The relatively brief description given in
this section is drawn from the User Manual supplied with the computer
program by Monash University (Laurenson and Mein, 1985). RORB version 3 is
a general rainfall-runoff and streamflow routing model that can take into
account amongst others, the effects of retarding basins, storage reservoirs,
lakes or flood plain storages. The model program is run interactively from
a terminal and operates in different modes depending upon whether the user
wishes to FIT the model to observed data; TEST a parameter set or calculate
DESIGN hydrographs. The model is arealy distributed and the authors of the
manual claim that it is applicable to both urban and rural catchments. The
description provided below concentrates on the rainfall-runoff modelling
components of the model. For those readers who require more information
about the complete range of options that are available reference should be
made to the User Manual (Laurenson and Mein, 1985).

7.1 Distribution system and routing method

RORB is a semi-distributed model that operates on a sub-catchment basis by
defining nodes to represent the sub-area inflow points or junctions of sub-
areas. Between nodes are placed conceptual storages through which sub-area
inflows.plus upstream flow is routed to the next node downstream. Several
types of inflow to, and outflow from the channel network are possible. Sub-
area inflow represents the input of excess rainfall from a specific sub-
catchment and it is assumed to enter the network at a point close to the
sub-area centroid. Concentrated channel inflow allows for the input of
streamflow from a source (off-channel storage, tributary or diversion) not

- being modelled. Distributed inflow can be included over a specified number

of reaches and can be used to represent lateral inflow of base flow for
example. Concentrated outflow may be required if a diversion channel or
effluent stream forms part of the system being modelled. Finally, the
reverse of distributed inflow is also possible to represent lateral outflow
or channel loss processes} '
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The model is conceptually an overland flow model and the storage effects of
minor channels and overland flow are included in the storage effects of the
major channels. Unlike the other models discussed, the land surface and
channel routing components are lumped together. However, the model can be
adapted to consider these two storages separately. Usually the storage
parameters of each reach are assumed to be related to the properties of the
reach and not the sub-area. Streamflow routing is based upon a storage-
discharge relation of type S = 3600 k.Q". Where k is the product of two
parameters k. and k.. k. is a parameter applicable to the complete

o r o
catchment whereas kr is applicable to.individual reach storages. k.. values

are calculated in the program from input data of channel reach leng{hs and
type of channel (natural, lined or drowned by a reservoir). The assumption
is made that délay time is proportional to flow distance. ' However, if this
assumption is considered inadequate then a user may substitute other values
to- represent delay times in place of reach 1lengths. The User Manual
(Laurenson and Mein, 1985) suggest that the variable L/ SC (L = reach
length; Sc = reach slope) may be more appropriate when catchments have
extreme slope variations. kC is a parameter of the model when operating in
calibration mode and Laurenson and Mein (1985) offer suggestions for
estimating its value. The power m of the storage-discharge equation is also
a parameter but has found to be of subsidiary influence to k and a value of

0,8 is recommended.

The program allows a user to specify where observed streamflow data are to
be ~used to compare with simulated flows. This feature can be very useful
where streamflow gauging networks are nested. The model then only needs to
be run once to allow comparison of results with observed data to be effected
at several points within the total catchment.

7.2 Modelling of excess rainfall

RORB is an isolated event model that does not account for
evapotranspiration, soil moisture or groundwater redistribution. The latter
can only be accounted for through independently determined component inputs
to the model. The calculation of rainfall excess is based upon two
alternative loss models. In both models an initial loss is assumed and must
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be satisfied before any rainfall excess can occur. In the first model
option the initial loss is followed by a constant runoff coefficient; that
is the proportion of rainfall that becomes runoff ramains constant. The
second model assumes that the initial loss is followed by a constant,
continuing loss rate. Only rainfall inputs higher than this rate can
contribute to streamflow.

Variability of losses between sub-areas can be accommodated through a sub-
area input parameter referred to as the fraction imperviousness. If the
fraction imperviousness is set to anything but zero then the values input
for -initial loss, runoff coefficient or loss rate are applicable to the most
pervious area. The loss parameters for each sub-area are calculated in the
model in the following way :
IL; + (1-F;) IL

perv
if ILperv > Sub-area rainfall then ILperv = sub-area rainfall
C; = FiCimp + (1"Fi)cperv for Cperv & Cimp
Ci = Cimp for Coepy > Cimp
CLi = (1'F1)CLperv
where IL = initial losses

C = runoff coefficient
CL = continuing loss rate
F = fraction imperviousness
i = sub-catchment subscript

imp = impervious subscript

perv = pervious or most pervious subscript

The parameters subscripted perv are those input (ILperv)
- the program (Cperv or CLperv)' Cimp is set by the program to a value of
0,9. In FIT and TEST runs the constant runoff coefficient or loss rate is
determined by an iterative procedure in the model to ensure that the correct
volume of runoff is predicted. If more than one set of observed streamflow
data are input to the program, then separate loss parameters are calculated

for the areas upstream of or between gauging points.

or calculated by
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7.3 Input of rainfall data

A number of separate rainfall profiles may be input to the program. Any one
of such profiles may then be assigned to each sub-area of the distribution
system. The total amount of storm rainfall for each sub-area is also input.
Two or more sub-areas may therefore experience the same time distribution of
rainfall but different total rainfall depths.

The model makes allowance for total rainfall amount to be entered as a
series of separate bursts defined by their start and finishing times.
Different loss parameters can then be calculated for different bursts. The
streamflow is then assumed to occur in separate "rises" associated with each
burst and the proportions of the total streamflow corresponding to each
'rise' must be input. Loss parameters are then calculated from the amounts
of rainfall and the proportional amount of resulting streamflow from each
burst. This 1is clearly quite restrictive as it assumes that the user has
some knowledge of the relative runoff responses of the different bursts.
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8. TEST CATCHMENTS AND AVAILABLE DATA

8.1 Catchment Description

For this preliminary report on the evaluations of the four models two
different catchment areas have been used. Both represent nested gauging
situations such that observed flow data are available at more than just the
total catchment outlet. One of the catchments (Ecca) is situated in the
semi-arid eastern Cape Province of South Africa while the other (North
Danville) is in the temperate, northeastern American state of Vermont.

8.1.1 Ecca catchments

This set of five nested research catchments (fig. 8.1) were established in
1974 by the Hydrological Research Unit of Rhodes University and funded by
the Water Research Commission. Unfortunately, the two smaller sub-
catchments have not produced flow data of an acceptable quality due to
inadequacies in the design of the flow gauging structures. Both Roberts
(1978) and Gorgens (1983) provide descriptions of the physical
characteristics of the area and consequently only summary information is
given in this report. Figure 8.1 shows the boundaries of the gauged
catchments and the positions of the 10 autographic raingauges established in
1975. The gauge indicated as BP0O1 was removed in 1981 and relocated at
position CPO1. In 1983 a further five continuously recording raingauges
were established in a small area close to the position of BPO1.

The values given in table 8.1 illustrate the semi-arid nature of the climate
with relatively low rainfall amounts and high potential evapotranspiration
losses. The area experiences two different rainfall producing mechanisms.
Long duration storms with relatively low intensities are caused by large-
scale frontal or advection systems. These storms have’produced the highest
flows in the catchment during the period of gauging. Spatial variation in
rainfall amounts during such storms is usually quite low but indicates an
orographic effect with higher rainfalls being observed on the southern and
eastern borders of the catchment. Although this type of storm is more
common during the winter months they have also occurred in summer. However,
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the main storm type in summer is caused by convectional or convergence
uplift resulting in short duration and often high intensity thunderstorms.
During convectional thunderstorms the rainfall amounts and intensities can
be spatially highly variable. Characteristically, the valley bottoms
receive most rain during these storms. The distinct differences between the
two types of rainfall event will inevitably be reflected in the
characteristics of the resulting runoff response. These catchments should
therefore provide a fairly rigorous test of the calibration capabilities of
the models.

Table 8.1 Ecca catchments : physical details .

- Mean annual rainfall (MAP) 487 mm
Standard deviation of annual rainfalls 99 mm
Mean annual number of raindays 101 days
Mean annual free water surface evaporation 1364 mm

QaM20 QamM21 Q9M24

Area (Km?) 73,1 9,1 23,1
slopes (%area) _ ,
less than 20% 69 52 79
20 - 40% 19 29 13
more than 40% 12 19 8
Geology (% area)
shales 49 70 55
others 51 30 45
Vegetation density (% area) ground and canopy cover
Dense 18 15 31
Medium 42 45 34

Sparse 40 40 35
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The catchment is underlain by interbedded shales and sandstones dipping at
approximately 40°N in the south and almost horizontally bedded in the north.
Part of the southern catchment boundary consists of harder formations of
quartzite and tillite. Figure 8.1 illustrates the drainage pattern of the
area with two dominant channel directions. One follows the strike of the
rock formations and the other occurs at right angles to this in highly
dissected valleys. Figure 8.2 (taken from Roberts, 1978) shows the
distribution of slopes within the catchment. The most noticeable
characteristics are the flat headwater areas and main valley bottom
separated by very steep slopes in.the central parts' of most tributary
catchments. Soil depth is quite strongly related to slope, being thin and
stoney on the steep slopes as well as some hilltops. Alluvial and colluvial
deposits are unevenly spread throughout the valley bottoms; and where they
exist, associated soils can be up to 2m deep. In some tributaries there is
evidence that deeper soils occur on slopes where the geological dip is
parallel to the slope. However, this does not appear to be consistant
throughout the catchment. Vegetation consists of succulent to sub-succulent
bush with a variable density (table 8.1). Ground cover was identified by
Roberts (1978) as being relatively sparse over large parts of the catchment.
Observations over a number of years have suggested that ground cover is
temporaly variable depending upon the previous history of rainfall. During
prolonged dry periods ground cover may disappear from large parts of the
catchment only to reappear at the end of such a drought. This change
appears to constitute the major temporal variation in the vegetation cover
rather than any differences related to seasonal influences.

Figure 8.3 shows the way in which the catchment has been divided up into 12
sub-areas for sub-catchment modelling. Sub-catchment modes and conceptual
storages for routing modelled flows through the channel network are also
indicated. Where relevant, sub-area outlets correspond to gauging locations
(Q9M21 and Q9M24) within the total catchment area.
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8.1.2 North Danville Catchments.

The North Danville catchments are situated in Caledonia County, Vermont
State in the northeastern USA. They form part of the Connecticut River
basin and cover a total area of 111,6km* (figure 8.4 and table 8.2). The
information on their physical characteristics and the single event storm
data has been drawn from various miscellaneous publications of the United
States Department of Agriculture, Agricultural Research Service. (UDSA,
1960 to 1973). These volumes were kindly loaned to the HRU at Rhodes
University by Professor R.E.Schulze of the Department of Agriculturaf
Engineering, Natal University, Pietermaritzburg. |

Within the largest catchment (ND5) there exist a further 10 streamflow
gauging points of which 3 (ND1, ND3 and ND4) have been used in this study.
There are 28 recording raingauges within the area but the records for only a
few of these are printed in the publications (USDA, 1960 to 1973). Records
suggest that five months of the year experience sub-zero temperatures and
there appears to be a spring snowmelt period in April and May. Surface
drainage is in well defined perennial channels.

The catchment 1is underlain by calcareous schists and cal-silicate rocks
interbedded with quartz-mica schists and micaeous quartzite. Overlaying
these formations is an impervious glacial till or boulder clay which ranges
in depth from 0 to 27m. Soils vary from rocky, fine sandy loams with rapid
permeabilities to silty loams with moderate to slow permeabilities (table
8.2). Soil depths to the substratum varies from 0,3m to 0,8m. While no
soil distribution maps are included in the publications used (USDA, 1960-
1973) there is little variation in soil characteristics, between the gauged
catchments. The steepest slopes are on the western catchment boundary and
in the northeastern part of ND4 (figure 8.3) where the channels appear to be
slightly more incised. The area is predominantly covered by hardwood forest
with some softwoods. Similar proportions of the catchment are under
cultivation and pasture (table 8.2) while buildings and roads occupy only
about 1% of the area.
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Figure 8.4 shows the boundaries for the 18 sub-areas that the complete
catchment has been divided up into for the purposes of sub-area modelling.
As with the Ecca, sub-area outlets correspond where necessary to the gauged
sub-catchments (ND1, ND3 and ND4) within ND5. Within ND1 there are 6 sub-
areas and 7 within ND4. ND3 constitutes a sub-area on its own.

Table 8.2 North Danville : physical details
Mean annual precipitation (MAP) 1000mm

ND5 ND1 ' ND3 ND4
Area (km®) 111,6 42,9 8,4 43,5
Slopes (% area) ' )

0-15% 64 74 66 -
15-25% , 23 17 22 -
more than 25% 13 9 - 12 -
Average soil depth (m)

Top soil 0,2 0,2 0,2 -
Depth to substratum 0,6 0,6 0,6 -
Soil permeabilities (% area)

Rapid ’ 44 33 36 -
Moderate 53 65 63 -
Slow 3 2 1 T -
Land Use (% area)

Forest 67 64 67 -
Cultivated 17 17 1" -
Pasture 13 15 19 : -
Other 3 4 3 -

8.2 Storm data

The storm data for all the catchments modelled are summarised in the tables
at the end of this chapter (tables 8.3 to 8.9). Each table is divided into
three components. The first summarises the characteristics of the storm
rainfall and the antecedent rainfall. The second lists the volumes,
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discharges and timing of total streamflows while the third concentrates
on the streamflows above a separation line of 1,13mm. day -1 day -1
(5,47 x 1073.s."%m.2n."", Hewlett and Hibbert, 1967). Each table
component includes the storm number and the date and time of the beginning
of the storms. - The catchment name, code, area and data time interval are
given at the top of each table.

The tables illustrate that there is é great variéty in the amount of
rainfall data available for the different storms. The number of rain
profiles given in the tables represent the number of separate rainfall time
distributions that were used for modelling and do not necessarily reflect
the total amount of information available. Total storm rainfall at
additional gauge sites has also been used to determine weighting factors for
individual sub-areas. For all the storms the maximum amount of information
available has been used to decide the weighting factor and profile to use
for any sub-area. For some storms there is relatively little information
and it 1is essential to consider this during the interpretation of the
results. Isohyetal diagrams of storm total rainfall have been wused to
obtain estimates of sub-area storm totals. Sub-area weighting factors can
then be calculated using the ratio of these estimates to the storm total at
the gauge selected to describe the time distribution.

8.2.1 Ecca catchments.

15 events were extracted from the breakpoint data files for the period 1976
to 1986 and vary between short duration, high intensity convectional storms
to long duration, low intensity storms. A wide range of antecedent moisture
conditions are also represented by the 15 events. The number of rainfall
profiles available for each is different due to variations in the number of
gauges that operated successfully at the time. Each profile represents a
weighted average of the group of possible gauges most relevant to one or '
more of the sub-areas. Although not apparent from tables 8.3 to 8.5, the
degree of spatial variation in rainfall amounts is different for some
storms. Storms 6 to 8 represent relatively uniform rainfall examples while
the low total rainfall amount on storm 2 is partly due to the fact that 5 of
the sub-areas experienced no rainfall for this event.
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The discharge components of tables 8.3 to 8.5 suggest that the resulting
flow events range from very small and short duration hydrographs (peaks
1,0m’s‘1) to the largest events recorded. During many of the smaller events
no flow was recorded at Q9M24 and consequentiy the data set for this area is
made up of only the five large events in 1979 and 1985. The overall runoff
coefficients (total storm runoff/total storm rainfall) vary from more than
0,33 to less than 0,01. It is apparent that this data set represents a wide
range of storm types both in terms of the type of rainstorm and the
antecedent conditions. Many of the events are very small and would
certainlyAnot warrent being referred to as floods. However, they have been
included as the amount of data on 'real floods' is extremely limited for
this semi-arid catchment. It is possible that their inclusion will indicate
deficiencies in certain components of the models being tested.

8.2.2 North Danville Catchments

Between 9 and 15 storm events are tabulated in the USDA publications for
1960 to 1973 for the four streamflow gauges used in the North Danville
Catchments.  The amount of rainfall data available for each storm is highly
variable. For some storms the data consist of profiles for several gauges,
plus totals for additional gauges and isohyetal maps of the total storm
rainfall. However, for the majority of storms, autographic records. for
gauges 1 and 10 or 16 and 22 (figure 8.4) only are available. For the
storms prior to 1965, totals for some other gauges are given (USDA, 1960 to
1973) and these have been used to estimate weighting factors for sub-area
rainfall input. The lack of more rainfall data is bound to have an effect
on the interpretation of the modelling results, particularly where the
spatial variation in input rainfall is high. The available records do
indicate that this variation is important for some events, with gauge totals
varying quite considerably (Gauge 1 = 35,0mm, 10 = 17,7mm for storm 11 on
ND1 for example). It has been necessary to place greater emphasis during
interpretation of the results on those storms with more complete rainfall
input information.
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As with the Ecca the available storms seem to represent a reasonably wide
variation of rainfall input type as well as streamflow response and
antecedent conditions type. It is difficult to suggest whether the range of
storm types is representative of all storms experienced on these catchments
as the full record is not available to the authors. There are two aspects
of the flow regime of this area that the data set certainly does not
represent. These are precipitation events during winter on frozen
catchments and spring snowmelt events. None of the models being tested have
components to represent these processes and therefore the exclusions are
justified.



-69-
SUMMARY _TABLES (8.3 to 8.9) OF STORM DATA FOR :

‘Ecca - Q9M20, Q9M21, QIM24
North Danville - ND1, ND3, ND4, ND5

Explanatory notes :

a) The rainfall duration includes zero rain periods within the rainstorm.
b) The 30 day API is calculated from the following equation :

30

AP =S DRi,o,gi
i=1

where DR, = rainfall total i days before the event.

c) The rainfall totals and intensities are derived from catchment averages.

d) For multipeaked events the rising limb refers to flows before the
highest peak.

e) In some cases storms with erroneous data have been included in the
tables and are clearly marked with aline through the data.



-70-
Table 8.3 Summary of storm data : Ecca, Q9M20

()
wh

SURMARY OF STORM DATA FOR ECCA AT B9K20 CATCHMENT AFE& (S8,rM)  73.94 DATA TIKE INTERVAL (HES)
SUMNARY TABLE DF RAINFALL DETAILS

ST0PM  DATE  START NO.OF RAIN  TOTAL  DURATION MAX,INT. MNJINT. GUARTILE RAIN OVER DURATION (CUMI) 30 DAY AFI

TIFE  PEOFILES  RAIN(MN)  (HRS)  (MM/HR) (NN/HR) 1 2 3 4 (FACTOR=0.9)

1 28, 2,77 15.00 8 24,61 1375 14,65 1.79 99,50 91.95  99.77 100,00 45,45
2 b 377 10,00 10 .05 4,50 16,65 1.7 15,35 29.1% 90,50 100,00 48.52
3 70577 400 10 45.53 20,23 28,13 2.2 29.13 5,20 70,81 100,00 16,46
£ 19, 4,78 13.00 ! 44,87 28,50 8.02 1.83 19,26 29,83 79.29 100,00 10,53
5 21, 4.78 5,00 10 35.50 18.25 15,29 1.95 B0.25 - 98.81 9E.81 100,00 43.59
& 20, 7.79 2.00 10 164.85 9,50 20,70 3.33 13.27  37.18 78,13 100,00 1.30
7 23.7.79 22,00 g 29.07 26,75 5.8 1,09 57,71 9404 99.24 100.00 100,43
B 19, 8.79 20.00 10 113.91 £6.50 8.22 1.7 40,10  BI.1% 83,37 100.0C 16,59
9 26, 3.81 B.00 8 23,45 12,50 b.t4 1.88 . 27.24 B7.12 99.39 100.00 31.97
10 22,10.81 13.00 10 48.13 12,50 32,06 3.83 b3.06 82,72 99,33 100.00 8,21
11 23.12,81 14,00 10 35.22 1500 b0.11 21 35,89 37.42  99.8% 100.00 .86
12 211,85 7.00 5 50,80 28,00 1.6 1.B1 64,83 BL.71 97,73 100.00 60.23
13 25.11.85 19.00 b 85,04 38.25 12,93 L7 76,82 99,63 99.92 100,00 12,46
14 112,80 1600 10 24,16 2475 30.48 .98 87.05  99.20 99,31 100.00 44.37
15 312,85 8.00 5 30. 66

26,50 1L 1.1 63,06 85.26 94,42 100,00 49,712
SUMMARY TAELE DF TOTAL FLOWS
STORM  DATE  START  FLDW DEPTH {mh) FLOW VOLUME INITIAL FINAL PEAK TIME 7D

TINE RISING FALLING TOTAL {M33#1000) FLOW FLOW FLD  PEAX
Li¥e  LIrB {ng3/5) (Me3/5)  (Meld/S)  (HRE)

128, 2771500 .1 3% A 1A (21 516 1,066 &.00
2 b6 377 10,00 0 56 L Bb 4B.83 D04 AT 3.227 400
I O7.577 400 100 37 47 WY 001 14 1,158  20.00
4 19. 4,78 13,00 .03 .05 .09 .75 L0000 248 L4110 2050
S22 478 600 21 1019 L9 103,07 053 .B%9 2,586 5,25
6 20,0 7.7 2,00 16,79 11,54 28,33 2094.63 L0000 2,269 31,582 49.25
7 23, 0,79 22,00 3,48 6,72 10,40 749.10 1,630 2,987 12,238 14,50
8 19, 8.79 20.00 12,49 3I.13 45.82 3187.7% 039 3,507 15,478 34,75
9 26 3.8 B.OO .04 L0% .13 9.12 L0200 L300 L350 B.00
10 22,10.88 13,00 .22 .28 1,00 74,06 000 L8636 1,923 5.5
11 23.12,81 14,00 05 .05 .10 7.56 000 .778 87 10,75

12 2,11.85 7,00 3.65 11,24 14.89 1100,92 1180 2.930 15,342 12,28
I O25.10.85 19,00 .91 11,38 1..L 908,67 L0040 1781 15,172 5.7%
14 112,85 16,00 .37 1,88 2,25 166,00 2299 123 5.979 5

15 3.12.85 8.00 7.5 5.98 13.55 1001.5%  1.810 3.342 7,007 26,50

LJ'
o n

SUMMARY TARLE OF STORM FLOWS (SEP,LINE=1,13MM/DAY/DAY)

STOEM  DATE  START  FLOW DEPTH (MM)  FLOW VOLUNE PEAK TIME 1D TINME TO  DURATION OF
TINE RISING FALLING TOTAL (Mg2#1000) FLOW  PEAX  STORMFLDY STORMFLOM

LIXB  LIME {Mg3/S) (HRS) START(HR)  (HRS)
128, 277 15,00 .09 17 .28 20.81 927 3.00 3.00 2.2
2 b 370000 100 L4 51 37,55 3476 L0 3.00 11.73
I 070577 400 07 15 .22 1b.bd 983 2,75 1.25 359
4019, 478 13,00 L0203 05 3.44 L2870 2.Z5 0 18,50 5.50
3 21,478 6.0C LI1B T4 .92 47.49 L..9b 3.25 2,00 20,25
6 20, 7.79 2,00 16,12 9.02 25.14 1ESB.BI 30,537 26,00 23.25 56,73
7 023.0.79 22,00 2,40 .92 632 467,42 10,141 12,50 2.00 34.75
8 19, B.79 20.00 13,86 26.37 3B.23 2825.48 4,524 26,25 £.50 83.25
9 26. .81 800 02,04 0B 4,39 L4150 2,50 5,00 £.73
10 22,10.8) 32,00 .21 520 .73 SA 1,772 3,50 2,00 16,00
11 23.12.81 14,00 04,02 L0 8,40 487 173 9.00 4,00
12 201183 7.00 2,73 7.91 10,63 7Bh.17 13.564 10.30 1.75 19.25
13 20.11.B5 19,00 .89  9.46 10,36 745,73 15,005 1,50 2,25 43,50
14 112,85 16,00 .28 1,07 1,34 99.2% 5,921 400 1,25 23.2%
15 3.12.85 8.00 2.B5 4,89 1,79 5123 4,911 1450 W20 49.50
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Table 8.4 Summary of storm data : Ecca, Q9M21

SUNMARY OF STORM DATA FOR ECCA B

SUMMARY TABLE OF RAINFALL DETAILS

STORM

M~ o~ N B Ld R

-0

10
1
12
13
14

]
i

DATE

”
il

27
b, 3.7
1. 5.7

4.7
4.7

>
Cd = N Y L4 P

START ND.OF RAIN
PROFILES K

TINE
15,00
10.00
4,00
13.00
6,00
2,00
22,00
20,00
8,00
13,00
14,00
7,00
19.00
14,00
8.00

1

e e e s e b e b b a b e b

SUKMARY TABLE OF TOTAL FLOWS

STORM

-
— O 0D~ O LR A Y )

DATE

28, .77
6. LM
7,577

19, 4.78

21, 4,78

20. .79

2,118

19, 8.79

rJ

(]
[P N T I X o]
— s e b
DRI s e RO
m oo o oy o
W oL e

START

15,00
10,00
4.00
13.00
6,00
2,00
22.00
20,00
8.00
13,00
14,00
7.00
19.60
16,00
8,00

AT B9n21 CATCHMENT AREA (SG.KM)

TOTAL
ATR M)
29.82
15.91
49.48
5.1
e
157.47
28.83
108.83
24,61
59.30
3.4
58.35
75,9
9.3
30.75

FLOW DEPTH (MM)
TINE RISING FALLING TOTAL

LInB
.08
.2
W35
W00

14.18

3.43

13,65
.09
00
.1b

4,54
.01
.10
.99

LiMB
32
.20

1.58
.01
.92

15.22

B.22

21.76
2
.01
A7

11.82

1.27
.17

9.63

40
41
1.94
.01
1.21
29.40
11,65
35.41
.29
0t
.33
16.36
1.2
.27
10,53

DURATION
(HES)

5,50
4,25
18.75
24,25
11,25
48.00
26.75
66.25
12,90

10,00
11,00
26.00
38.25
4.2
2t.50

FLOW VOLUME
(Mg 3¢1000)

J.b8
174
17.L2
12
10.97
267.56
105.97

322,26

2,87
07
3.02
148,86
11,67
2,48
96.70

9.10

MAX.INT. MN,INT. BUARTILE

PM/HR)  IMM/HR)
40,56 5.42
40,20 34
32.00 2,84
10.04 1.88
25.48 2.2
20,55 3.28

7.00 1.08
8.04 1.64
8.32 1.97
49.22 3.93
34.80 3.02
5.64 2.24
42,24 1.98
.28 2,20
14,32 1.16
INITIAL FINAL
FLCW FLOW
{(mg3/S) (Me3/8)
000 238
D00 107
L0000 G117
L0000 L 000
000 - ,082
L0000 L300
.27 3B
J007 439
L0010 .04
L0020 L0
L0000 047
039,285
089,059
(58,087
209 L399

SUMMARY TABLE OF STORM FLDWS (SEF.LINE=1.313NM/DAY/DAY)

STORN

D O ) O~ LN e L rD e

=3

e he s e e e

L S

DATE  START  FLOW DEPTH (MM}
TINE RISING FALLING TOTAL
LiME  LInB

28, 2,77 15.00 .01 Q20 .02
6, 3.77 10,00 .19 .1 3
70577 400 32 110 1,82
19. 478 13,00 12 00 W72
21, 4,78 6,00 2B .85 .93
200 7,79 2,00 13.59 12.22 25.8¢
23, 7.79 22,00 2,48 470 7,17
19, 8,79 20,00 6,56 21,12 27,48
26, 381 8,00 .07 .1t .18
22,10.81 13.00 .00 .00 (00
23.12.81 1400 19,12 .31
2,11.85 7.0 4,21 B.90 13,10
25.11.85 19,00 00 .00 00
1.12,85 16,00 02 .05 07
2,85 800 .50 5,03 5.5

FLOW VOLUNME
(Mg 3#1000)

—

e e R 300 O A KD
[~ ol = BN T~ - B N I . S X ]
D = O LN e LO P e =

) ]
[0 ]

—

<4 D rI es LN D LI
P R R N L B ]

O LN RY = e LR O~ O

[ I S B K BN |

20,20
42,06
40,94
SN
86.04
§2.0%
13,76

PEAK
FLOW
(hgd/8)
811
1,158
1.213
003
433
4,621
1,809
2,501
JB7
002
458
1,733
. 089
129
LS

PEAX TINME 70 TINE T0

FLOW
{R¢3/5)
089
1,045
1,173
270
419
4,500
582
2,329
162
000
418
1,437
000
082

902

PEAK
{HRS)
.00

[X)

-

(%) ro
N sw L = D D~ o LA OO e b e~

.o
R B o B N R A R e T R e e ™ ]
D oen DS D DLt L Lh D S L

©
< >

START {HR)
4,25
3.00

€.

—
—

LX)

3

— —_— [ R R
[ B St I B i B R R O e i |
ML DS LN © oM O N o e

DATA TIXE INTERVAL (KRS)

EAIN OVER DURATION (CUMY)

2
52.89
.17
51.84
39.66
98.58
33,68
92.47
78.94
88.93
17,93

2,54
79.54
99.83
93.73

92,20

TIRE TO
PEAK
(HRS)
3,00

—
~3 o 4

LA = A )

ot e
o~ [0 < Chon
- A = RS N )
S e o o

(%
-~

-y
«wl

3
91.85
98.53
78.17
Bl.05
98.56

7.30
98.92
Bb. 68
99.39
B2.48
97.92
97.24
99.54
98.40
94,68

DURATION OF
CTORNMFLOW ETORMFLOW

(4RS)
1,00
2,00
23,00
26,00
16,25
80,00
36,00
§5.25
10,75
12,75
10,5
50,00
51,25

c nt
Ry

12.5%0

4
100,00
100,00
100,00
100,00
100,00
100,00
100,00
100,00
100.00
100,00
100,00
100,00
100,00
100,00
100,00

W25

30 DAY API

{FACTOR=0.9)
46,45
48,92
16,46
10,53
43,59
1.30
100.43
16.59
51.97
8.2
5.86
60.23
12,66
LE Y
49.72
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Table 8.5 Summary of storm data

SuxMARY OF STORM DATA FOR ECCA

SUMMARY TABLE OF RAINFALL DETAILS

STDRM

[ P N

4T G9In24  CATCHMENT AREA {50.XM)

DATE  START ND.DF RAIN  TDTAL
TIME  PROFILES ~RAIN(EM)

20, 7.79 2,00 ! 168,82
23, 7,79 22,00 1 3,35
19, 8.79 20.0¢ 1 119,867
2.11.85 7.00 ! 50,81
25,11,85 19.00 1 40.17

SUMMARY TABLE DF TDTAL FLOWS

STORM

[T, VS SN Ry

SUKMARY TARLE OF STORM FLOWS (SEP,LINE=1.1IMM/DAY/DAY)

STORN

U e L hY e

DATE  START

20. 7,79 2.00
23. 7.79 22,00
19, 8.79 20.00
2.11,85 7.00
25.11.85 19.00

FLOW DEPTH (MN)
TIME RISING FALLING TOTAL

LIxB

8.37
o33
.29
38
05

e O pY

LINB
B.&7
5,95
18.28
4,07
05

17,04
B.48
24,57
7.4b
10

DATE  5TART  FLOW DEPTH (MM}
TINE RISING FALLING TOTAL
LIMNE  LINB

20, 7.79 2,00 8.07 6.8 14.94
23, 7,79 22,00 1,87 3.58  G5.4S
19. B.79 20,00 5,85 11.96 17,41
2,11,8% 7,00 2.4 2,57 541
25.11.85 15,00 05 .03 .08

(HRS)
48.00
25,50
59.25
28.00

7.00

397.01
197.57
572,49
113.73

2.2

FLOW VOLUME
(Mg 31000)

348,24
127.02
410.33
126,09

1.84

19.76
5,92
10,80
17,32

12,28

FLOW FLOW
Me3/5) {Mg3/S)
L0000 579
2351 76
L0000 1,084
J35 .58
004 046

PEAK
FLOW  PEAK
(Kg3/5)  (HRS)
9,337 171,23
3,450 9.00
S.984 25,20
2,203 18,25
4 N W

Ecca, QSM24

{EM/HR)

7€

LN e B3 e T
-~ 0 O +3 O

2
3
2
1
4

FLOW VOLUME INITIAL FINAL
(Mg221000)

23.30 DATA TINME INTERVAL (HRS)

1

11,63

58,21
38.45
62,70

2.4

PEAK
FLOW
% 3/8)
9.381
3.910
3.508
2,517
301

TIME TD TIKE TD

START(HR)
28.75
1.75
6,00
2.
4

T
25

DURATION MAX.INT. MN.INT. BUARTILE RAIN
(MM/HR)

2

.
32,

92,

-~ = 3

- s e
wy LN o~y

DVER DURATION 1CUMZ)

™~

-

< S whoun

—

v
o

75,42
98.53
B8.43
96,24
58,05

DURATION OF
STORMFLOW STORRMFLDW
{HRE)

.23
50
50
.50
.75

4
100,00
100,00
100.00
100,00
100,00

W23

20 DAY AP]

(FACTDR=0.9)
1.30
100,43
16,59
80,23

2.6b



-73-

Table 8.6 Summary of storm data : N. Danville, ND5

SUMMARY OF STORM DATA FOR H.DANVILLE AT KDS  CATCHMENT AREA 1S@.KM) 111068 DATA TIKE INTERVAL (HRS) .25

SUMMARY TABLE OF RAINFALL DETAILS

STORK  DATE  START ND.OF RAIN  TOTAL  DURATION MAX.INT. MN.INT. OUARTILE RAIN OVER DURATIOCM (CUMY) 30 DAY AP!

TIME  FROFILES  RAIN{MM)  {HRSY  (MM/HR) MA/HR) 1 2 3 £ {FACTOR=2.9)
1 38, 7.0 12,00 K 41.58 12,08 14.%3 3.k 24,86 £1.54  B4.5§ 1pR.0R 11,45
202, 681 2,02 3 2%.89 6,75 12,29 .42 30.06 41,79 93,04 1ee.ce 15,5
33, 7,82 400 3 48,55 5,28 A 5,28 .83 &3.5B 72,16 10B.2R 24,81
4 38, 7,63 .08 § 22,81 4.8 14,36 5.63 39.45  49.30  B4.44 10R.20 9.44
3022, T.54 1708 g 21.78 1,59 4313 1452 8.89 Ip.03 1p2.ed igo.pd 27,28
6 7. 6,65 15,13 3 37.48 8,75 29.12 4.28 30.70 76,75 94,88 1RQ.EC 9.7%
7 18,10,66 28,15 3 9.8 3175 9.30 .84 58,23 %.92 98,97 1pp.Rt 15,15
8 16, 7.87 4.8C 3 2.2 16,25 19.08 114 £1.55  79.77 95,94 1ed.ed 26,87
9 11 9.68 G.B2 3 L7 R R R 1.42 78,47 91,57 93.42 1E2.0% 14,82
12 -7, 9.49 17,28 3 22,83 12,08 18.42 1.684 96,91 99,28 99.32 120.02 2.3
i3, 8.7t Lo 3 31.2¢ 23,80 19.4 1,38 77,37 FA.kb 97.24 1R2.BD 36.39
1218, 7,72 18,45 3 1e.13 1L75 19.74 2.19 7.93  BL.53 92,52 1od.ee 18,50
1328, 7.72 24,09 ! 38,97 25,15 ML 1,51 14,53 G379 98,15 1RR.0D 39,49
14 15, .73 1,00 ! 25.2 5,50 3,85 l.68 22,23 65,11 92,63 teR.ee 5L.87
1517, 9.75 2.0 I 38,82 16,25 7.82 2.34 11,58 5331 91,92 1B 8.9

SUMMARY TRELE OF TOTAL FLOWS

STOR®  DATE  START  FLOW LEPTH (KM} FLOW VDLUKME INITIAL FIRAL PEAK  TIME TO
TIME RISING FALLING YOTAL {M~Js1Q20) FLOW FLOd FLOR  PEAK

Ligg LM [H~3/8) (K*3/8)  (KM3/5) (HRS)
130, 7.¢8 12,80 .85 2,23 .BT 0 344.052 L180 1.788 12,288 12,75
202,608 200 1027 59 646 T2I1E 0 1L1BG 1070 15,480 7,75
I ML 7,82 4,3 323 49 7,99 E£91.8% L2390 2.7 20,233 1135
4 032, 7.63 2.0 L1000 D2 12 13.9¢ Lpe0 810 .54 18,58
5022, 7,84 17,02 .46 LES 1.E1 148,59 T B I el 8
& 7. 6,63 15,15 183 2,42 F.45 I84.85 AU 8,818 1B.83
7O19,10.66 20,05 L7 218 2.8F 3IL.W .08 e 4,460 13,00
8 16 7.67 4,88 54 4,70 4,74 028,56 A28 2,100 11,4838 5.5
9 11, 9.68 LB 74 276 L3R 380.%6 78 2020 8.928 12.98
107, %89 17,00 .49 B3 1,32 14054 LG18 1.880 4,180 2%
1025 870 el L9t 227 308 I54L63 .7e3 2,182 7,630 18,5
1210, 7.72 18,45 .72 LET O A2% ATB.ES L50 2,350 11,552 18,25
1320, .72 24008 L7 574 7.4 B3RS J758 2,828 20,830 14,73
12 14, 2.73 nep 1,50 B2 5.B3 0 SALLRY e L.ITR 14,858 7,50
15 17, 9.73 24,68 131 414 5,45 838,42 L5200 2,280 3,800 13,75

SUMMRRY TRBLE CF STORM FLCHS (BEP.LINE=1,13HH/LRY/DEY)

ME  PERK TINZ 7O TIME 1O LURATION OF

STORM  DATE® START  FLCW DEPTH (KM) FLOW vOLY
TIKE RISING FALLING YOTAL (M°3¥1008)  FLOW  FEAX  STDRKFLOM CTORMFLOW

&

L
e

LIKE  LINE N*3/8)  (HRS) STARTIKR)  (HRS)
f38, .60 02,88 70 138 2,78 284,77 9.450  71.75 3.0 25,50
27,660 .80 .92 334 4260 475,35 14,072 7,80 .75 .75
337,62 4,88 2,85 1.8 4,69 745,34 20,442 B.73 2.5 3.5
4 18 7.6 2p2 LD L0 02 1,68 L2 2. 3.3 Y
S22, 7.6 17,08 .37 .67 LB4 5.4 5,426 5.B2 T 16,58
b 7. 6,65 15,15 L8 - 158 2041 289.86 e 87 1,23 28,25
71900066 2215 LB 121 1,72 191,43 .87 B.E6 4.3 27,68
8 16, 7,87 480 .45 3120 .87  398.%9 18,788 2,73 275 26,59
¢ 11, 9,68 5.8 .82 L&D 2,23 249.B% 8,348 525 £.7% 38,75
10 7. 9.6% 17,02 23 38 .S8B 0 649t 2,788 6.5 1.2 15.25
123, 8.7 08 .62 133 195 217,44 6,780 £.75 3.7E 25,00
1218, 7.72 18,45 .46 2047 2,89 122,52 18,538 4,73 5.5 25.50
13 28, 72,72 25,08 1,25 4.7 532 941 18,670 e.p g7 32,25
1414, 7.7% .88 .97 2.0h G840 138.EL 12,420 4.3 1.0 20,75
1217, 573 24,08 1.02 298 4,80 446,18 12,818 5,7% 7.80 28,28
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Table 8.7 Summary of storm data : N. Danville, ND1.

SUMMARY OF STORM DATA FOR N.DANVILLE AT KD1  CATCHRENT ARER (SO.XM)  42.94 DATA TIME INTERVAL (HRS) .25
SUMMARY TABLE OF RAIKFALL DETAILS

STORM  DATE  START ND.OF RAIN  TOTAL  DURATION HMAX.INT. KN.INT. QUARTILE RAIN OVER DURATION {CUML) 3@ DAY AF]

TIME  PROFILES  RAIN(MM)  (HRS)  (MM/HR) (MH/HR) 1 2 3 4 {FACTOR=02.9)
1 24,18,59 5.og 1 74,38 17.08  20.83 4.37 44,32 49,43 92,77 1ec.em 40.89
2 32, 7.60 12,00 3 45,315 {208 1477 1.7 24,89 61,32 85,88 100.B0 1.7
32 641 208 3 22,76 6,73 11,98 1.37 36,19 4193 93,42 1ee.p@ 15,33
§ 117,62 4.0 3 31,66 9,25 5.8 .59 32,83 62,37 71.92 1ee.e@ 24,81
58 7.63 eg B 23,39 4,68 1825 5.82 42,59 51,15 85,87 100.0@ 15,863
6 22, 7.64 17.08 8 19.52 1,56 3598 1L.@2 B.26  36.50 1ee.oo log.ge 28.42
7 7. 6.65 15,25 3 39.49 8,73 I35 4.5 53,82 75,52 94,38 0.0 §.79
8 19.18.86 22,15 3 18,05 32,59 8.51 .92 57,52 91.41 58,36 12d.%0 16,73
¢ i, 7.67 4,00 3 .78 10.25  20.83 3.38 65,82 81,20 96,23 180,00 26,67
18 11, 9.68 4.20 3 43,24 .25 1445 1.38 30,33 92,24 94,11 100.0D 14.41
117, 9.69 17,00 3 20,65 ~ 12,88 3828 1.72 96,74 99,22 99,55 1ee.e@ 27,48
1225, 8.7 I.eo 3 38,61 21,82 18.88 1,44 84,13 94,87 96.00 1D0.00C 36,39
133, 7,72 11,89 i 26,23 T S s L 4,45 43,08 92,81 120,00 41,49
14 18, 7.72 10,45 3 734,95 13,75 23.99 2,54 6,99 81,39 8t.74 100.02 .87
1517, 9.73 24,08 3 .76 16,253 1.7 2.2 11,45 52,72 92,14 10d.0@ 36,26

SUMMARY TAELE OF TOTAL FLOWS

STORM  DRTE  START  FLOCM DEPTH (MM} FLOW VOLUME INITIAL FINAL FERK TIME TD
TIKE RISIHG FALLING YOTAL (M~I#i222) FLOW FLOY FLOW  PEAK
LIKR  LIKB (M~3/5) (¥~3/5)  (M~3/8}  (HRS)

1 24,10.59 5.8) 15,38 14,92 18,28 13pe.19 1,820 4.480 31,182 14,25
2 10, 7.68 12,80 .82 183 2,65 113.8b 040 540 J.978 11,75
3002, 6060 2,80 1,52 4,90 442 275,74 L2378 1130 6,278 B.e¢
4 31, 7.62 4,08 3,27 624 9,51 40R.29 LBEp B30 12,818 18.2%
3 3B, 7.63 .82 .18 .BT 0 L1b 7.28 858,240 320 B82S
b 22, 7.44 17,00 3 78 L 49.7% L1400 4080 1,708 4,75
7 7. 6,65 1225 1,58 4,85 .63 241.93 L1180, 5ed 5,528 9.¢08
B 19.10.66 2035 1,45 1.eB 313 134,20 .18 830 1,888 17,25
9 16, 7.87 4.8 41 4,26 4,86 280.20 L1430 780 4,180 4,25
18 11, 9.68 4.BD &8 2,19 2.87 121,28 878 650 3.8 1.ed
117, ey e L3F 0 LBt 96 41,41 L2506 5B 1,278 - 850
12 23,871 Lee- .51 1,79 2,38 98,97 JIBB L670 2680 b.75
13 3, n7210e8 .36 376 432 185,43 .278 878 5,188 .25
14 18, .72 1845 74 L7 4,42 189,82 Pk B 5 5,168 9.25
15 17, 9.73 24,80 L34 .62 4,94 211,98 L0780 83D 5.088 13,25

SUMMARY TARLE DF STORM FLDNS (SEF.LINE=1,13MM/DAY/DAY)

STORM  DATE  START  FLOW DEFTH (MM)  FLOW VOLUME  PEAK TIME TO TIME 70  DURATION OF
TIKE RISING FALLING TOTAL (M~21R08) FLON  PEAK  CTORMFLOW ETORMFLOM

LIMB  LIMB iM*3/5) (HRS) STARTIHR}  (HRS)
1 24.10.59 G.ep 13,85 12,08 25,13 1£79.09 29,078 12,08 2.25 26,75
2 e 7.0 12,88 .70 1,28 2,18 90.R2 3. 748 e .75 2135
I02.06.080 2,80 1,21 342 433 184,18 5,720 1,25 .75 12,80
4 3L 7,62 409 314 10 B.24 0 ISL9B 2,150 7.%0 275 78
530, 7.83 2.2 .02 .0 24 .61 A 879 3.2l g.ea
§ 220 .64 17,82 3B 46 L Th 3284 1,450 4.8 .75 14,68
T 705651528 La4 A1 555 23R.75 2,238 B.TS .25 7.2
§ 19.18,65 28,15 1,83 .82 L85 79.% 1798 16.23 i.e0 31,8
9 16, 7,67 4B 35 322 56 152,96 J.BED 2,75 .50 .75
i@ 1), %.68 422 (SB 1,30 2.8 89,24 .53 525 6,75 26,88
17,969 17.8 18 27 45 19.4D B2 W7 T8 1,75
12 23, 8,70 Led .38 L14 1.E2 eL.pg 2,008 L% 1.5 2078
13003 L7210 3B .82 L.ed 12B.E4 4.ERL 4,25 3,20 2.5
1§ 10, 7,72 18045 L33 .87 L 13LZ7 4,818 LY 3,75 26,50
15 17, 9,73 24,08 1,82 2,58 .67 157,44 4,250 .75 5.0 2075
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Table 8.8 Summary of storm data : N. Danville, ND3.

QUMMARY OF STORM DATE FOR N.DANWILLE AT NDZ  CATCHMENT ARER {S0.KM) B.37 DATA TIME INTERVAL (HRS) .25

SUMHARY TABLE OF RAINFALL DETAILS

STORM  DATE  START ND.OF RAIN  TOTAL  DURATION MAX.INT. MNLINT, QUARTILE RRIN OVER DURATION (CUKI) 2B DAY APl
TIME  PROFILES  RAIN(MM}  (HRS)  (MM/HR) (NM/KR) 1 2 3 4 (FACTOR=0.9)
{38, 7,60 12,20 3 47.50 12,00 14,11 3.9 23,63 41,16 BL.ED 10p.0B 11,37
2 2,460 LB 3 21,95 £.75  13.%90 325 33,84 45,82 95.28 1D.RQ 15,83
3 37,62 46D 3 48,77 9.25 448 5.27 33,81 6371 72,24 10¢.00 248
§ 0. 7.8 A2 8 22.49 .03 1.t 3.82 3837 49,13 ELEE O 1RD.ED 15,63
S22, 7.64 10,8 8 10,48 1,58 23.84 6.%7 31,81 64,19 1pB.0B 1RD.fO 28,82
b 7. 68515235 3 41,20 8.75 42,32 4,94 58,77 73,32 93,32 10p.;@ 9.79
7 19.10.66 20,25 1 29.84 19,28 12.5% 1,55 44,83 77,4 92.02 100.¢0 16,73
8 18 7,47 4.00 3 17,59 12,23 .32 1L 36,69 52,80 98.487 1pC.e0 .87
§ i1, 9,68 4.0 3 41,78 27.28 14.08 3 3,31 94,35 9584 1pR.RD 14,41
18 7. 9.69 17.88 3 23.38 1288 4044 1.93 97,81 99,23 69.49 10D.u@ 27.48
123, 8.7 .6 3 26,32 19,60 15,24 1.39 91,68 94,58 94,58 100,00 36,39
1210, 7,72 18,45 3 39.89 13,75 3.9 2.98 6,39 87,24 67.2% 1pd.ed 34.87
13 17, 9,73 24,00 3 40.48 16,25 1816 2,49 11,58 E9.06 90,35 1€0.00 36,26
SUKMARY TABLE OF TOTAL FLOWS
STORM  DRTE  START  FLCW DEPTH (MH) FLOW VOLUME INITIAL FINAL PEAE  TIHE TO
TIME RISING FALLING TOTAL (M~J#1080) FLOH FLOW FLOW  PERE
LIKE  Li#H {43753 (M~3/5) (¥~3/8)  (HRS)
P30 7,80 12,80 .49 348 397 3324 B R 1,830 16.350
22,661 2,00 1.0 3,82 4,82 40,35 e 28 1.068 4,00
I O3 7.62 4,03 2,58 4045 7.84 5B.89 238 1% 2,858 .02
438 7.6 280 .2 .29 .5 4019 I R L28 87%
5 022 7.64 10,20 17 .28 L4S L9 168,180 L2100 2,28
& 7. 6,60 1525 2,84 369 453 54,63 870 .10 1,868 7.:8
7191845 20,25 .82 1,82 2,45 2847 258 158 378 18,75
8 16, 7,57 402 581 L2 2.2 18.53 LB50 L 140 478 10,25
9 i1, 9.48 408 .82 2,22 3,65 25.34 2480 130 558 19,50
18 7. 9.8917.88 .19 1,33 4.9 12,67 BT ) 628 2,25
1125 87 B L8R 1,93 20450 28.32 878 138 L7608 S.ep
12 18, .72 145 117 479 556 2%.5D 18D 210 2,630 B.BD
1317, 973 2.88 0 1,24 481 5.4 4587 LB L1ED 1,710 18.59

SUKMARY TAELE 0F STORM FLOKS (SEP.LINE=L,13MM/DAY/DAY)

STORM  DATE  START  FLOW DEPTH (MM} FLOW VOLUME  PERK TIKE YO TIME TD  DURATICH COF
TIME RISING FALLING TOTAL (M~3+#1GRO)  FLOW  PERK  STORMFLOW STORMFLOW

LI4E  LINB {¥*348) (MRS} START(HR)  (HRS)
360 7,68 12,88 38 .88 L.BH 2582 590 5. 3.58 14,75
22,0660 2.8 68 2.2 2,88 241 5200 LG 2,25 %28
3. L2 408 2042 347 5B 49.18 1,890 6,70 2.2% 27.00
§ 100 7.83 2,820 U A3 24 )| L1800 5.0 75 9. 58
5022, T.64 17,08 L0 B4 05 N B4R V75 1,25 3,75
6 7. BT 1E28 2,86 2076 532 ML L7 .0 .32 22.2%
7019.10.86 20,22 34 LB 1,380 11,33 .29 .75 4,00 22,00
8 16, 7,67 40 L7 8% L3 1L 378 B30 1.735 1€, 62
9 M. 9.8 4,32 83 Lae 2,12 11,78 892 4,50 6.20 28,35
12 7. 9,89 17,08 .1 5 .8b 7.47 332 120 1.8 11.75
PRS- P B 1 S X A s B 13,18 N N ] 1,75 16,75
1218, 7.72 18,43 .81 LI 41E 3438 2,518 4.%0 3,50 2475
1317, 9,73 24,88 .99 2,88 379 LM .21 1.5 s.ne 26,02
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Table 8.9 Summary of storm data : N. Danville, ND4.

SUKMARY DF STORM DATA FOR N,DARVILLE AT MDA CATCHMENT ARER (SD.KM) 43,51 DATAR TIME INTERVAL (HRS) .23

SUNMARY TABLE OF RAINFALL DETRILS

STORM  DATE  CSTART NO.OF RAIMN  TOTAL  DURATION MAY.INT KN INT, QUARTILE RAIN OVER DURATIDN {CUMI) 3@ DAY APl

TIKE  PROFILES  RAINIMK)  (HRS)  (MH/HR) {HM/HR) | 2 3 4 {FACTOR=8.9)
Yo7 665 15,25 M 34,54 8,73 344 3.85 45,57 7B.B6  GL.61 100.BE 9.79
219, 1B.66 20,25 3 29,88 inre el .94 81.49 92,35 99.26 1QC.09 15,13
3 1, .67 4,00 3 35,85 18,25 -‘.69 3.5 86,75 B3.07 96,54 100,28 26,67
4 11, 9.68 L5.02 3 43,26 e 1379 1.42 78,64 91,66 91,51 1GR.0R 14,02
507, 9.9 17,08 3 18,64 12,860 133 1,57 96,48 99,29 Q9.1 10R.2R 21,33
& 23, 871 .08 3 29,74 25,00 iB.t4 1.29 79.84 95,17 97,82 1Bd.ed 38,39
718, 12015 3 31,50 175 2146 .29 7.64  B&.BE 91,58 10C.DR 30.58
g 14,777 L& ! 25,93 5,58 14,25 3.99 22,23 85,11 92,83 100,00 38,07
g 17, 9.73 24,80 3 3834 16,25 7,45 2,3b 11,58 54,25 91,76 102.¢0 29.97

UMMARY TABLE OF JOTAL FLOWS

wy

STORM  DATE  START - FLOY DEFTR (M) FLOW VBLUME INITIAL FINAL FEAE TIME 10
TIME RISING FALLING TOTAL (4°321088) FLOW FLOW FLOW  FEAE
LIKE  LINR {H~3/8} (K*3/5) (K*3/8)  (HRS)

Poo7.6.65 15,25 .88 1,28 2,16 9.eR J0 758 1779 11,75
2 1918066 20,25 134 L83 2,74 119,18 ek LBIR 1,538 18,00
3 1k, 7.67 4,29 .55 3.84 4,39 199.9% .288 .B4¢ 5,148 4,58
4 11.9.668 5.08 .76 2,88 353 1B4.83 088 LEED 3,190 12,08
S 7. 9.6917.88 .59 L3S .95 B4LES J482 B30 2.3 8.5
& 23,871 f.ee 78 1,77 2,47 18732 A8 738 2.5 9,75
718, 707210075 119 L.B4 O 5.BY 0 218.92 .29 .98 5.288 10.75
g 14,773 L0 139 LB 5.R6 220034 g1 1,328 o590 7.80
917, 9.73 24,80 1.8 435 6,01 282,40 288 .99 3.820 13,25

SUMMARY TABLE OF STORM FLDHS (SEP.LINE=1, 13UM/DAY/DAY)

STORK  DATE  START  FLOX DEFTH (MM FLOW YOLUKE  PERK TIME 70 TINE TO  DURATION CF
TIME RISING FALLING TOTAL (M*3#1BBB) FLOW  PEAK  STCRNFLOW STORMFLOW

LIKB  LIMR (H~3/8) (KRS} STRRT(HR)  (HRS)
P07, 6,69 15,25 .38 60 118 51,35 1,338 11,25 .58 24,25
21501065 20,25 46 1.8 13D bBJTA I.ISB B.23 4,59 27.58
3016 7067 4.8 L4 2,73 L1913 4,858 1.2 1,25 26,58
4 11, %88 580 .62 157 228 9584 2,958 6,58 5,50 32.58
3 07.5.69 17,08 .38 &6 .94 41,49 L7 575 .58 16,75
6 3. B 102 .48 1,86 1SS 81.3% 2,218 L35 358 2.9
718, 7721075 BB 2,86 .44 145,54 4,548 7.00 175 28,25
g 14, 7.73 t.82 .89 2,17 306 1314 4,638 535 1,75 21,89
g 17,973 4,33 188,57 4,930 8.5 4,75 36,25

.80 132 L@
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9. COMPUTER PROGRAMMING CONSIDERATIONS

In order to facilitate the simple application of all models to each data
set, the computer coding of three of the models has been included as a
subroutine in a larger program. This was not easily possible with RORB
model as it was received as an already coded program on magnetic tape.
However, the RORB model was modified slightly to accept the input data in
the same format as the other models.

The data for the Ecca catchment is drawn from the breakpoint data bank of
the Rhodes HRU while the North Danville data was available as breakpoint
data from the volumes of the US Department of Agriculture (USDA 1960 to
1973). Additional data are available from several other sources within South
Africa. A suite of FORTRAN programs has been established to reduce or
extract from the original data a set of fixed time interval values of rain-
fall depth and instantaneous flow. Stormflows, based on the separation line |
method of Hewlett and Hibbert (1967) are also calculated and the storm is
considered to terminate when such stormflows become zero. The programs
allow the extraction of different combinations of raingauges to produce any
number of storm profiles for sub-catchment rainfall input. An example of the
resulting rainfall and observed streamflow data input file is given in table
9.1. Although a time interval of 15 minutes was used throughout this study
all the data extraction programs are flexible and any time interval can be
set. The input data files for any one catchment contain all the storm data
for that catchment and the model programs select which storm or combinations
of storms are to be modelled in any single model run.

Where relevant, the antecedent rainfall data are stored on a separate file.
Information about the way in which the model should run (lumped or semi-
distributed, optimization or not, etc.) plus the essential information about
the parameters and the definition of the sub-catchments is contained within
control data files. An example of a control file for the S-curve model is
~given in table 9.2. These control files are reasonably well labelled to
make it simpler to edit them between model runs. The control file for the
RORB model has a different format (table 9.3) and closely corresponds to the
standard input file for this model (Laurenson and Mein, 1985). The only
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difference 1is that the rainfall and streamflow data are read in separately
and some of the sub-catchment data are read in interactively during
execution of the program.

It 1is apparent from the format of the control files (table 9.2) that the
models (except RORB) can be operated in lumped or semi-distributed format,
single run or optimisation and single storm or multiple storm, using the
same program. This method of operation makes it very easy to change from
one mode to another without having to deal with a large number of different
programs and data files. It should also be noted that there is always only
one set of parameter values. For the semi-distributed models, sub-area
changes in parameter values are determined by the sub-catchment parameter
factor values. When running in optimization mode it is more or less
impossible to expect sensible results if the parameter values on each sub-
catchment were to be included in the optimization exercise. There is simply
too much interaction between the different values being optimized.
Consequently, the relative values of each parameter for the different sub-
catchments must first be determined (or estimated) before optimization of
the nominal parameter value can take place. The upper and lower limits
associated with each parameter value are used to control the automatic
optimization procedure. If these are equal to the actual parameter value
then that parameter is excluded from the optimization.

For the first three models (not RORB) any number of the available storms may
be run together wusing the same set of parameter values. This mode of
operation allows a single set of parameters to be optimized for a group of
storms using an objective function calculated over the whole data set as a
fitting criterion. Initial moisture conditions and the internal counters
for individual storm fit statistics are reset at the beginning of each
storm.

Output from the common model program consists of a summary of the control
data, individual and combined storm statistics describing the degree of
correspondence between observed and simulated streamflows as well as a
lineprinter plot of rainfall and flow data (figure 9.1). In the semi-
distributed models the plotted rainfall data represent a single catchment
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average. Options are also available to output details of the values of
different variables at each time interval and the flow from each sub-
catchment. If these options are selected when operating in sub-catchment
mode the output file can become quite large. However, these options are
extremely useful when trying to evaluate the effects of changes in model
parameter values or the relative contribution of individual sub-areas to
total catchment streamflow. A further option is also possible to output
rainfall, observed and simulated flows in a-format compatible with a general
graph plotting program (GENPLOT) developed by the senior author for use with
the Rhodes University CALCOMP plotter.

9.1 Verification of the computer programs

This aspect of model verification (section 3.2) entails ensuring that the
computer coding of the model adequately represents the conceptual structure
of the model. In this study it was necessary to check the computer coding
of models O0SE1, 2 and 3 as these were written by the authors. 0SE4 was
received as an already coded model with accompanying test data and therefore
did not require extensive checking. The detailed output option referred to
earlier is used to ensure that model storages and outputs are calculated and
updated correctly. Examination of the detailed output also ensures that
moisture is not wunintentionally lost and that changes in modelling time
interval do not affect the operation of the computer algorithms.
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Table 9.1 Example of rainfall and streamflow input data file.

1S ECCA A oem2E 738
128, 2,77 15,08 .25 HRS INTERVAL
82

RAINFALL FOR 28. 2,77 15.88 &2 .25 HR PERIDDS MULY= 1,BBB  CATCH B

RAINFALL  ].828 610
B8 BB N B2 11 IS P S 197 B A B3 BB 182 .82 A 99 LM
L0 L4 1y .5 .38 .38 .38 .85 .28 .89 .78 .78 .78 .78 42
.22 .28 . B8 N1 K] .48 48 .48 .48 .48 35 .88 N .22 N1
B0 .8 .82 N1 b8 .28 29 .29 .29 B3 .28 N7 .28 B2 .20

-

.28 N
RAINFALL  1.08D 6B
1 P91 ) 44 .28 2 44 A5 L8 1,42 .2 .81 H 1 A7 138

.00 138 1.5 L.es <63 .28 38 N .08 24 .bb . bb obb b8 .3
.88 R4 .0 28 .28 .28 .28 .28 .28 .p8 N N .20 N .22
.ee N N1 BB .2 .28 .88 .2 N1 .02 .88 B8 .20 B2 28
.ee .B8

RRINFALL 1.2 63 8
.22 ).p2 .49 1 W47 .29 .38 L3 138 248 335 L83 .26 J9 1.8
.46 LAY 138 119 .9 4 .2b B3 .82 .82 A2 49 A9 N1 o
.87 N3 N3 83 .2l o35 .80 B8 .62 .23 N{ .82 E8 81 .28
.ee .28 B8 .28 .08 .28 .22 N .22 R .08 .28 .28 Be B2
o2 .28

RAINFALL  1.eg@ €l 8
28 127 .57 A7 W37 W45 b7 .93 4 36 .91 .91 48 LEBS L3
L3 13 L8 e b4 .83 .35 .28 N2 02 5 8 .98 5 .48
N1 oo .20 .08 1 W14 .29 23 W23 .23 .23 .80 .28 N1 02
1 I 1) .08 844 .28 .28 18 N1 N3 .83 .88 .08 e 28 . Lt
28 o2

RRINFALL  1.eBR 62 3 ’
N .18 M 13 A8 39 b8 2,47 L6 2,87 L8 .14 33 W83 T3
1.3 L3 2 1,39 .98 .29 24 .4 B2 22 .33 43 A3 .63 N1
.89 ) .81 81 .B1 .18 B8 .28 .22 .88 .08 .08 08 .02 .28
.22 N .28 .te 82 N1 N1 .80 .te o2 .28 N4 08 N .28
02 .08

RAINFALL  1.0e@ 1]
B8 .31 o9 B8 .48 .80 .78 88 1,320 2055 1B.14 e LA LA LM
LA LA Ly L2 W95 o33 33 .87 N1 .08 a7 .91 .91 ol .ol
27 .08 B2 .88 .28 B0 BB .02 .te .60 b8 22 .08 N B2
.82 .28 .28 N1l B2 2 . B8 .t0 N7 . 0P . B8 X1 .0e .28 .22
.o N

RAINFALL  1.828 62 435 ’
08 .91 .50 .22 W22 .21 .78 L 144 L3 774 213 Leb L LA
1.3 L2818 Ly .89 .2 .29 26 82 L83 .21 Jof .51 .9 43
.10 .08 .8 .80 .28 .25 2] 28 .88 .28 .88 .£2 .28 .28 .08
.22 .28 N .28 .28 .22 .28 28 .28 .08 .80 N .28 .o L8
L8 N

RRINFALL - 1.e8@ 6 ALL-
.00 b7 44 A3 <33 47 Y 1 R I B T O S X 74 98 L3
137 1,38 1,29 L B4 .18 .28 .24 .82 B4 Al ) .52 .61 b
.08 .Bl 21 B 87 19 .28 12 e 4 A2 .81 bR N .28
.03 .08 B8 b8 .28 Bl .Bf .B1 LBl .81 .88 Bt .08 .88 .08
28 .20

TOTALFLOX e.821
.21 .21 .e20  .e28 .28 .BI9  .BJ9 Q1B .BIB  .01B  .B17 .23  .EM4  .1B3 L7
LS8 .7ed 878 L%e2 L9BY L923 L9701 L.E1B 1.@Ab  l.e4d ).EBRS .96 945 LS38 0 L91D
L5083 .BES  .EB7B .BSH  LB4Y  LB26 L.B3Y .79 7B 7B L7380 LTSY L7820 TM %5
LIM6 J7BB L897  LBA L8710 L858 LbA5 (832 619 LbB6 593 .5BB LO6B L3550 L542
929 LS1b

STORNFLOK @.eed
.BR®  .p2@ .eee . " .ece  .eee  .eep  .ee®  .ee2  .epB  .e2B  ,BE4 @36  .BE7 .19
552 .e%6 .eR® LBM4 .BRS  .E15  .BS2  .898  .§27  .8%  .BA7 .79 &7 .12 .7
52 66T L4R2 0 LB1T 0 L592 L567 L5430 518 L4853 L47R L4510 433 L4 395 LIT7
358 L339 W39 2% L2730 L2580 L2270 L2B4 0 1B L0188 L1350 L1120 LBE9 .eeb .43
821 .eee

2 4,377 1e.e® .25 HRS INTERVAL

te
FRINFALL FOR 6. 3.77 10.6@  &B .25 HR PERIGDS MULT= 1,828  CAICH 18
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Table 9.2 Example of S-curve model

input control file.

ECCA NAME OF CATCHMENT
Q9n2e CATCHMENT CODE
73.94 CATCHNENT AREA
ECCA COC FILENAME HOLDING DATA SOURCE
ECCAR COC FILENAME HOLDING AXI DATA
1 TOTALFLOWS ON FILE (1 IF YES)
{ STORMFLOWS ON FILE (1 IF YES)
1 DATA FOR USE (1=TOTAL,2=ST0RN! 2
1 HEMISPHERE (1=S0UTH,B=NCRTH) 2
1.0820 CONVERSION FACTOR - FLONS TO CUMECS 0
1.0882 CONVERSION FACTOR - RAINS TO MM H
8.25 DATA INTERVAL (HOURS) ©
15 NUNBEZR OF STORMS ON FILE
IKTLUSICN ARRAY FOR INDIVIDUAL STORMS (1=YES,R=NQ
123 45678 9181112131815
1 eeeet et @1 g
S-CURVE (5.D) NODEL TYPE
15 NUMBER OF PARAMETERS
VALUE  UPPER  LOWER DESCRIPTICN
1,098 1.068 1,888 1 CHANNEL TIRE DELAY
8,520 2.508 8.589 2 CHANNEL ROUTING K
8.58¢ 8.582 @8.328 3 BASIN TIRE DELRY
5,802 4,888 5.808 4 BASIN ROUTING K
2.538 8.623 Q.t88 5 BASIN ROUTING X
2,700 3.888 .58 & CHANNEL LOSS PARAM
2,158 - 8.150 Q2.150 7 TINE AREA B
200.682 258,229 180.000 B MAX STORE
8.253  €.403 9.058 9 DA IN TANH.
B.695 e.928 8.388 18 C IN TANH
423.222 4go.e22 42e.ee@ 1! X FLOW FRCM SLOPE
8.400 9.482 B.403 12 1 FLOW FRON VSA
2.948  £.998 8.988 13 WINTER API FALT.
B.628 B.993 0.60@ 14 MAX, IAR
1.220  f.0e2 1.209 15 A IN TANH
1 LURPED OR SEMI-DIST. (B CR D)
12 NUMBER OF SUBCATCHMENTS
SUBCATCHMENT PARAMETER FACTORS
SuB-CATCH 1 2 3 &4 5 & 7T B 9 1 11 12
AREA 1 13.8 5.9 S.6 7.8 6.4 7.0 104 7.9 6.0 9.712.9 7,
PARAMETER | 5.25 4,59 4,50 4.92 4.020 4,08 3.20 2,73 2,25 1.23 0.75 0.2
PARAMETER 2 8.8¢ ©.98 2.9 1,88 8.75 €.75 8.5 .43 2.95 1.48 1.02 2.6
PARAMETER J 1.9¢ 1.60 1,900 £.02 1.80 1.00 1.22 1,00 1.29 ¢.89 {.08 1.0
PARAMETER 4 1.9 0.52 2.92 8.92 £.9¢ 8.9 8.85 9.8 8,65 8.95 1.8 B.B
PARAMETER 5 1,20 1.80 1.80 1.89 1.0 1.88 1.22 1.08 1,60 1.20 1.0Q 1.0
ARANETER & 1,08 2,89 9.89 .94 .85 2,85 8.75 2.75 £.75 8.88 £.85 £.8
PARAMETER 7 1,90 1.88 1.0 1.98 1,02 1.80 1,82 1.88 1.8 1.00 1.98 1.9
PARANETER € 1,19 #.95 8.95 0.98 .82 8,82 8.78 8.75 2,78 8.9 £.688 B.9
PARAMETER 9 2,72 8.64 8.84 8.92 1.25 1.95 1.15 1,15 1,15 1,87 8.99 1.0
PARAMETERIG 2.83 .93 8.93 £.95 .95 .95 .95 8.95 2,95 9.92 8.99 £.9
PARAMETER1! 8,75 9.82 .82 £.98 8.99 .98 £.92 £.92 8,92 £.92 8.92 0.9
PARANETERI2 1,22 2.83 2.83 .83 2.83 2.8 2.83 2.99 £.98 1.92 0.8 1.2
PARAMETER]S 1,98 1.88 1.82 8,99 1.8 1,23 1.8 1,82 1.00 1,81 €.99 1.2
PARANETERT4 8.92 1,83 1.83 1,85 1.18 1.10 1.38 1,30 1,38 1.28 1.42 1.2
PARAMETERLS 1.29 1.8@ 1.e2 1,00 1.6 1.09 1.2 1.02 1.00 1.88 1.99 1.2
NUMBER OF STORM PRCFILES FOR EACH STORM

STORN KO. r 2 3 4 5 & 1 8 9
N.OF PROFS, - 8 12 19 18 18 18 g

1112
18 8 t8- 18 5

B e BRI R W OG0 MR LN

l

STORM PROFILE AND MULTIPLIER FOR USE

IN EACH SUBCATCHMENT

SUB-CATCH ¢ 2 3 4 5 & 7 8 9 18 11 12
ST. 1 t 2 2 3 4 4 5§ 5 §5 8 1 1
1.00 1,88 1.82 1,98 1.89 1.22 1.80 1.98 1.0 1,00 1.88 1.2
51, 2 t 2 2 3 4 4 5 67 % 9 9
1.89 1.92 1.29 1.90 1,88 1.09 1.82 1,02 ).080 1.00 1.80 1.00
5T. 3 3 3 3 O3 O3 O3 s 1 1 1 8 %
1.2 1,80 1.22 1.22 1.20 1.00 1.e8 1.83 1.20 1.28 1.00 1.2
ST. 4 t 2 2 3 4 4 5 & & 71 8 9
1.00 1,92 1.8 1,08 1,83 1.09 1.89 1,82 1.9 1.93 1.82 1.e9
ST. 5 t 2 2 3 4 & 5 & & 1 8 9
1.6 1.8 1.8¢ 1.e3 1,82 1.98 1.2 1.0 1.80 1.8@ 1.2 1.08
ST. & 1 2 2 3 4 4 5 & & 7 8B 9
1.00 1,92 1.9 1.80 1.89 1.9 1.0 1.89 1.80 1.02 1.8@ 1.e9
§T. 7 1t 2 2 3 & 4 5 5 & b b b
1.80 1.80 1.8 1.89 1,88 1.00 1.82 1.02 1.20 1.82 1.8 1.80
§T. 8 1 2 2 3 & 4 5 5 & 1 8 9
1.8¢ 1.8¢ 1.8 1,82 1.82 1.99 1,22 1.89 1.0 1.92 1.28 1.62
5T. 9 i1 3 3 3 3 3 3 3 & b 1 4
1.82 1.80 1.28 1.82 1.28 1.22 1.e@ 1.80 1.80 1.0@ 1.0 1.98
§T.19 t 2 2 ¥ § 5 8 8 8 9§ 8 8
1.02 1.e8 1.0@ 1,92 1.82 1.83 1.68 1.62 1,80 1.°0 1.0 1.00
ST.11 t 2 21 4 4 5 & & 71 8 9
1.80 1,02 1.22 1.00 1,82 1,99 1.22 1.62 1.02 1.08 1.00 1.82
ST.12 2 2 2 2 2 2 3 3 & 4 4 4
1.8 1.80 1.8¢ 1.98 1,00 1.82 1.80 1.8 1.0 1.60 1.00 1.08
ST.13 I A A T T T
1.88 1.80 1.82 1.02 1,83 1.80 1.80 1.¢2 1.8@ l.©3 1.0 1.08
ST. 14 1 2 2 3 4 4 5 5 5 5 9 8
1.20 1.08 1.20 1,28 1.83 1.9 1.82 1.€0 1.88 1,20 1,09 1.00
ST.15 t 2 2 3 3 3 2 2 4 & 4
1.09 1.20 1.2 1,202 1,83 1.92 1,00 1.23 .20 .22 1.8€ 1.BQ
RUN INFORMATION CONTROL
] GPTIMISATION OR NOT (1=YED)
5 NUMBER OF OPTIMISATIONS
1 COEFF. OF EFFICIENCY (XQ TRANS.)
2 CCEFF. OF EFFICIENCY (LN TRANS.)
[} ABS.FRACTION ERRGR IN PEAK AND VOL.
oS- LINEPRINTER PLOTTINE SYMBOLS
1.e82  1.eee LINEPRINTER PLQT SCALES
[} OUTPUT TABLE (3=NO ,1=YES ,2=NODAL FLOWS)
SUBCATCHMENT SEQUENCE CODES
22
99 1 299 388 499 599 68388 7 B 9i899i1881277
[} NOVING STORM CODE (9=STATIC,1=MOVING)
13 14 15

b 1 35

[
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Table 9.3 Example of RORB model input control file.

ECCA £5K28
1,  NATURAL REACH
1, 3.42,-99, SUB-AREA A
8, 3,99
2, 2.82,-99, SUB-4REA B
8, 2,99
3, STORE H/6
1, 1.55,-99, SUB-AREA €
8, 2,-99
. ADD UP H/E'S
S, 1.95,~69,  ROUTE T0 10 D

-

8, 2,-99
2, 1.93,-§9,  SUB-AREA D

8, 2,-99 , ] .25, 98, 1, 18, 1,99,  STORN DATA DETAILS

7, FJO FOR 0924 g 8, 5B
F/D FOR £5%24 a BAUSE 1

3,  STORE K/6 g BAUSE 2

1, 3.12,-99,  SUB-AREA E v BAUBE 3
8, 3,-%9 AUSE 4

3,  STORE M/6 BAUGES

1, 2.18,-%9,  SUB-AREA F SAUBE &
8, 2,-%9 BAUSE 7

&, ADD UP H/B'S BAUSE 8

4, KD UP H/E'S BAUSE 9

5, 2.41,-59,  ROUTE 10 6 BAUSE 18

8, 3,99 111 23,8 18,2 1B.2 24,8 28.1 20.1 24,8 2.8 26,8 25.7
3, STORE H/B 211 f8 o8 8.8 2.2 1.2 1.2 &1 121 18R 159
1, 258,99,  SUB-AREA § 311 44,9 44,9 44,9 44,9 44,9 44,9 546 4.8 42.B 2.8
8, 3,-99 411 461 34,8 348 £5.5 381 361 44,9 49.4 454 53.9
£, RDD UP H/E'S 511 391 3.3 343 297 318 31L& 3.6 3.1 3.3 3.9
5, 1.31,-99,  ROUTE 10 H £2 11357 133,3 133.3 130.4 138,7 138.7 1321 1331 133.1 125.7
8, 1,799 622 3.1 355 355 3.9 34,7 3.7 351 35.4 354 33.4
3,  STDRE H/B 711 3.8 3.1 3.1 2.8 21,7 2.7 224 28.4 8.8 20.8
1, 3.87,-59,  SUB-AREA H 81 1122.5 1197 119.7 115.1 134,4 1144 115.6 115.6 113.9 188.8
8, 3,-99 911 246 22,9 229 22.9 22.9 22.9 2.9 22§ 23.6 23.b
4,  KDD UP W/E'S 1811 3.1 434 434 26,5 44,4 t44 59,3 59,3 59.3 59.3
5, 2.84,-99,  ROUTE 10 I 1111 29.8 36,7 387 39,7 42,4 42,4 34,3 331 331 3%4b
8, 2,99 1211 %8.8 5B.B S2.B 58,8 SE.B SB.8 461 45,1 5.4 58.4
3,  SYOPE KB 1341 58,5 58,5 5.5 58.5 S1.& 514 TB.b TB.6 JE.b TR.b
1, 1.31,-59,  SUB-AREA 1 1411 286 416 416 387 33,9 33.9 1.7 17,2 17.2 1.2
8, 1,-%9 1511 28,8 38,2 38.2 32,6 326 36 3.2 36.2 3.8 0.8
4, A UP W/B'S ¢, SB,-59

5, 1.8,-99,  RDUTE 100 per2e

8, 2,-%9

2, 4.85,-99,  SUB-AREA )

8, 4,-99

3,  SIORE W/B
1, 3.81,-99,  SUB-AREA K

g, 3,799

7, F/O FOR D921
P/0 FOR G5K21

&, - ADD UP H/E'S

2, 1.21,-99,  SUB-AREA L

B, 1,-9%

7.1,  P/0 FOR 89X28

B,  END OF CONTROL VECTOR A

9,409999, £.38, 4.13, 5.19, 4.74, 5.18, 8.350881, 5.83, 4.42, 7.14, 9.5, 5.45,-99  SUB-AREA AREAS (KNH2)
1,0.82,8.82,0.02,0.82,8,18,6.12,8,2¢,8.2¢,8,2¢,8.15,0.08,8.18,-59
12,82
F11
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10. MODEL FITTING RESULTS

This chapter discusses the results and the degree of success with which the
four models have been able to reproduce the observed hydrographs.
Comparisons between the individual model results are also discussed. To
avoid breaking the text up with a large number of tables and diagrams most
of the numerical and graphical results are contained in appendices A and B
respectively. Appendix A consists of tables containing the parameter values
and some statistics of fit for all the models in both lumped and semi-
distributed format where applicable. Appendix B contains a number of
graphical plots of storms that have been selected to illustrate a range of
different results. There are several aspects associated with the results of
fitting conceptual models to observed storm data. The following topics are
discussed under separate headings for each of the models.

a) Ability of the models tc reproduce a range of hydrograph responses
to a range of input rainfall types. This may be thought of as the
models curve fitting capabilities.

b) The extent to which a) can be achieved with a reasonable degree of
parameter stability and with parameter values that are intuitively
acceptable. It may not always be easy to determine what is an
intuitively acceptable value. To a large extent this depends upon the
type of model and whether it is being operated in lumped or semi-
distributed mode. Semi-distributed models have an extremely large
parameter ‘space' and there are consequently a large number of values

- that could be changed to vary the simulation result. For all the
models, intuitive ideas about the sub-catchments variation in response
have been used to determine the sub-catchment parameter factors. In
some cases sub-catchment factors have been calculated from relative
differences in measurable physiographic factors. To a certain extent
the calibration results constitute a test of the applicability of these
relationships. The factors have only been changed during calibration
runs when changes in global parameter values have not been able to
achieve a catisfactory result. In such cases, the characteristics of
the sub-areas have been re-examined to try and rationalise such changes
to the original intuitive reasoning.
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c) The ease or difficulty of achieving acceptable fits to the observed

data. This 1s an important consideration if a model is to have a future
practical value.

During the discussions of these three topics comparisons are made between
the temperate and semi-arid catchments. Comparisons are also made between
the lumped and semi-distributed versions of the -models to investigate
whether or not the more complex semi-distributed approach is warrented. In
the following sections reference is often made to 'acceptable' fits. This
is of course a very difficult description to define. For the purposes of
this report an 'acceptable' fit is one where the peak and volume estimations
are within approximately 20% of the observed values and where the overall
shape of the hydrograph is well simulated. This rather loose definition is
considered adequate at this stage of the model evaluations especially if

the term ‘'acceptable' 1s qualified by reference to specific features or
statistics of the fits.

10.1 0SE2 -~ S-Curve model.

Before discussing the aspects of this model's results, it is essential to re-
state the point that the model has been designed with a number of sub-

'components to account for differences in runoff response characteristics

between storms on the same catchment. Part of the model evaluation has been

to determine whether or not this is achieved successfully. Whereas the

other models have been calibrated for each storm individually, the

calibration of this model has been based on the assumption that the model

parameters will remain the same for all storms in the same catchment.

Therefore the exercise really consists of calibrating the model for the

catchment not for individual storms.

10.1.1 Curve fitting capabilities

The curve fitting capability of a model refers to its ability to fit a range
of disparate rainfall-runoff responses regardless of the values that the
parameters nave to assume to achieve this. With respect to the lumped model
there are some situations where acceptable fits cannot be obtained. These
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are exclusively associated with storms having a high degree of spatial
variability in the rainfall input (Q9M20 storm 2 - table A1, storms 30.07.63
and 22.07.64 on ND1, ND3, ND5 - tables A4, 5 and 7). The observation does
not apply to all spatially variable storms and in some cases the smoothing
effect of the catchment is such that the lumped model simulates the result
satisfactorily.

The semi-distributed model produces better results for spatially variable
storms when the space/time pattern of input is well defined. Examples are
illustrated in figures B1A (Q9M20) and B10 to 12 (ND1, 4 and 5). However,
little improvement is experienced for storm 22.07.64 on the North Danville
catchments (fig. B8A). The information available for this storm consists of
4 rainfall profiles (gauges 1, 11, 16 and 22 - fig. 8.4) plus storm totals
for most of the other gauges in the catchment. Storm totals as well as
intensities are extremely variable and one possible reason for the
unsatisfactory results is the inadequate definition of the time distribution
of rainfall over some sub-areas. Even less information is available about
the spatial variation during two other events (1963 and 1969). There is
enough 1o demonstrate a high degree of spatial variation but not enough to
define it. Where the rainfall is more uniformly distributed in space there
is little difference in the modelling capabilities of the lumped and semi-
distributed versions of the model.

Figure B3A illustrates an intense storm (maximum intensity 25.5mm/hr) on
Q9M21 where the response was relatively low. The first peak of the storm is
apparently a rapid response to the high intensity rain period from the -lower
parts of this small catchment. A much finer distribution system would have
to be used to accommodate this degree of response sensitivity. Even then
the model would be unlikely to reproduce the three clear peaks of this
hydrograph. Comparison with figures B2A and B illustrates that the effects
of time differentiated runoff generation are smoothed in the larger
catchment (Q9M20). The hydrograph shape and peak are reasonably well
reproduced although the timing of the response is still too late, especially
using the lumped version.
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The response characteristics of the small storms on the semi-arid Ecca
prompted the inclusion of the channel losses function. The volume of runoff
from any sub-area is reduced as a non-linear function of the product of the
moisture status (RAT) and contributing area (ROP). In the lumped version
the base of the time area triangle is reduced by the same proportion. These
functi ns have the desired general effect of reducing the runoff more so
from the upper catchment areas and hence simulating the smaller but more
rapid response. However, it is pe haps naive to expect the same
proportional decrease to apply to the volume and timing. This point will be
considered further in the next section.

10.1.2 Parameter stability and acceptability.

The calibration results for this model on all catchments are given in tables
A1 to A17 in appendix A. As well as listing the storm fit statistics for
each storm. the values of the parameters are given when they differ between
storms. The values of those parameters that are constant for all storms are
given at the bottom of the tables. In the model the antecedent rainfall
factor entered through the control file is considered to apply to all winter
season storms (October to March in the northern hemisphere. April to
September in the southern hemisphere). The summer season APF is set at 0,05
lower than the winter value. This facility was included in the
model to allow storms from different seasons to be calibrated together in a
single model run. However., it is recognised that the simple seasonal
differential 1is likely to be inadequate. It is designed to account for
lower evaporation rates and shorter day lengths in the winter period but APF
may be more correctly expected to vary more smoot ly between the hottest
month and the coldest. The tables as well as some of the figures (B9A and
B14) illustrate that in some cases poor fits are due to systematic errors
indicated by large differences between the coefficients of efficiency and
determination. Examples are storms 2, 7, 8 and 12 on ND1 (tables A4 and A12
and 1., 7. 12, 13. 14 on ND5 (tables A7 and A16). The fits can be easily
improved by making adjustments to the APF parameter (increase for negative
errors. decrease for positive). The degree of change in APF necessary
depends on the percentage errors as well as the history of rainfall in the
previous 30 days.
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The values for APF given in the tables for the Ecca results represent
attempts to improve the fits by initially varying this parameter only. In
some cases this was possible but in others additional parameters had to be
changed to achieve. or come closer, to an acceptable fit. In table Al it
can be seen that for most storms parameters 6 (time area A) and 15 (channel
losses paraméter) have values of 5,38 and 2,32 respectively. It was found
necessary to change these .values on some of the small storms to achieve a
satisfactory reproduction of the timing of the observed flows. It was
mentioned at the end of the previous section that the channel losses
parameter adjusts the volume and timing of flow in the same proportion. The
changes in the values of parameter 6 (A) are thought to. reflect the
inadequacy of this simple relationship when trying to model a variety of
very s..all responses to different rainfall input patterns.

0f the four large runoff events in the Ecca data set (20.07.79, 23.07.79.
19.08.79 and 2.11.85) only the August 1979 event requires a different  APF
value to produce an acceptable fit. This event occurs one month after the
earlier events in July and the most suitable APF value for the other storms
appears to overestimate the degree of catchment drying that actually takes
place. However. it should also be noted that the 1985 event occurs in
summer when the model would normally assume that the APF should be 0,05
lower. This November event occurred after a month long period of
intermittant rain and cloudy cool conditions. Such conditions are more
characteristic of the winter months in the Ecca and would therefore seem 1o
justify the higher APF value. The APF values for the small events on the
Ecca are highly variable and do not demonstrate any clear pattern. These
va iations are fur greater than the adjustments that were neces ary in the
North Danville catchments to remove the systematic errors referred to
e rlier. This may be a reflection of the greater variability of catchment
drying out processes in the semi-arid Ecca. Alternatively. the variability
in this parameter value may be accounting for other deficiencies in the
model when it is applied to a semi-arid area. No final conclusion can be
r ached on the basis of the limited number of catchments calibrated so far.

The tables in appendix A indicate that the other parameters not referred to
above can remain constant for individual catchments. In the North Danville
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catchments this results in good fits over most of the storms (assuming
systematic errors are removed by adjusting APF). For the Ecca catchments,
the same can be said for the large storms but there are still several of the
smaller storms which are relatively poorly reproduced. This model is
conceived as being a flood model and many of the smaller events can hardly
be defined as flood. It may be concluded that the results are better than
is initially apparent and that most of the parameters can be considered
stable for the range of iflood' events modelled.

Table 10.1 lists comparitive parameter values for ND5 and Q9M20 for both the
lumped and semi-distributed model versions. It is apparent that a greater
degree of delay and attenuation occurs in the Ecca catchments than in ND5.
For the lumped model the basin routing parameter. K and the time area base A
are both higher for Q9M20. Although the semi-distributed K and KC values
are lower for the Ecca. the channel delays for the remote sub-areas are
greater than for ND5. The semi-distributed values correspond reasonably
well with intuitive expectations. Valley side slopes are steeper with
thinner soils in the Ecca suggesting more rapid runoff to the channel system
than from the more gentle slopes and deeper soils of the North Danville
valley sides. In fact, experience of the North Danville catchments (R.
Schulze. pers. c mm.) suggests that the predominant runoff generation
processes is sub-surface flow. If this sub-surface flow is relatively rapid
and the valley bottom alluvium in the Ecca plays an attenuating role then it
might be expected that the two catchments would have sim_lar basin routing
characteristics. With respect to channel routing, the Ecca 1is more
elongated and has fewer main channel segments per unit catchment area. The
runoff generated in some of the upstream areas therefore has a greater
distance to travel than in ND5.

The SMAX values for the two catchments are not very different but the shape
of the S-curves are. The ND5 S-curve implies greater runoff proportions at
lower moisture values than Q9M20. This is logical in view of the fact that
the main moisture storage in the Ecca is in the valley bottom alluvial soils
and on some of the flatter hilltops. A greater proportion of the total
storage must therefore be satisfied before relatively high runoff
proportions can be achieved. The soil depth distribu ion in ND5 is more
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uniform suggesting that valley bottom soils will become saturated more
quickly and hence generate runoff at lower catchment moisture values. These
characteristics of the two catchments seem to be reflected in the PCSLP
parameters as well. The steep slopes and low moisture storage of the Ecca
valley sides suggest little slope storage and high PCSLP values. The lower
permeabilities (particularly lateral permeabilities) observed in the soils
of the Ecca (Moolman. 1984) compared with those indicated in the USDA (1960-
1973) volumes support the relative differences in the values of PCVSA (table
10.1).

Table 10.1 Comparison between parameter values for OSE2 on ND5 and Q9M20

Parameter NDS ' Q9mz0
1umped Semi-Dist. lumped Semi-Dist.

1. K 5.75 4.3 - 9,8 10,0 3.9 - 6.3
2. N 0.7 0.7 0.6 0,6

3. CDEL - 0.0 - 2,25 - 0.25 - 5,25
4. KC - 0,3 -1.15 - 0,25 - 0,7
5. DEL 0.5 - 0,25 -

6. A 2,68 - 5,38 -

7. B 0,15 - 0,10 -

8. SMAX 218,0 196,2 - 239.8 175.1 156.0 - 220,0
9. DA 0,451 0.451 0,282 0,180 - 0,287
10. C 0.245 0,245 0.672 0,576 - 0,688
11. PCSLP 131.0 105.0 - 143.0 340,0 300,0 - 368,0
12. PCVSA ’ 3.87 3.1 - 4,2 0.43 0.50 - 0,60
13. IAF 0,3 0,27 - 0,34 0.67 0.55 - 0.84
14. APF 0.898 0,889 - 0,907 0,963 0.95 - 0.97
15. CLP 0,0 0,0 2,32 2,16 - 2.70

The values listed under semi-distributed represent the range over the sub-
catchments.



-91-
There are a number of areas in the Ecca where virtually bare slopes are
adjacent to channels. Coupled with the fact that infiltration rates are
expected to be lower in the Ecca it is not surprising that parameter IAF is
a great deal higher for Q9M20 than ND5. The values given for APF in table
10.1 represent the winter values and suggest that the Ecca dries out more
slowly for a given antecedent rain input than North Danville. This parameter
has to represent the combined effects of evapotranspiration and drainage.
The Ecca however experiences higher potential evaporation effects due to
higher temperatures. Higher unsaturated lateral permeabilities and more
dense vegetation cover in ND5 may be accounting for the greater drying
effect. As mentioned earlier the component of the model controlled by this
parameter has many weaknesses and this parameter is less stable than the
others.

The channel losses component was incorporated after the North Danville
modelling exercise had been completed and is therefore assumed to be 0,0.
This parameter also has a minor effect on the large storms experienced 1in
the Ecca. Its effect is to remove very s all flows generated by some of the
rainfall that serves to wet the catchment before widespread streamflow
occurs. This is illustrated in figure B4A. Because small amounts of runoff
are generated by the S-curve even at a low moisture status. without the CLP
parameter -there would be low flow in the 5-25 hour period of storm 20.7.79.
An alternative would be to begin modelling at approximately 20 hours and
include the earlier rain as antecedent conditions.

The method used to set initial values for the sub-catchment parameter
factors was largely intuitive and based upon the ideas expressed in section
4.4, During calibration these were only modified if an improved fit could
not be obtained by changing the global parameter values or if the
characteristics of the generated flow from gauged sub-areas did not
approximately match the observed data. It was generally found necessary to
adjust the channel delays on both catchments but few other adjustments were
necessary for the North Danville catchments.
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The basin routing parameter (K) factors for the North Danville sub-areas
were determined by calculating the time of concentration (Tc) based on the
equation :

Tc = 0.00025 * (L * 1000)°-8
(5)%-
sub-catchment area (km?)/total channel length (km)
Average sub-catchment slope (mm'1).

where L

wm
1]

An area weighted average Tc for the whole catchment was calculated and all
individual Tc values divided by this average to give the sub-area factors.
The sub-area CDEL factors were initially calculated from Tc values using the
length (L) from the outlet to the sub-area centre and the average slope (S)
over that length. It was then found necessary to reduce these values by
approximately 0,75 to obtain CDEL values (table A17) that produced
acceptable fits. KC factor values were fixed by relative channel distances
from the sub-area node to the next downstream node. Maximum storage (SMAX)
parameter factors were subjectively related to the soils information given
in the USDA (1960-1973) reports. PCSLP and PCVSA factors were estimated
from relative values of average sub-catchment slopes and rounded up or down
to the nearest 0.05 according to slope alignment. Thus. if the slopes are
predominantly aligned toward the channel (incised situation) the values were
rounded upwards. If slopes are predominantly aligned in a downstream
direction then factor-values were rounded downwards. implying slower
drainage from the slopes (or VSA) to the VSA (or channel). Similarly. those
sub-catchments with higher slopes were assigned slightly higher IAF
parameter factors.

A similar procedure was followed for determining the initial values of the
sub-area factors for running the semi-distributed model in the Ecca
c tchments. There 1is less formal information on the soil depth variations
in this area than North Danville. Personal observations and experience have
consequently played a greater role. The first comment that can be made is
that more changes to the sub-area factors were made during the Ecca
calibrations. The K parameter factors were determined largely through a
consideration of both sub-catchment areas and slopes. Thus the relatively



-93-
small (6% of total) and steep sub-area 9 has the lowest value, while the
larger, more rounded or flatter sub-areas 1 and 11 have the highest values
(figures 8.2 and 8.3). An indication of the CDEL factors is given by the
calipbrated value of the time area triangle used in the lumped model but
these and the KC values were largely determined by consideration of the
timing of observed flows at the three gauging points within Q9M20.

Factors for SMAX, DA, C and CLP, were found to be very difficult to fix.
While some consideration was given to the distribution of soil depth within
sub-areas (from observation, not formal measurement), ‘the response
characteristics of various observed events also helped to determine the
factor values given in table A9. Q9M24 has failed to produce runoff for
many of the smaller events included in the test data set. This could imply
greater storage or higher channel losses or a combination of both. The
latter implication has been used to fix the values given in table A9. The
generally lower runoff response (c.f. tables 8.5 to 8.7) from Q9M24 relative
to Q9M20 and Q9M21 1s also reflected in the values of parameter factors for
DA, C and IAF. While the North Danville storms could be modelled with
uniform sub-area factors for DA and C, this was not the case for the Ecca
storms. The authors have insufficient experience of this model to suggest
how the detail of the S-curve shape changes with physiography. This will
require further investigation after more catchments have been calibrated.

The model was re-run for three of the ND5 storms, setting the sub-catchment
factors equal to the area weighted average for all sub-areas. This exercise
was carried out for individual parameters (except CDEL) and then for all

parameters combined. The largest deterioration in fit occurs when the K and
SMAX factors are set equal. Errors change by only a few percent at the most
and coefficients of efficiency decrease by a maximum of 6%. Setting all the
factors for PCSLP, PCVSA and IAR constant has little effect on the overall
fit. 1If all factors except CDEL and KC are set to be equal then the largest
decrease in coefficient of efficiency is 8%, % volume errors remain similar
and the % peak error for one storm changed from -11% to -18%. The
equivalent results for 3 storms in Q9M20 (storms 1,6 and 12) are less clear.
For some parameters the volume errors improve, while the peak errors
deteriorate and vice versa. The largest effects occur on storm 1 and are
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caused by setting the main volume parameter factors equal (SMAX, DA and C).
Changes to the other parameter factors cause negligible effects. If all
factors (except CDEL and KC) are set equal then the coefficients of
efficiency change from 0,70 to 0,46 (storm 1), 0.97 to 0,93 (storm 6) and
0.67 to 0.85 (storm 12). It is interesting to note that the one to one fit
for storm 12 improves.

10.1.3 Ease of calibration

In some respects the model was easier to calibrate on the North Danville
storms than the Ecca. However. it should be noted that calibration was
stopped for some North Danville events when a high value for the coefficient
of determination was achieved despite relatively high percent errors in peak
and volume. These situations suggest systematic error and usually occurred
on storms where there is a lack of information about the spatial variation
in rainfall. For some of the storms, information is only available for
rainfall input at gauges 1 and 10 (figure 8.4). Sometimes the storm
profiles for these gauges are very different. implying a high degree of
spatial wvariability. At other times they are similar. but unfortunately
this does not necessarily imply low spatial variability. Figure B14
illustrates an example where profiles 1 and 10 are similar. The fits for
ND3 and ND4 are good while those for ND1 and ND5 are systematically in
error. Best fit APF values for the full range of storms on ND3 and 4 are
higher (more moist antecedent conditions) than ND1 and 5. If the APF values
for this storm on ND1 and 5 were adjusted to be more in line with those on
ND3 and 4 the fits would be much better. In contrast, figure B15 indicates
that the APF values are satisfactory over the four catchments. It is
possible that errors in input data and antecedent moisture status are
cancelling each other out. Where insufficient information 1is available
about the storm rainfall input and where one (or more) component of the
model is considered to be weak. it is difficult to attribute reasons for
-poor simulations.

A great deal of effort was required to achieve the fits on the Ecca
catchment storms. This was especially true when attempting to obtain
acceptable results for both the large and small events using a stable
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parameter set. As the tables in appendix A illustrate, this was not actually
achieved. However, it was also true when attempting to simulate just the
large events with one parameter set. This semi-arid catchment appears to
have more complex response characteristics than the North Danville area. A
closer inspection of the various sub-area outputs (with respect to relative
timing and volumes) as well as the outputs of different model components was
necessary in order to reach decisions about how to modify global parameter
or sub-area factor values for the Ecca. Automatic optimisation techniques
were useful in the lumped model version. but rerely provided the best
overall fit without further manual parameter modification. Automatic
optimization of the semi-distributed model took a great deal of time to run
on the computer. If the sub-set of storms being optimised were of long
duration then the program often ran into job step limits on the Rhodes Cyber
computer before an optimal fit was reached.

It was originally intended to calibrate the semi-distributed model on Q9M20
and subsequently evaluate the results for Q9M21 and Q9M24 wusing the
equivalent parameter values. However, after repeated attempts this
procedure was abandoned and the smaller gauged catchments calibrated first.
Acceptable calibrations were achieved in a shorter period of time.
illustrating the advantage of some knowledge ‘about sub-catchment response
characteristics for calibrating a larger catchment.

10.1.4 Summary observations

In general, the results of calibrating model 0SE2 were satisfactory for both
areas. The main weakness of the model appears to be in the estimation of
the initial moisture status of the catchment using an index of the previous
30 days of rainfall. With the exception of the antecedent moisture
parameter a high degree of stability is evident in parameter values when
calibrating a group of storms on the same catchment. In general the
differences in parameter- values both between catchments and within
catchments (between sub-areas) are explicable in terms of physiographic
differences. It is considered to be too soon to attempt to derive more
definite. quantitative relationships. Further catchments need to be
calibrated to obtain a better understanding of the model operation under
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different hydrological response characteristics. It will also be necessary
10 examine whether the relative insensitivity of the model to averaging sub-
catchment factors found in the North Danville catchments 1is also found
elsewhere.

10.2 OSE1 - Simple antecedent moisture model

10.2.1 Curve fitting capabilities

The curve fitting capability of the model for the North Danville catchments,
over the range of storms, appears adequate (figure B6B, for example).
However, an acceptable fit was not obtained for some storms with a high
degree of spatial variability 1n the rainfall input (storms 2.06.61,
30.07.63, 22.07.64 for ND1 and storms 30.07.73, 14.07.73 for ND5). The
curve fitting capabilities for storms on ND5 are better, 1implying perhaps
that the larger catchment has a smoothing effect on spatially variable
rainfall events. Individual storm simulations may be significantly better in
the different formats of the model but there is 'little difference 1n the
overall fitting capabilities of the lumped or semi-distributed versions.
For the event of 1967 on the North.Danville catchments, a significantly
better result is obtaihed using the semi-distributed format (tables A21 and
A26). However, the 1969 event, which is adequately reproduced using the
lumped model, cannot be reproduced by the semi-distributed version. The
curve fitting capabilities for the Ecca storms are less satisfactory.
Without the incorporation of initial losses the fits would have been even
worse. Simulation of the 'large' events is generally adequate, although
neither version of the model can reproduce the large, twin peaked event
(20.7.79), suggesting the need for a variable ROP. As is the case with
North Danville, spatially variable rainfall events were difficult to
simulate satisfactorily (storm 6.03.77, fig. B1B). It was also found that
simulations were generally better for the larger catchment (table A18 and
A19). The overall curve fitting capabilities of the lumped and semi-
distributed model formats are not significantly different, however on an
individual storm basis there are differences (figure B1 B and C). The model
has distinctly poorer fitting capabilities on the 'small' events.
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10.2.2 Parameter stability and acceptability

The lumped and semi-distributed calibration results for OSE1 are given in
tables A18 - A27 in appendix A.  For the North Danville catchments it was
possible to wuse constant non-linear routing and initial loss parameters.
Basin delay is the only routing parameter which needed to be varied in the
lunped and semi-distributed version of the model. SMAX was held constant
but the shape of the S-curve had to be varied to get adequate fits. The APF
parameter was varied according to the season in which the event occurred.
The APF for winter (Oct-Mar) was set 0.10 higher then the APF for summer
(Apr-Sept). Generally this simple separation produced acceptable results,
indicating that in summer there is higher evaporation and therefore a
greater drying effect, while in winter the evaporation is lower and the
catchment 1is more moist for the same amount of antecedent rainfall. The
calibration results for the Ecca (table A18., A22) indicate how difficult it
was to establish constant parameter values for the set of events. In
particular. the results for the so-called 'small' events are very variable.
due possibly to the fact that these 'small' events can hardly be classed as
floods. The four ‘larger' floods (20.07.79, 23.07.79, 19.08.79 and
2.11.85). indicate less variation in parameters, particularly the semi-
distributed model parameters. The problem with modelling the ‘small' events
is that only a limited area near the catchment outlet appears to be
generating the runoff. Evidence for this feature is that the response of
the catchment to the low flows is very quick. The result is that the model
needs low A and K values to simulate the rapid response (tables A18. A19
and A22).

Table 10.2 lists comparative parameter values for ND1, ND5 and Q9M20. for
both versions of the model. Parameters for ND1 and ND5 are similar and as
would be expected the channel delay on ND1 is generally less than ND5. The
lumped results indicate that a greater degree of delay and attenuation
occurs in the semi-arid Ecca catchment. This is also the case for the semi-
distributed version which in addition has initial losses 'a kind of delay).
far greater than those applied to ND5.
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Table 10.2 Comparison between parameter values for OSE1 on ND1. ND5 & Q9M20

Parameter ND1 ND5 Q9M20*
lumped Semi-Dist. lumped Semi-Dist. lumped Semi-Dist.

1. K 5.5 6.0 6.0 6,0 9.0-11.5 5,40-11,5
2. N 0.7 0,7 0.7 0.7 0.7 0,7

3. CDEL 3 0,0-1,25 _ 0.0-2.25 _ 0,75-5,25
4. KC _ 0,4-0,8 _ 0,31-1,15 _ 0,40-1,04
5. DEL  0,0-1.50 _ 0,0-3,0 _ 1.5

6. A 4,0 _ 5.5 _ 4,5-7,0

7. B 0,15 _ 0,15 _ 0.15 _

8. SMAX 150 150 150 150 200 200

9. bA  0.42-0.88 0,43-0.68 0,50-0.60 0.55-0.63 0,26-0,94 0.20-0,90

10. C 0,10-0.75 0,056-0,32 0.06-0,42 0.05-0,26 0,03-0,58 0,03-0,58
14. APF 0.80/0.90 0.80/0,90 0,80/0,90 0,85/0,90 0,85/0,95 0,85/0,95
15. 1L 0,0 0,0 0.0 0,0 1,0-50,0 1,0-45.0

The values listed under semi-distributed represent the range over the sub-
catchments. ’
* Parameters for ‘large’ events only.

SMAX values for the two catchments are different as is the general shape of
the S-curves (see section 10.1.2 for an explanation for the different S-
curves). There is a great deal of variation in the S-curve parameters which
is not easily explicable in terms of physical storm or catchment
characteristics. The parameter APF differs between catchments and is
generally higher on the Ecca. However, the effect of changing this
parameter is closely associated with changes in the S-curve parameters.
These associations require further investigation specifically to find out
whether a stable set of S-curve parameters can be used together with more
variable APF values. The initial losses parameter was included once
modelling on North Danville had been completed and has been assumed to be
0,0. On the Ecca. initial losses improved the calibration results quite
significantly, especially for events with ‘dry’ antecedent conditions. The
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improvement occurs because even at a low moisture status, the S-curve
generates runoff. Without the IL parameter, flow would occur in the period
prior to actual catchment response (e.g. storm 20.07.79). The initial losses
parameter allows catchment moisture requirements to be satisfied prior to
producing runoff.

10.2.3 Ease of calibration

Although OSE1 was found to be more difficult to calibrate than OSE3, it was
easier to calibrate on the temperate North Danville catchments than the
semi-arid Ecca catchments. OSE1 has more parameters than OSE3, which makes
it more difficult to operate. It was often felt that the best result was
rarely achieved with OSE1, whereas with OSE3 it was generally possible to
recognise the best result. In particular. problems were encountered with
the volume reduction stage of the model. which in OSE1 has 3 parameters, all
of which were difficult to stabilize. It was also more difficult to combine
the effects of the APF and IL parameters. as both reflect antecedent
moisture conditions. Calibration would be made a great deal easier if the
S-curve parameters could be stabilised and response variations between
storms accounted for using other parameters. '

10.2.4 Summary observations

The fact that OSE1 uses a constant runoff proportion precludes adequate
reproduction of complex, multi-peaked events. Storm events on the larger
catchments were modelled more successfully. Apart from some events with a
high level of spatial variability in rainfall input. there seems to be
1 ttle difference between the lumped and semi-distributed versions. One of
the main proble s with calibrating this model is in the determination of the
S-curve parameters. It is extremely difficult to fix the shape of the S-
curve when modelling the storms separately. Some  pre-calibration
investigations of the variation in storm response characteristics may help
and ways of doing this effectively are being studied.
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10.3 OSE3 - Augmented hydrograph model
10.3.1 Curve fitting capabilities

The curve-fitting capabilities of the model on the North Danville catchments
are considered to be adequate in both the lumped and semi-distributed
formats, for the range of storms used (tables A30, A31, A34, A35 and figures
B7A and B9B). However, with respect to the lumped model and particularly
the smaller catchment (ND1), theré are several situations where acceptable
fits are not possible. As with the previous two models this feature is
associated with the degree of spatial variability in the rainfall input.

The semi-distributed format of the model did not produce significantly
better results for the spatially variable events, the exception being storm
10 (7.09.69) on ND5.  For the storms of 1963 (ND1 and ND5) and 1969 (ND1)
there was not sufficient information to define the distribution of rainfall
over the sub-areas, therefore adequate simulation was not possible.
However, it is likely that the flexibility of the semi-distributed format of
the model has not been adequately exploited. Figures B13A and B,
illustrate a situation where the semi-distributed fit is an improvement on
the fit obtained using the lumped format. The curve fitting capabilities of
O0SE3 on the Ecca catchment, are generally less adequate and without the
inclusion of initial losses would have been worse (figure B4B). To
facilitate modelling, the storm events on the Ecca were divided into 'large'
and 'small' runoff events. With the exception of storm 13 (25.11.85), the
'larger' events are reproduced adequately, especially those events with
'wet' antecedent moisture conditions (storms: 23.07.79 amd 2.11.85, figure
B5B). The smaller storms were generally less satisfactorily reproduced as
were events with a high degree of spatial variation of rainfall input (storm
2, 6.03.77). For most events the curve fitting capabilities of the semi-
distributed format were better than the lumped model. The sub-catchment
factors determined for initial losses improved the response of the model
(table 'A33). However, even in semi-distributed format the model was not
capable of reproducing double peaked events on the Ecca catchments (figure
B4B), suggesting that a constant ROP is inadequate in this semi-arid area.
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10.3.2 Parameter stability and acceptability

Both lumped and semi-distributed calibration results for 0SE3 are given in
tables A28-A37. For the temperate North Danville catchments it was possible
to simulate observed flows acceptably with constant routing and initial loss
parameters (see tables A30. A31. A34, A36). Although the catchment delay of
the time-area routing function was allowed to vary. this is not considered a
serious problem and only effects the timing of the hydrographs to a limited
extent. As expected. the volume reduction parameter (ROP). does vary
between events (see Section 6.3). The variation of the ROP parameter is
much the same for storm events on ND1 and ND5. At present it is difficult
to evaluate the suitability of the ROP's achieved. although it is possible
to establish intuitively a degree of acceptability. For example the
24.10.59 storm is a large event, the rainfall is fairly intense and the
catchment is ‘'wet’ prior to the event. therefore a high ROP is not
u expected (ROP=0.420). The 30.07.60 storm is a long duration, low intensity
rainfall event with ‘dry’ antecedent conditions, therefore a low ROP is
expected. The general stability of parameters on North Danville appears to
suggest that catchment charactersitics are not very variable, thus making it
possible to model events with reasonable success even in lumped format.

For the semi-arid Ecca catchments. parameter stability appears to be
dependent on the size of the event and the format of the model. There is
little stability when the model is in lumped format (table A28. A29) and
when small events are calibrated (table A28, A29 and A32). In the semi-
distributed version. the channel routing parameters are constant (table A32)
and the range of the basin routing parameter (K) for the large storms is
small. The poor results achieved for the 'small' storms is possibly due to
the fact that these events can hardly be classed as floods and that the
"large’ events reflect true flood conditions for the semi-arid Ecca. The
general lack of stability of parameters in the lumped format suggests that.
in the semi-arid situation, catchment and storm characteristics are very
variable. It 1is extremely difficult to determine a single value for a
parameter that is suitable for all events.
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Table 10.3 lists comparative values for ND1, ND5 and Q9M20 (large events
only). for both versions of the model. As intuitively expected. NDI
(smaller catchment) has lower delays then ND5 in the semi-distributed format
and a smaller time-area base (A) in the lumped version of the model. For ND5
and Q9M20 the table indicates that a greater degree of delay and
attentuation occurs in the Ecca catchment. For the lumped version. basin
routing K and A are generally higher for Q9M20. In the semi-distributed
version of the model. K can be lower (less attenuation on some sub-
catchments) for Q9M20. but initial losses (which can include channel
losses) for the Ecca are higher than for ND5. The methods used to set
initial values for the sub-catchment parameter factors are similar to those
described in section 10.1.2 for the S-curve model.

Table 10.3 Comparison between parameter values for OSE3 on ND1, ND5 & QSM20

Parameter ND1 ND5 Q9M20*
lumped Semi-Dist. lumped Semi-Dist. lumped Semi-Dist.
1. CDEL _ 0.0-1.25 _ 0,0-2.25 _ 0,75-5,25
2. KC _ 0,4-0,8 _ 0,13-0,85 _ 0,43-1,10
3. ROP 0,09-0,43 0.09-0.44 0,10-0.37 0.10-0.38 0,19-0,54 0,31-0,58
4. N 0,5 0.5 0.5 0,5 0,5 0,5
5. DEL  0.0-1.,75 _ 0,0-1.75 _ 0,0-1,50
6. A 4.0 _ 5.0 _ 4.5-8,0 _
7.B 0.15 _ 0.15 _ 0,15 _
8. 15 15 15 15 15-24 9,7-25.2
9. IL 2.5 2,5 2,5 2.5 0-65 0-98

The values listed under semi-distributed represent the range over the sub-
catchments.

* Only ‘large’ events considered.
10.3.3 Ease of calibration
It was generally easier to calibrate both forms of the Augmented Hydrograph

on the North Danville catcments. This is possibly due to the greater
degree of parameter stability obtained on the North Danville catchments.
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In most cases it was easier to establish when the best possible result had
been achieved.' when the model was in the lumped version. This was due in
part to inexperience with semi-distributed modelling and because of the
fewer parameters involved in the lumped version. Therefore the sub-
catchment parameter factor values need to be investigated futher to improve
the understanding of the semi-distributed version of the model.

10.3.4 Summary observations

This model was found to be easier to calibrate than the previous constant
runoff proportion model, OSE1. This is largely because the volume reduction
component is simpler than in OSE1. With respect to the North Danville
catchments the semi-distributed version does not achieve better results than
the lumped model. However, the semi-distributed model is better able to
reproduce storm hydrographs in the Ecca catchment. As with OSE1, multi-
peaked and spatially variable rainfall events are not well modelled.

10.4 O0SE4 - RORB model

Before discussing the vresults of calibrating this model it should be
emphasised that OSE4 has been applied in its basic form only. Few of the
options that are available to refine the model beyond its basic structure
have been tested. Thus, the sub-area routing factors have been calculated
on the basis of the channel length between nodes and no attempt has been
made to incorporate a sub-area routing component as suggested in Laurensen
and Mein (1985). A further component could also be incorporated to include
distributed channel 1losses. The observed flows for this model refer to
s ormflows and not totalflows as 1in the other models. There is
unfortunately no simple or direct way of allowing for the decay of an
initial observed flow at the beginning of the storm. An additional
difference is that the OSE4 program does not calculate coefficients of
efficiency or detefmination but rather a statistic referred to as the
“average absolute ordinate error’ (AAOE in tables A38 to A40). The
percentage errors for volume and peak are included in the program printout
and are comparible with the other models.
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10.4.1 Curve fitting capabilities

Although only the results for the constant runoff coefficient version of the
model are reported in appendices A and B, the continuing losses model was
also tested. The latter proved to be inadequate especially for the Ecca
storms and generally for those storms with large intensity variations during
the rainfall input. Some events begin with relatively high intensity
rainfall which initiates runoff, followed by lower intensity rainfall which
sustains flow. The continuing losses model ignores the later rainfall as it
lies below the continuing loss level. This situation is exacerbated for the
small storms on the Ecca where the runoff proportion is extremely low and is
therefore derived from the highest 15 minute intensity fall occuring after
the period of initial losses.

The runoff proportion model is more flexible in its fitting capabilities but
nevertheless it is still difficult to fit to some situations. Figure B2D
illustrates that the model assumes that some of the flow is derived from
upper catchment areas when in fact no flow was observed at Q9M24. To
decrease the amount of flow derived from upstream areas it would be
necessary to include a spatially variable channel losses component. The
alternative method of introducing spatial variability in runoff amount is to
allow some proportion of the sub-areas to be impervious to rainfall.
However. when the runoff response is very low (5%) this usually means that
more runoff is generated from these impervious areas than was observed. The
model will therefore not run. Figure B4C illustrates that despite dividing
this twin peaked event into two bursts (table A38 - storm 6) the first peak
is still underestimated. The latter fit could be improved by adjusting the
proportion of flow resulting from each rainfall burst. However, this
example serves to illustrate the difficulty of defining these proportions.
It is of interest to note that the twin peaked event on ND1 (figure B7B) was
reproduced satisfactorily without resorting to seperated rainfall bursts.

The model calculates the runoff coefficient from the rainfall (after
removing initial losses and the observed flow volume. The large volume
errors result when some of the simulated flow volume has not been routed out
at the end of the observed duration. The mean and standard deviations for
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the three fit statistics given in Tables A38 to 40 suggest that OSE4 is more
successful in modelling the North Danville catchments than the Ecca. While
Q9M20 was the only Ecca catchment calibrated with this model, summary data
for output from Q9M21 and Q9M24 was examined during each run. Only during
the larger events did the volumes, peaks and timing of flows from these
~gauged sub-catchments come close to matching the observed data.

10.4.2 Parameter stability and acceptability

As with models OSE1 and OSE3, the parameters of OSE4 were not necessarily
expected to be constant for all storms. However. it was expected (or hoped)
to find greater stability in the routing parameter KC than is indicated by
the results given in tables A38 to 40. These values are extremely variable
for the Ecca ranging from 0,8 for the smallest storm to 15.0 for the
largest. The variation is much less for the North Danville storms (ND1 and
ND5) and could possibly be reduced by adopting a different N value.

No attempt has been made in this preliminary study to examine in detail any
relationships between initial losses or the runoff coefficient and
antecedent moisture status and storm parameters. However, a casual
comparison of the model parameters with storm characteristics does not
reveal any obvious structure. Further investigations into this matter will
follow after more catchments have been calibrated and will closely parallel
similar studies involving models OSE1 and OSE3.

10.4.3 Ease of calibration

The simple version of the model used in this study (that is without
attempting to use some of the optional components) is relatively
straightforward to calibrate. There is commonly only one combination of KC
and initial losses that produces the best fit to a single storm. After only
a few test runs it becomes quite simple to roughly estimate the effects of
changing KC or I.Loss values. For those storms where an acceptable fit is
not possible it becomes apparent after several parameter changes that
further improvement is beyond the models capabilities. Increasing initial
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losses inevitably delays the start of runoff as well as increasing the
proportion of later rainfall amounts that contribute to runoff. The effect
of such a parameter change on the hydrograph shape is dependent upon the
shape of the rainfall profile particularly at that point where initial
losses are satisfied. The rainfall profile shape also has a strong
influence on how sensitive the model is to changes in initial loss.

10.4.4 Summary observations

The use of the continuing losses model was not successful for both catchment
areas. The runoff proportion model was relatively easy and rapid to
calibrate but little stability exists in the parameter values. This is
especially true over the range of events from the Ecca catchments.  Sub-
catchment outflows at Q9M21 and Q9M24 were not simulated satisfactorily even
when the results for QIM20 were good.

10.5 Discussion of model comparisons

The mean values for the fitting criterion are compared in table 10.4.
Comparisons are made between model types as well as between the two groups
of catchments. The table suggests that model OSE3 most accurately
reproduces the observed hydrographs with model O0SE2 performing least
successfully. The relatively higher values for the percentage volume and
peak errors associated with OSE2, appear to be largely due to systematic
error. This feature is illustrated by the larger differences between the
two coefficients for OSE2 (lumped and semi-distributed). The figures in
table 10.4 do not provide a complete impression of the comparitive success
of the models. 0OSEZ2 has a far more stable set of parameter values which
can. to 'a large extent, be intuitively justified on the basis of known
differences between catchments or sub-areas within catchments. The other
models have a greater amount of parameter variability which has no
immediately apparent relationship with storm characteristics. This is
particularly true when modelling the Ecca storms. Model OSE1 has more
parameters than O0SE3 and 0SE4 due to the S-curve component designed to
estimate the constant runoff proportion from antecedent conditions. The
parameters of this component are extremely variable but this could be a
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consequence of the way in which the model was calibrated. More emphasis was
placed on stabilising the routing and APF parameters than the S-curve
parameters. The alternative, of trying to fix DA and C and modify other
parameters to achieve a satisfactory fit, requires investigation. It might
then be simpler to find reasons for variations in the other parameters than
it is to find reasons for differences in the S-curve parameters. The
results obtained so far suggest that the additional component in OSE1 for
estimating the runoff proportion is not justified and merely makes the
calibration procedure more complex.

Table 10.4 Comparison of model fit statistics

Mean values

% Vol. % Peak C. Eff. C. Det. AAOE %
All catchments
OSE2  lumped 12,6 15,6 0,700 0,844
semi-dist. 16.5 15,4 0,633 0,862
O0SE1  lumped 6,4 - 7.9 0,857 - 0,885
semi-dist. 6.4 7,9 0,879 0,916
0SE3  lumped 4,4 4.5 0,875 0,903
semi-dist. 3.9 5,1 0,904 0,916
0SE4  lumped 6,0 7,0 25,0
All models
Ecca ' 8,5 9.1 0,754 0.832 36.2
North Danville 9,4 10,9 0.812 0.915 19.5

AAQE - Average absolute ordinate error.

The tables in appendix A present a relatively confusing impression of the
differences between lumped and semi-distributed modelling. The patterns are
similar regardless of the actual model type (OSE1, 2 or 3). Some of the
storms are modelled more successfully with the lumped versions while others
favour the semi-distributed approach. Figures B10 to B13 1illustrate a
situation where. given well defined spatial variation of rainfall input. the
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semi-distributed versions of the models produce improved overall fits. This
is not always the situation and figure B8 illustrates that the semi-
distributed - versions are not always successful. For this particular event
OSE4 appears to come closest to the observed hydrograph (figure B8C). It is
difficult to draw firm conclusions at this stage but it would appear that
inadequate definition of the spatial variation in rainfall input contributes
to some of the poor modelling results in the North Danville catchments.
This factor certainly makes it difficult to compare the relative success of
the lumped and semi-distributed approaches. Further model tests, in
catchments with more complete data, are required to investigate this
problem further.

The small storms on the Ecca catchments are difficult to simulate with all
the models. The authors believe that the scale of operation of the
hydrological processes during these storms 1is much smaller than the
distribution scale of the models. It is suggested that the streamflow
during these events is generated in the lower parts of the catchment and
only in areas close to river channels. The rapid and very small résponses
of the observed hydrographs support this view and suggest that surface
runoff generated elsewhere in the catchment is re-absorbed into the soils or
valley bottom- alluvium. The incorporation of a channel losses parameter
into both versions of OSE2 proved to be useful with respect to modelling the
small Ecca storms. However, table A1 illustrates that it was still
necessary to reduce the time area base parameter (A) to achieve the faster
response in the lumped model. The values for the basin routing parameter
(K) are lower for models OSE1 and 2 than for OSE3. This might be expected
as gross vrainfall is being routed in OSE3 while only excess rainfall is
routed in the other models. The other routing parameters (KC, A, B and
CDEL) have very similar values for models OSE1 and 3.

Only model OSE2 could satisfactorily reproduce the two peaks of storm
20.07.79 on the Ecca catchments (figure B4) although 0SE4 could produce a
better fit if the proportions of flow from the two rainfall bursts were
adjusted. It is therefore apparent that a model having some way of
accounting for a variable runoff proportion during a storm is necessary for
the semi-arid catchments. Figures B6 and B7 suggest that the same is not
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true for the North Danville catchments. All the models are capable of
reproducing the two peaks of the 24.10.59 event on ND1.

With respect to ease of calibration, OSE3 and OSE4 are more straightforward
to calibrate than the other models. However. this conclusion does not take
into account the additional work that will have to be done in the future to
obtain a better understanding of the variation in model parameter values.
The semi-distributed version of OSE2 is the most difficult model +to
calibrate while the results obtained so far indicate that this more complex
approach is not justified for most storms. After a larger number of
catchments have been calibrated. the physical relevence of the parameters of
OSE2 may become better defined. If this is possible then some of ‘the
difficulties of calibrating OSE2 will be removed.
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11. CONCLUSIONS AND FUTURE INVESTIGATIONS

There are very few clear guidelines in the hydrological modelling literature
to suggest what degree of si.plification is permissable to produce
acceptable simulation results in different situations. Simplification can
refer to many different things. The whole structure of a model may be a
simplified concept of the real physical system. Alternatively the model may
have a complex, spatially distributed structure but be applied in a
simplified way because of the users inability to accurately evaluate certain
physically-based parameters. Such simplifications may imply the evaluation
of parameters through indirect methods (Bathurst, 1986) rather than by
direct measurement. Association of parameter values with physical factors
such as vegetation, soil type, slope or geology may be the only way in which
physically-based, distributed models can be applied. The situation then
becomes very similar to less strongly physically-based conceptual models
where the parameters have some demonstrated physical significance. If the
realistic range of possible parameter values is known, as well as the
simulation sensitivity to variations within that range, then quantifiable
levels of uncertainty may be defined (Abbott, et al, 1986). This is an
important characteristic and one that has been lacking in many of the
existing models having very simple structures and parameters which ave
little physical relevance.

The models tested include three essentially simple conceptualisations of the
generation of flood hydrographs and use a rainfall-runoff ratio that 1is
constant during a single event. One of these models (0SE1) has a component
which attempts to relate the rainfall-runoff ratio to antecedent moisture
conditions. Non-linear routing procedures are then used to delay and
attenuate the resulting channel discharge. The fourth model (O0SE2)
incorporates more components in the runoff generation structure of the model
in an attempt to make the model more conceptually realistic. The rainfall-
runoff ratio at any time during a storm is variable and controlled partially
by the moisture status of the catchment and partly by the rainfall
intensity. All four models can be operated in semi-distributed mode through
lumped modelling of wuser defined sub-catchments and channel routing
procedures. Three of the models have separate lumped model formulations
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while the fourth (0SE4) can also be used in a lumped way by setting the
number of sub-areas to unity.

The models have been calibrated using data from two different regions: the

~humid forested catchments of North Danville, Vermont, USA and the semi-arid
Ecca catchment of South Africa. Appendix A lists the parameter values and
fit statistics for all the model-catchment combinations while appendix B
uses computer generated graphical plots to illustrate some of the fitting
characteristics of the models. Some general conclusions can be made.

a) There 1is very little apparent difference between the lumped and semi-
distributed versions of the model. However. the summary statistics in
table 10.4, ignore the fact that there were fewer storms where totally
unacceptable fits were possible with the semi-distributed versions than
the lumped. There were also demonstrable improvements using the SD
version when the spatially variable rainfall input was well defined.

b) There is a large variation in the amount of rainfall input data
available for individual events. When the rainfall input is known to be
variable, but 1is inadequately defined by the available data, model
results must be interpreted with caution. Research studies designed to
test the performance of models will always be faced with this problem.
If model tests are confined to those few research areas where high
density rainfall information 1is available then it 1is unlikely that
models will ever be tested over a wide range of catchment types. Models
are frequently applied where input data is deficient and it is important
to investigate how successfully they perform in these situations as
well. However, without at least some high level quality data, it would
be difficult to conclude to what extent a model 1is truly able to
reproduce the rainfall-runoff characteristics of a catchment.

c) The semi-distributed models were more difficult to calibrate due to the
need to evaluate the sub-area parameter factors. Given more experience
of the models and the physical relevance of parameter values these

| difficulties should be reduced. The importance and sensitivity of the
sub-area parameter factors is unclear at present.
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d) Table 10.4 suggests that the simple models can reproduce observed
hydrograph shapes better than the more complex OSE2 model. However, the
poorer overall OSE2 results are partly a consequence of the systematic
errors in the fits on the North Danville catchments. This can be seen by
comparing the coefficient of efficiency values of 0OSE2 with the others
(+20% less and the coefficient of determination values of OSE2 with the
others (+5% less). The poorer fits may be caused by inadequate storm
input definition for some storms but a deficiency in the antecedent
moisture status component is also considered to play a major role. This
component. together with the S-curve function. in model OSE1 requires
further investigation. The large differences in the S-curve parameters
between storms are dif icult to explain and a new approach to calibra-
tion will be investigated in the future (section 10.2.2). Such problems
are irrelevant to models OSE3 and 4 Systematic errors do not occur in
these models as the volume of runof+ is fixed by the single runoff
proportion which has no constraints placed on it.

e) With respect to conclusion c) it should be noted that the results for
OSE2 are achieved with a much higher degree of parameter stability. The
antecedent precipitation parameter is the main exception to this
conclusion although other parameters were also changed in order to
simulate some of the very low response events on the Ecca catchments.
Further work is necessary before any conclusions can be drawn about the
variable parameter values on the simple models. There do not appear to
be any simple vrelationships with the runoff coefficients and storm
characteristics or antecedent precipitation for example. A more
complete evaluation of possible relationships will only take place after
more catchments have been calibrated.

Some of the results that have emerged from the calibrations of the model on
the two different sets of catchments are encouraging. The parameter values
of model OSE2 can be generally interpreted in terms of differences between
catchments or sub-area physical characteristics. No firm quantitative
relationships have been investigated and this will only be carried out after
more experience of the model is obtained through application to a broader
range of catchments.
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The programme of future investigations (1986-1988) is designed to follow

three main interlinked directions :

a) Further calibration and verification on more catchments from both humid
and semi-arid parts of southern Africa and the United States. The
available data cover a range of physiographic characteristics. Some of
the data are of a better quality than those used in this report while
some are of a poorer quality and less complete.

b) Sensitivity analyses of model parameters and sub-area parameter factors
and investigations into an alternative calibration approach to OSE1.

c) Investigations into the association of parameter values with measurable
storm or catchment characteristics or both and the feasibility of
applying the models to ungauged situations.

This present report constitutes the first part of the overall study designed
to investigate several aspects of the general applicability of isolated-
event flood models. It has investigated the models' calibration performance
in two areas with different rainfall-runoff response characteristics. This
report has not addressed the problem of verifying the calibration results.
Verification of the applicability of model parameters to events or
catchments not used for calibration is an essential part of a thorough test
of any models performance. The second report, which will be compiled during
1988, will concentrate on verification testing and try to reach some
conclusions about the general applicability of the models discussed.
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APPENDIX A

MODEL CALIBRATION RESULTS : TABLES

The tables are arranged in the follcwing way.

Model name Catchment
and type QSM20  Q9m21 Q9m24 ND1 ND3 ND4 ND5
0SE2 Lumped A1 A2 A3 A4 A5 Ab A7
S.dist. A8 A10 A12 A14 A16
sub-area factors A9 A1 A13 A15 A17
OSE1 Lumped A18 A19 A20 A21
S.dist. A22 A24 A26
sub-area factors  A23 A25 A27
OSE3 Lumped A28 A29 A30 A31
S.dist. A32 A34 A36
sub-area factors A33 A35 A37
0SE4 S.dist. A38 A39 A4Q

Notes: a) Parameter values that change between storms on the same
catchment are listed in the tables, other are given
below the tables.

b) Coefficients Eff.

Efficiency = 1 - 5(0Obs-Sim)?
2(0bs-0bs.mean)?
Det. = Determination = (corr.coefficient)?
c) AAOE (0OSE4) Average absolute ordinate error %

J'ZEZ Obs~-Sim * 100
N Obs

where N = number of data points.




Table At

Calibration results

Catchment Ecca, Q9M20 Area 73,9km?
Model S-curve model - OSE2 Type Lumped
Storm  Date Parameters % errors: Coefficients:
No. A APF CLP Volume Peak Eff. Det.
(6)  (14) (15) |
1 28.02.77 2,00 0,913 2,32 8,8 -1,9 0,772 0,824
2 6.03.77 Not modelled (rainfall very spatially variable)
3 7.05.77 5,38 0,880 2,32 -21,3 9,8 0,725 0,761
4 19.04.78 3,00 0,975 2,32 -12,8  -13,6 0,827 0,845
5 21.04.78 2,00 0,920 2,32 6,7 11,9 0,303 0,637
6 20.07.79 5,38 0,963 2,32 3,2 -2,0 0,972 0,974
7 23.07.79 5,38 0,93 2,32 -1,6 -3,8 0,902 0,911
8 19.08.79 5,38 0,970 2,32 3,2 4,9 0,856 0,869
9 26.03.81 1,75 0,810 2,32 5,9 -2,7 0,941 0,956
10 22.10.81 5,38 0,913 1,80 1,1 44.3 -0,142 0,519
11 23.12.81 No acceptable fit possible
12 2.11.85 5,38 0,93 2,32 -8,4 -18,3 0,923 0,946
13 25.11.85 5,38 0,963 2,32 -15,4 3,1 0,534 0,597
14 1.12.85 5,38 0,945 2,32 7,7 -19,3 0,583 0,612
15 3.12.85 Not modelled (data errors)
Mean 8,0 11,3 0,683 0,788
St. dev. 6,0 12,1 0,327 0,159
Other parameters: K(1) = 10,00 N(2) = 0,6 '
DEL(5) = 0,25 B(7) = 0,098
SMAX(8) = 175,05 DA(9) = 0,282
c(10) = 0,672 PCSLP(11) = 340,0
PCVSA(12) = 0,43 IAF(13) = 0,67



Table A2

Calibration results

Catchment Ecca, Q9M21
Model S-curve model - QOSE2

Area 9,1km?

Type Lumped

Storm Date Parameters % errors: Coefficients:
No. APF Volume Peak Eff. Det.
(14)
1 28.02.77 0,870 23,0 -40,2 0,313 0,438
2 6.03.77 0,897 16,6 -24,2 0,778 0,79
3 7.05.77 0,956 58 -1,3 0,557 0,673
4 19.04.78 not modelled (suspect data)
5 21.04.78 0,800 -1,6 3,9 0,300 0,506
6 20.07.79 0,943 -0,6 -9,6 0,981 0,981
7 23.07.79 0,943 -1,1 13,7 0,955 0,980
8 19.08.79 0,960 5,2 13,9 0,858 0,864
9 26.03.81 0,850 2,3 -19.1 0,157 0,395
10 22.10.81 not modelled (zero flow) _
11 23.12.81 0,870 -26,9 18,5 -0,656 0,039
12 2.11.85 0,943 -1,7 -4,7 0,948 0,949
13 25.11.85 not modelled (missing data)
14 1.12.85 0,918 -13,9 9,7 0,35 0,790
15  3.12.85 not modelled (data errors)
Mean 9,0 14,4 0,504 0,673
St. dev. 9,5 11,1 0,490 0,299
Other parameters: K(1) = 6,69 N(2) = 0,6
DEL(5) = 0,0 A(6) = 1,45
B(7) = 0,1 SMAX(8) = 159,0
DA(9) = 0,248 €c(10) = 0,693
PCSLP(10) = 370,1 RCVSA(12) = 0,656
IAF(13) = 0,839 CLP(15) = 2,43



Table A3 Calibration results
“Catchment Ecca, Q9M24 Area 23,1km?
Model S-curve model - OSE2 Type Lumped
Storm Date Parameters % errors: Coefficients:
No. APF Volume Peak Eff. Det.
(14)
1 20.07.79 0,960 25,9 3,9 0,847 0,934
2 23.07.79 0,960 -2,8 -11,4 0,945 0,947
3 19.08.79 0,956 -7,2 10,5 0,859 0,919
4 2.11.85 0,910 4,2 4,4 0,793 0,833
Mean 10,0 7,5 0,861 0,908
St. dev. 10,7 3,9 0,063 0,051
Other parameters: K(1) = 6,83 N{(2) = 0,6
DEL(5) = 0,25 A(6) = 2,00
B(7) = 0,098 SMAX(8) = 200,8
DA(9) = 0,21 €c(10) = 0,62
PCSLP(11) =327,9 PCVSA(12) = 0,53
IAF(13) = 0,60 CLP(15) = 2,70



Table A4 Calibration results

Catchment North Danville, NDi Area 42,94km?
Model S-curve model - OSE2 Type Lumped
Storm Date Parameters % errors: Coefficients:
No. APF Volume Peak Eff. Det.
(14)
1 24.10.59 0,90 -1,0 9,5 0,990 0,991
2 30.07.60 0,85 3%,9 17,3 0,790 0,970
3 2.06.61 No accepteble fit possible
4 31.07.62 0,85 -11,8 -17,4 0,903 0,953
5 30.07.63 Not modelled (rainfall very spatially variable)
6 22.07.64 Not modelled (rainfall very spatially variable)
7 7.06.65 0,85 -25,3 -33,2 0,773 0,978
8 19.10.66 0,90 -26,4 -26,3 0,667 0,980
9 16.07.67 0,85 8,7 8,6 0,661 0,772
10 11.09.68 0,85 10,2 -4,4 0,959 0,972
11 7.09.69 0,85 20,9 21,4 -0,277 0,527
12 23.08.71 0,85 62,2 59,5 -0,786 0,981
13 3.07.72 0,85 10,0 16,4 0,510 0,637
14 10.07.72 0,85 4,0 -3,0 0,941 0,945
15 17.09.73 0,85 4,4 -10,9 0,961 0,967
Mean 18,4 19,0 0,591 0,889
St. dev. 17,4 15,5 0,555 0,157
Other parameters: K(1) = 5,0 N(2) = 0,7
DEL(5) = 0,25 A(6) = 2,9
B(7) = 0,15 SMAX(8) = 214,5
DA(9) = 0,377 c(10) = 0,251
PCSLP(11) = 127,7 PCVSA(12) = 3,8
IAF(13) = 0,39 CLP(15) = 0,0

Note: Some of the poorer fits (e,g,

modification to APF only.

2,8 and 12) can be improved by



Table A5 Calibration results
Catchment North Danville, ND3 Area 8,37km?
Model S-curve model - OSE2 Type Lumped
Storm Date Parameters % errors: Coefficients:
No. APF Volume Peak Eff. Det.
(14)
1 30.07.60 0,868 23,9 11,2 0,495 0,619
2 2.06.61 - No acceptable fit
3 31.07.62 0,868 9,0 -4,9 0,934 0,953
4 30.07.63 No acceptable fit
5 22.07.64 No acceptable fit
6 7.06.65 No acceptable fit
7 19.10.66 0,918 6,3 2,6 0,678 0,723
8 16.07.67 No acceptable fit
9 11.09.68 0,868 3,7 -28,1 0,903 0,933
10 7.09.69 No acceptable fit
11 .23.08.71 0,868 28,7 16,6 0,726 0,973
12 10.07.72 0,868 -5,4 -42,9 0,69 0,729
13 17.09.73 0,868 6,0 -31,7 0,864 0,886
Mean 11,8 19,7 0,756 0,831
St. dev. 10,1 14,9 0,154 0,139
Other parameters: K(1) = 4,6 N(2) = 0,7
DEL(5) = 0,001 A(6) = 1,5
B(7) = 0,15 SMAX(8) = 227,0
DA(9) = 0,394 C(10) = 0,279
RCSLP(11) = 126,0 PCVSA(12) = 3,70
IAF(13) = 0,43 CLP(15) = 0,0



Table A6

Calibration results

Catchment North Danville, ND4 Area 43,51km?
Model S-curve model - OSE2 Type Lumped
Stcrm  Date Parameters errors: (Coefficients:
No. APF Volume Peak Eff. Det.
(14)
1 7.06.65 0,872 7,0 16,7 0,749 0,820
2 19.10.66 0,922 -13,7 -9,3 0,894 0,987
3 16.07.67 0,872 14,1 -19,9 0,384 0,486
4 11.09.68 0,872 -8,3 -16,1 0,937 0,968
5 7.09.69 no acceptable fit possible
6 23.08.71 0,872 45,3 36,6 0,007 0,959
7 10.07.72 0,872 6,5 2,8 0,843 0,854
8 14.07.73 0,872 -2,1 -5,2 0,91 0,968
9 17.09.73 0,872 -12,6 -29,2 0,841 0,936
Mean 13,7 17,0 0,702 0,872
St. dev. 13,4 11,6 0,335 0,167
Other parameters: = 5,5 N(2) = 0,7
= 0,25 A(6) = 2,82
= 0,15 SMAX(8) = 200,0
= 0,359 c(10) = 0,290
( = 130,0 PCVSA(12) = 3,80
(13) = 0,29 CLP(15) = 1,0



Table A7 Calibration results
Catchment North Danville, ND5 Area 111,60km?
Model S-curve model - OSE2 Type Lumped
Storm  Date Paraneters % errors: Coefficients:
No. APF Volume Peak Eff. Det.
(14)
1 30.07.60 0,848 34,0 22,3 0,757 0,919
2 2.06.61 No acceptable fit possible
3 31.07.62 0,848 1,0 19,1 0,957 0,957
4 30.07.63 Not modelled (rainfall very spatially variable)
5 22.07.64 Not modelled (rainfall very spatially variable)
6 7.06.65 0,848 -1,5 -2,9 0,918 0,920
7 19.10.66 0,898 -21,5 -19,9 0,789 0,989
8 16.07.67 0,848 2,8 -4,9 0,874 0,877
9 11.09.68 0,848 12,6 10,3 0,934 0,974
10  7.09.69 No acceptable fit possible
11 23.08.71 0,848 34,9 41,8 0,280 0,954
12 10.07.72 0,848 -21,2 -19,0 0,795 0,909
13 20.07.72 0,848 -32,6 -33,7 0,700 0,974
14 14.07.73 0,848 -24,8 -28,2 0,732 0,985
15 17.09.73 0,848 -8,3 -21,3 0,921 0,961
Mean 17,7 20,3 0,787 0,947
St. dev. 13,2 11,6 0,190 0,036
Other parameters: K(1) = 5,75 N(2) = 0,7
DEL(5) = 0,5 A(6) = 2,68
B(7) = 0,15 SMAX(8) = 218,0
DA(9) = 0,451 C(10) = 0,245
PCSLP(11) = 131,0 RCVSA(12) = 3,87
IAF(13) = 0,30 CLP(15) = 0,0



Table A8

Calibration results

Catchment Ecca, Q9M20 Area 73,9%m?
Model S-curve model - OSE2 Type Semi-distributed
Storm Date Parameters % errors: Coefficients:
No. APF CLP Volume Peak Eff. Det.
(14) (15)
1 28.02.77 0,910 2,70 11,0 4,6 0,704 0,776
2 6.03.77 0,925 2,70 -1,9 2,5 0,615 0,745
3 7.03.77 0,948 2,70 -17.,4 10,2 0,428 0,502
4 19.04.78 0,968 2,70 4.1 -6,7 0,971 0,974
5 21.04.78 0,930 2,70 -10,1 3,6 0,277 0,667
6 20.07.79 0,960 2,70 -8,3 -6,2 0,96 0,971
7 23.07.79 0,960 2,70 -11.,8 6,9 0,725 0,855
8 19.08.79 0,965 2,70 -10,4 -10,1 0,814 0,830
9 26.03.81 0,880 2,70 12,7 -6,3 0,878 0,918
10 22.10.81 0,915 2,40 -17.,9 16,1 -0,069 0,526
11 23.12.81 0,910 2,33 -39,3 60,1 -0,901 0,001
12 2.11.85 0,960 2,70 2,9 11,1 0,673 0,871
13 25.11.85 0,960 2,70 -0,3 127,8* 0,113 0,804
14 1.12.85 0,910 2,20 -46,8 2,2 -0,030 0,532
15  3.12.85 Not modelled (data errors)
Mean 13,9 11,3** 0,440 0,712
St. dev. 13,5 15,2** 0,522 0,259
Other parameters: K(1) = 6,0 N(2) = 0,6
CDEL(3) = 1,0 KC(4) = 0,5
SMAX{8) = 200,0 DA(9) = 0,25
C(10) = 0,695 - PCSLP(11) = 400,0
PCVSA(12) = 0,6 IAF(13) = 0,6

Sub-catchment weighting factors are given in Table A9

* large error possibly caused by data errors.
** Does not include result for storm 13.



Table A9

Sub-catchment parameter weighting factors

Catchment Ecca, Q9M20
Model S-curve model - OSE2

Area

Type

73,9km?
semi-distributed

Sub-cat. Area

No.

(%)

1
K

3

4

Parameters

8

9

CDEL KC SMAX DA

10

"

C PCSLP

12

13

14

15

PCVSA IAF APF CLP

1
2
3
4
5
6
7
8
9

10
11
12

13,0
5,9
5,6
7,0
6,4
7,0

11,4
7,9
6,0
9,7

12,9
7,4

1,00
0,92
0,92
0,92
0,90
0,90
0,85
0,80
0,65
0,95
1,05
0,80

5,25
4,50
4,50
4,00
4,00
4,00
3,00
2,75
2,25
1,25
0,75
0,25

0,80
0,90
0,90
1,00
0,75
0,75
0,50
0,60
0,9
1,40
1,00
0,60

1,10
0,95
0,95
0,90
0,82
0,82
0,78
0,78
0,78
0,90
0,80
0,90

0,72
0,84
0,84
0,92
1,05
1,05
1,15
1,15
1,15
1,07
0,99
1,07

0,83
0,93
0,93
0,95
0,95
0,95
0,95
0,95
0,95
0,92
0,99
1,07

0,75
0,82
0,82
0,90
0,90
0,90

0,92

0,92
0,92
0,90
0,92
0,90

1,00
0,83
0,83
0,83
0,83
0,83
0,83
0,90
0,90
1,00
0,83
1,00

0,92
1,03
1,03
1,05

1,00
1,00
1,00
0,99

1,00
0,89
0,89
0,94

1,10 1,00 0,85
1,10 1,00 0,85

1,30
1,30
1,30
1,20
1,40
1,20

1,00
1,00
1,00
1,01
0,99
1,01

0,75
0,75
0,75
0,88
0,85
0,80

Parameter N(2) all

weights =

1,00



Table A10 Calibration

results

Catchment Ecca, Q9M24
Model S-curve model - OSE2

Area 23,1km?

Type Semi-distributed

Storm  Date Parameters % errors: Coefficients:
No. APF Volume Peak Eff. Det.
(14)
1 20.07.79 0,960 14,8 -3,8 0,936 0,965
2 23.07.79 0,960 -6,8 -6,5 0,953 0,971
3 19.08.79 0,960 -9,7 10,1 0,857 0,887
4 2.11.85 0,910 -9.8 -4,1 0,713 0,775
Mean 10,3 6,1 0,865 0,899
St. dev. 3,3 2,9 0,109 0,091
Other parameters: K(1) = 6,0 N(2) = 0,60
CDEL(3) = 1,0 KC(4) = 0,50
SMAX(8) = 200,0 DA(9) = 0,25
C(10) = 0,965 PCSLP(11) = 400,0
PCVSA(12) = 0,6 IAF(13) = 0,6
Table A11 Sub-catchment parameter weighting factors

Catchment Ecca, Q9M24
Model S-curve model - OSE2

Area 23,1km?

Type Semi-distributed

Parameters

Sub-cat. Area 1 3 4 8

10 11 12 13 14 15

No. (%) K CDEL KC SMAX DA C PCSLP PCVSA IAF APF CLP

1 41,2 1,00 1,50 0,80 1,10 0,72 0,83 0,75
2 18,8 0,92 0,75 0,9 0,95 0,84 0,93 0,82
3 17,8 0,92 0,75 0,9 0,95 0,84 0,93 0,82
4 22,0 0,92 0,00 0,90 0,90 0,92 0,95 0,90

1,00 0,92 1,00 1,00
0,83 1,03 1,00 0,89
0,83 1,03 1,00 0,89
0,83 1,05 0,99 0,94

Parameter N(2) all weights = 1,00



Table Af12

Calibration results

Catchment North Danville, ND1 Area 42,94km?
Model S-curve model - OSE2 Type Semi-distributed
Storm Date Parameters %» errors: Coefficients:
No. APF Volume Peak Eff. Det.
(14)
1 24.10.59 0,90 -2,2 3,7 0,983 0,985
2 30.07.60 . 0,85 46,9 20,8 0,651 0,975
3 2.06.61 No acceptable fit possible
4 31.07.62 0,85 -10,2 -20,9 0,913 0,963
*5 30.07.63 0,85 334,6 297,6 -51.,8 0,559
*6 22.07.64 0,85 52,2 43,6 -1,218 0,787
7 7.06.65 0,85 -25,6 -38,4 0,731 0,943
8 19.10.66 0,90 -25,2 -25,7 0,682 0,987
9 16.07.67 0,85 2,5 0,7 0,933 0,942
10 11.09.68 0,85 13,6  -4,0 0,955 0,978
*11 7.09.89 0,85 152,4 201,7 -30,3 0,258
12 23.08.71 0,85 83,8 72,9 -2,002 0,992
13 3.07.72 0,85 12,3 9,9 0,444 0,579
14 10.07.72 0,85 -1,2 -10,0 0,959 0,961
15 17.09.73 0,85 2,9 -12,0 0,906 0,973
Mean 20,6 19,9 0,565 0,934
St. dev. 25,1 20,8 0,869 0,119
Other parameters: K(1) = 5,0 N(2) = 0,7
CDEL(3) = 1,0 KC(4) = 0,85
SMAX(8) = 214,5 DA(9) = 0,251
C(10) = 0,251 PCSLP(11) = 127,7
PCVSA(12) = 3.8 IAF(13) = 0,39

CLP(15)

0,0

* Values not used to calculate mean and St. dev.
Some of the poorer fits (eg, 2,3,6,8,12) can be improved by

Note:

modification to APF only.



Table A13 Sub-catchment parameter weighting factors

Catchment North Danville, ND1 Area 42 ,94km?
Model S-curve model - QSE2 Type Semi-distributed
Parameters
Sub-catch. Area 1.3 4 8 11 12 13 14
No. % K CDEL KC SMAX PCSLP PCVSA IAF APF

19,5 1,00 1,00 0,80 1,00 1,00 1,00 1,11 0,99
13,4 1,50 0,50 0,87 1,15 0,85 0,85 0,89 1,00
18,0 1,00 0,75 1,35 1,00 1,00 1,00 1,00 1,00
19,6 0,800,800,8 0,9 1,10 1,10 1,11 0,99
16,9 0,90 0,9 0,77 1,00 1,00 1,00 0,9 1,00
6 12,6 0,80 0,800,773 0,95 1,05 1,05 0,95 1,01

A P W NN —

Parameters N(2), DA(9), C(10), CLP(15) all weights = 1,00



Table At14

Catchment North Danville, ND4

Calibration results

Model S-curve model - 0SE2

Area 43,51km?
Type Semi-distributed

0,0

. Storm  Date Parameters % errors: Coefficients:
No. APF Volume Peak Eff. Det.
(14)
1 7.06.65 0,872 11,4 24,9 0,582 0,713
2 19.10.66 0,922 -6,8 -4,4 0,952 0,965
3 16.07.67 0,872 29,1 -5,5 0,686 0,740
4 11.09.68 0,872 1,9 -5,9 0,981 0,983
5 7.09.69 No acceptable fit possible
6 23.08.71 0,872 57,7 44,6 -0,429 0,335
7 10.07.72 0,872 -25,9 -31,6 0,735 0,850
8 14.07.73 0,872 -5,9 -12,3 0,934 0,958
9 17.09.73 0,872 -19,8 -32,9 0,786 0,909
Mean 19,8 20,3 0,653 0,807
St. dev. 18,2 15,3 0,459 0,216
Other parameters: = 5,55 N(2) = 0,7
= 1,00 KC(4) = 0,85
= 200,0 DA(9) = 0,359
= 0,245 PCSLP(11) = 130,0
= 3,80 IAF(13) = 0,30



Table A15 Sub-catchment parameter weighting factors

Catchment North Danville, ND4 Area 43,51km?
Model S-curve model - OSE2 Type Semi-distributed
Parameters
Sub-catch. Area 1 3 4 8 11 12 13 14
No. % K CDEL KC SMAX PCSLP PCVSA IAF APF

18,5 0,75 1,50 0,60 1,00 1,00 1,00 1,12 0,99
126 0,8 1,25 0,65 1,05 0,90 0,90 0,94 0,99
126 1,45 0,75 1,00 1,15 0,85 0,85 0,91 1,00
114 1,20 1,50 0,87 1,05 1,00 1,00 1,11 0,99
19,2 0,90 1,00 1,05 0,95 1,05 1,05 1,15 1,00
11,8 0,75 0,50 0,75 0,90 1,10 1,10 1,15 0,99
7 13,9 1,00 0,00 0,42 0,90 1,10 1,10 1,15 1,01

oY O W N -

Parameters N(2), DA(9), C(10), pLP(15) all weights = 1,00



Table A16 Calibration results

Catchment North Danville, ND5 Area 111,60km?

Model S-curve model - OSE2 Type Semi-distributed
Storm  Date Parameters % errors: Coefficients:
No. APF Volume Peak Eff. Det.

(14)
1 30.07.60 0,848 34,2 13,7 0,816 0,971
2 2.06.61 No acceptable fit possible
3 31.07.62 0,848 -4,9 -1,2 0,937 0,946
4 30.07.63 No acceptable fit possible
5 22.07.64 No acceptable fit possible
6 7.06.65 0,848 -1,9 -7,8 0,957 0,959
7 19.10.66 0,898 -20,0 -18,9 0,810 0,986
8 16.07.67 0,848 0,4 -11,0 0,944 0,947
9 11.09.68 0,848 ' 1,6 1,6 0,94 0,979
10 7.09.69 No acceptable fit possible
11 23.08.71 0,848 44.6 51,1 0,040 0,990
12 10.07.72 0,848 -23,0 -28,6 0,813 0,976
13 20.07.72 0,848 -21,0 -23,6 0,838 0,937
14 14.07.73 0,848 -22,9 -30,1 0,691 0,920
15 17.09.73 0,848 -13,2 -26,9 0,885 0,958
Mean 17,7 19,5 0,790 0,960
St. dev. 13,7 14,7 0,262 0,022
Other parameters: K(1) = 5,75 N(2) = 0,7
CDEL(3) = 1,0 KC(4) = 0,85
SMAX(8) = 218,0 DA(9) = 0,451
C(10) = 0,245 PCSLP(11) = 131,0
PCVSA(12) = 3,87 IAF(13) = 0,30
CLP(15) = 0,0



Table A17 Sub-catchment parameter weighting factors

Catchment North Danville, ND5 Area 111,60km?
Model S-curve model - OSE2 Type Semi-distributed
Parameters
Sub-catch. Area 1 3 4 8 " 12 13 14

No. % K CDEL KC SMAX PCSLP PCVSA IAF APF
1 7,5 0,8 1,50 0,80 1,00 1,00 1,00 1,11 0,99
2 5,2 1,40 1,00 0,87 1,10 0,80 0,80 0,89 1,00
3 6,9 0,80 1,25 1,35 1,05 0,9 0,90 1,00 1,00
4 7,5 0,75 1,50 0,8 0,95 1,05 1,05 1,11 0,99
5 6,5 0,80 1,00 0,77 1,05 0,90 0,90 0,94 1,00
6 4,8 0,750,500,73 1,00 1,00 1,00 1,11 1,01
7 5,2 1,20 1,00 0,97 1,05 0,9 0,95 1,00 0,99
8 5,6 1,350,75 0,45 1,10 0,80 0,80 0,91 0,99
9 4,3 1,30 0,50 0,67 1,05 1,00 1,00 1,00 1,00
10 7,7 0,75 2,25 0,65 0,95 1,05 1,05 1,12 0,99
11 4,9 0,8 2,00 0,70 1,10 0,90 0,90 0,94 0,99
12 4,9 1,45 1,50 1,00 1,170 0,85 0,85 0,91 1,00
13 4,4 1,20 2,25 0,95 1,00 1,00 1,00 1,11 0,99
14 7,5 0,9 1,75 1,05 0,90 1,05 1,05 1,15 1,00
15 4,6 0,751,250,750,9 1,10 1,10 1,15 0,99
16 5,4 1,00 0,75 0,80 0,9 1,10 1,10 1,15 1,01
17 2,0 0,80 0,00 0,37 0,95 1,05 1,05 1,13 0,99

18 5, 1,70 0,00 0,50 1,05 1,00 1,00 1,00 1,02

Parameters N(2), DA(9), C(10), CLP(15) all weights = 1,00



Table A18 Calibration results

Catchment Ecca, Q9M20
Model Simple antecedent moisture

Area 73,9km?

Type Lumped

model - OSE1
Storm Date Parameters % errors: Coeff:
No. DEL K A DA C APF IL Volume Peak Eff. Det.

(5) (1) (6) (9) (10)

(14)

(15)

1 28.02.77 0,00 3,0 2,0 0,147 0,600
2 6.03.77 0,00 6,0 1,0 0,300 0,290
3 7.05.77 0,00 2,5 3,0 0,260 0,420
4 19.04.78 0,00 2,5 2,5 0,250 0,380
521.04.78 0,00 6,0 1,0 0,170 0,495
6 20.07.79 1,50 9,0 4,5 0,940 0,030
7 23.07.79 1,50 10,0 6,5 0,265 0,500
* 8 19.08.79 1,50 10,0 7,0 0,660 0,095

9 26.03.81 0,00 5,0 1,5 0,095 0,600

10 22.10.81 0,00 5,5 2,0 0,450 0,130

11 23.12.81 0,00 1,5 2,0 0,350 0,180
*12 2.11.85 1,50 11,5 5,5 0,610 0,580
*13 25.11.85 0,00 10,0 4,0 0,360 0,280
14 1.12.85 1,00 4,5 4,0 0,350 0,380

0,90
0,90
0,90
0,90
0,95
0,95
0,9
0,90
0,90
0,85
0,85
0,90
0,90
0,90

1,0 -4,6 1,2
1,0 30,2-31,0
25,0 -4,0 1,4
22,0 -7,5 -4,3
1,0 -3,6 0,8
50,0-15,6 15,1
1,0 -3,9 -5,8
30,0-10,8 -1,6
1,0 15,8-11,6
1,0 -1,6 -4,4
16,0 5,3-12,2
1,0 -1,7 -6,6
1,0 -4,2 2,6
1,0 2,2-18,7

15 3.12.85 Not modelled (data errors)

0,915
0,622
0,735
0,845
0,790
0,744
0,949
0,861
0,923
0,871
0,957
0,934
0,551
0,819

0,923
0,748
0,742
0,847
0,878
0,770
0,962
0,887
0,955
0,884
0,959
0,943
0,617
0,832

Mean
St. dev.

7,9 8,4
7,9 8,6

0,822
0,123

0,853
0,102

0,7
200,0

Other parameters: N(4)
SMAX(8)
* 'Large' storm events.

B(7) = 0,15



Table A19 ‘ Calibration results

Catchment Ecca, Q9M21 Area 9,1km?
Model Simple antecedent moisture Type Lumped
model - OSE1
Storm Date Parameters % errors: Coefficients:
No. K A DA C APF IL Volume Peak Eff. Det.

(1) (6) (9) (10) (14) (15)
1 28.02.77 0,50,50,170 0,880 0,90 1,0 9,0-19,9 0,806 0,815
2 6.03.77 1,00,5 0,150 0,370 0,90 10,0 26,3-17,2 0,794 0,794
3 7.05.77 2,5 1,5 0,700 0,100 0,85 40,0 -18,4-21,5 0,836 0,836
4 19.04.78 not modelled (suspect data)
5
6
7

21.04.78 3,0 0,5 0,160 0,560 0,95 10,0 -0,9 -0,4 0,660 0,779
20.07.79 7,5 0,5 0,950 0,028 0,95 58,0 -15,4 -4,9 0,773 0,794
23.07.79 10,0 1,5 0,190 0,510 0,95 0,1 -4,3 -3,8 0,952 0,975
*8 19.08.79 17,0 5,0 0,600 0,095 0,90 25,0 1,7 -0,7 0,897 0,912
9 26.03.81 2,0 1,0 0,120 0,690 0,90 1,0 13,6-14,4 0,409 0,524
10 22.10.81 not modelled (zero flow)
11 23.12.81 1,0 1,5 0,400 0,120 0,85 15,0 . 2,1-21,5 0,710 0,729
*12 2.11.85 11,5 1,5 0,490 0,560 0,90 1,0 -6,9 -9,3 0,927 0,957

*13 25.11.85 not modelled (missing data)
14 1.12.85 3,5 1,5 0,250 0,500 0,90 1,0 -0,1 1,3 0,977 0,984
15  3.12.85 Not modelled (data errors)
Mean 9,0 10,4 0,794 0,827
St. dev. 8,5 8,7 0,162 0,133
Other parameters: N(2) = 0,7 DEL(5) = 0,0
SMAX(8) = 200,0

* 'Large' storm events.



Table A20

Catchment North Danville, NDi

Calibration results

Model Simple antecedent moisture

Area 42,94k

Type Lumped

m2

model - OSE1
Storm Date Parameters % errors: Coefficients:
No. DEL DA C APF  Volume Peak Eff. Det.
(5) (9 (o) (14
1 24.10.59 0,25 0,420 0,280 0,90 -2,5 3,2 0,914 0,928
2 30.07.60 0,50 0,710 0,115 0,80 6,3 -25,7 0,831 0,850
3 2.06.61 No acceptable fit possible
4 31.07.62 0,25 0,830 0,110 0,80 4,7 -13,9 0,863 0,891
5 30.07.63 Not mocelled (rainfall very spatially variable)
6 22.07.64 Not modelled (rainfall very spatially variable)
7 7.06.65 1,50 0,¢85 0,103 0,80 3,4 -3,8 0,910 0,942
8 19.10.66 1,25 0,620 0,260 0,90 -7.8 6,9 0,875 0,942
9 16.07.67 0,00 0,697 0,204 0,80 -6,0 6,2 0,803 0,875
10 11.09.68 0,00 0,705 0,163 0,80 3,3 -10,2 0,977 0,980
11 7.09.69 1,00 0,650 0,750 0,80 -5,5 -4,7 0,810 0,881
12 23.08.71 0,00 0,420 0,256 0,80 -2,3 -5,2 0,974 0,977
13 3.07.72 1,00 0,590 0,245 0,80 -8,3 3,2 0,921 0,946
14 10.07.72 0,00 0,506 0,155 0,80 -3,4 -2,2 0,945 0,952
15 17.09.73 0,25 0,528 0,263 0,80 3,5 -5,8 0,936 0,936
Mean 4,7 7,6 0,89 0,925
St. dev. 2,0 6,6 0,060 0,041
Other parameters: K(1) = 5,5 N(2) = 0,7
A(6) = 4,0 B(7) = 0,15
SMAX(8) = 150,0 IL(15) = 0,0



Table A21 Calibration results

Catchment North Danville, ND5 Area 111,60km?

Model Simple antecedent moisture Type Lumped
model - OSE{
Storm  Date Parameters % errors: Coefficients:
No. DEL DA C APF  Volume Peak Eff. Det.

(5) (9) (10) (14)

1 30.07.60 1,00 0,585 0,088 0,80 50 -21,5 0,882 0,892
2 2.06.61 0,00 0,585 0,060 0,80 -12,8 6,1 0,913 0,970
3 31.07.62 0,25 0,585 0,098 0,80 2,0 -3,9 0,95 0,972
4 30.07.63 Not modelled ( rainfall very spatially variable)
5 22.07.64 0,00 0,600 0,230 0,80 3,0 -1,1 0,772 0,797
6 7.06.65 3,00 0,575 0,063 0,80 -9,1 10,9 0,924 0,970
7 19.10.66 0,25 0,620 0,240 0,90 -5,0 5,4 0,956 0,978
8 16.07.67 0,00 0,550 0,160 0,80 2,5 -0,2 0,859 0,884/
9 11.09.68 0,00 0,575 0,126 0,80 1,9 -0,6 0,93 0,966
10 7.09.69 0,75 0,575 0,423 0,80 0,6 -0,8 0,936 0,963

23.08.71 0,00 0,605 0,281 0,80 -3,9 1,8 0,974 0,984

-—
—_—

12 10.07.72 0,00 0,640 0,150 0,80 -4,9 -1,4 0,933 0,943
13 20.07.72 0,00 0,500 0,135 0,80 2,3 -2,0 0,893 0,909
14 14.07.73 No acceptable fit possible
15 17.09.73 0,25 0,585 0,218 0,80 0,9 -8,9 0,938 0,938
Mean 4.1 5,4 0,916 0,936 .
St. dev. 3,4 5,9 0,055 0,053
Other parameters: K(1) = 6,0 N(2) = 0,7
A(6) = 5,5 B(7) = 0,15
SMAX(8) = 150,0 IL(15) = 0,0



Table A22

Calibration results

Catchment Ecca, Q9M20 Area 73,9km*
Model Simple antecedent moisture Type Semi-distributed
model - OSE1
Storm  Date Parameters % errors: Coefficients:
No. K DA C APF IL  Volume Peak Eff. Det.
(1) (9) (10) (14) (15)
1 28.02.77 0,5 0,150 0,610 0,90 1,0 6,6 -4,8 0,944 0,960
2 6.03.77 0,50,200 0,330 0,90 1,0 5,7 -15,3 0,819 0,846
3 7.05.77 No acceptable fit possible
4 19.04.78 0,5 0,250 0,360 0,90 30,0 1,1 -6,4 0,950 0,91
**5 21.04.78 1,0 0,130 0,510 0,95 1,0 -15,1 10,7 -0,367 -0,321
*6 20.07.79 6,0 0,930 0,034 0,95 45,0 -23,4 -23,5 0,654 0,779
*7 23.07.79 11,0 0,200 0,510 0,95 1,0 -1,9 -5,8 0,960 0,970
*8 19.08.79 10,0 0,700 0,090 0,90 34,0 -8,1 -4,0 0,89 0,970
9 26.03.81 0,5 0,080 0,8000,9 1,0 7,9 -7,4 0,79 0,825
10 22.10.81 2,0 0,370 0,160 0,85 1,0 -3,2 1,1 0,648 0,774
11 23.12.81 0,5 0,300 0,200 0,85 15,0 -14,8 -32,1 0,751 0,795
*12  2.11.85 11,0 0,610 0,580 0,90 1,0 -2,2 -4,0 0,962 0,972
*13 25.11.85 No acceptable fit possible
14 1.12.85 2,0 0,350 0,380 0,90 5,0 -16,6 4,1 0,670 0,881
15  3.12.85 No acceptable fit possible
Mean 8,8 9,9 0,820 0,885
St. dev. 7,0 9,3 0,126 0,084
Other parameters: N(2) = 0,7 CDEL(3) = 1,0
KC(4) = 0,8 SMAX(8) = 200,0

** Does not include the result for storm 5.
* 'Large' storm events.



Table A23

Sub-catchment parameter weighting factors

Catchment Ecca, Q9M20 Area 73,9%m®
Model Simple antecedent moisture Type Semi-distributed
model - OSE1
_ A Parameters
Sub-cat. Area 1 3 4 15
No. (%) K CDEL  KC IL
1 13,0 1,00 5,25 0,80 1,50
2 5,9 0,92 4,50 0,90 1,50
3 5,6 0,92 4,50 0,90 1,50
4 7,0 0,92 4,00 1,00 1,50
5 6,4 0,90 4,00 0,75 1,50
6 7,0 0,90 4,00 0,75 1,50
7 11,4 0,85 3,00 0,50 1,30
8 7,9 0,80 2,75 0,60 1,20
9 6,0 0,65 2,25 0,% 1,10
10 9,7 0,95 1,25 1,40 0,95
11 12,9 1,06 0,75 1,00 0,90
12 7,4 0,80 0,75 0,60 0,85

Parameters N(2), SMAX(8), DA(9), C(10), APF(14),

all weights

1,00



Table A24 Calibration results

Catchment North Danville, ND1 Area 42,94km?
Model Simple antecedent moisture Type Semi-distributed
model - OSE1
Storm Date Parameters % errors: Coefficients:
No. CDEL DA C APF  Volume Peak Eff. Det.

(3) (9) (10) (14)

7.06.65 2,50 0,490 0,068 0,80 3,9 -5,2 0,82 0,8%
19.10.66 4,00 0,570 0,237 0,90 -4,7 4,5 0,935 0,967
16.07.67 1,25 0,580 0,173 0,80 -7,2 /7,3 0,857 0,916

1 24.10.59 1,50 0,50 0,310 0,%0 -1,1 0,4 0,929 0,936
2 30.07.60 1,75 0,613 0,090 0,80 26,2 -14,2 0,732 0,816
3 2.06.61% 1,75 0,545 0,056 0,80 -11,9 9,6 0,867 0,943
4 31.07.62 1,75 0,650 0,095 0,80 2,6 -21,7 0,884 0,891
5 30.07.63 No acceptable fit’

6 22.07.64 No acceptable fit

7

8

9

10 11.09.68 1,50 0,680 0,150 0,80 5,4 -12,8 0,972 0,978
11 7.09.69 No acceptable fit
12 23.08.71 1,25 0,630 0,328 0,80 -t1,7 -7,4 0,992 0,993
13 3.07.72 2,50 0,435 0,200 0,80 -1.,8 0,8 0,825 0,853
14 10.07.72 1,25 0,620 0,153 0,80 -2,0 -0,9 0,952 0,962
15 17.09.73 1,50 0,613 0,280 0,80 2,0 7,2 0,921 0,921
Mean 5,9 7,7 0,894 0,922
St. dev. 7,1 6,3 0,072 0,052
Other parameters: K(1) = 6,0 N(2) = 0,7
KC(4) = 0,80 SMAX(8) = 150,0
IL(15) = 0,0



Table A25 Sub-catchment parameter weighting factors

Catchment North Danville, ND1 Area 42,94km?
Model Simple antecedent moisture Type Semi-distributed
model - OSE1
, Parameters
Sub-catch. Area 3 4
NO. % CDEL KC

19,5 1,00 0,50
13,4 0,50 0,75
18,0 0,75 0,90
19,6 1,25 0,65
16,9 0,50 0,70
b 12,6 0,00 1,00

oW N -

Parameters N(2), SMAX(8), DA(9), C(10), APF(14),
IL(15) all weights = 1,00



Table A?26

Calibration results

Catchment North Danville, ND5 Area 111,60km?
Model Simple antecedent moisture JType Semi-distributed
model - OSE1
Storm  Date Parameters % errors: Coefficients:
No. CDEL DA C APF  Volume Peak Eff. Det.
(3) (9) (10)  (14)
1 30.07.60 1,75 0,620 0,090 0,80 9,0 -20,0 0,844 0,857
2 2.06.61 1,50 0,550 0,056 0,80 -10,7 10,7 0,889 0,970
3 31.07.62 1,25 0,585 0,100 0,80 -5,3 -11,7 0,960 0,968
4 30.07.63 No acceptable fit possible
5 22.07.64 1,00 0,630 0,263 0,80 -0,7 -1,9 0,926 0,931
6 7.06.65 2,00 0,585 0,095 0,80 2,2 -6,6 0,902 0,909
7 19.10.66 1,25 0,585 0,225 0,90 -4.,6 1,0 0,90 0,976
8 16.07.67 1,25 0,585 0,160 0,80 -2,4 -4,2 0,930 0,937
9 11.09.68 1,25 0,585 0,125 0,80 1,7 0,5 0,954 0,960
10  7.09.69 No acceptable fit possible
11 23.08.71 1,25 0,560 0,267 0,80 -4,7 3,9 0,957 0,985
12 10.07.72 1,25 0,585 0,140 0,80 -8,7 4,5 0,924 0,954
13 20.07.72 1,50 0,585 0,148 0,80 1,9 -1,7 0,869 0,869
14 14.07.73 1,00 0,565 0,135 0,80 -5,6 2,9 0,971 0,994
15 17.09.73 1,50 0,58 0,215 0,80 -0,1 -8,6 0,917 0,918
Mean 4,4 6,0 0,923 0,941
St. dev. 3,4 5,5 0,042 0,043
Other parameters: K(1) = 6,0 N(2) = 0,7
KC(4) = 0,85 SMAX(8) = 150,0
IL(15) = 0,0



Table A27

Sub-catchment parameter weighting factors

Catchment North Danville, ND5 Area 111,60km?
Model Simple antecedent moisture Type Semi-distributed
model - OSE1
Parameters
Sub-catch. Area 3 4

No. (%) CDEL KC

1 7,5 1,50 0,80
2 5,2 1,00 0,87
3 6,9 1,25 1,35
4 7,5 1,55 0,85
5 6,5 1,00 0,77
6 4,8 0,50 0,73
7 5,2 1,00 0,97
8 5,6 0,75 0,45
9 4,3 0,50 0,67
10 7.7 2,25 0,65
11 4,9 2,00 0,70
12 4,9 1,50 1,00
13 4,4 2,25 0,95
14 7,5 1,75 1,05
15 4,6 . 1,25 0,75
16 5,4 0,75 0,80
17 2,0 0,00 0,37
18 5,1 0,00 0,50

Parameters K(1), N(2), SMAX(8), DA(9), C(10), APF(14), I,L(15)

all weights 1,0



Table A28 Calibration results
Catchment Ecca, Q9M20 Area 73,9km?
Model Augmented Hydrograph - OSE3 Type Lumped
Storm Date Parameters % errors: Coefficients:
No. ROP DEL A K IL Volume Peak Eff. Det.
(3) (5) (6) (8) (9)
1 28.02.77 0,029 0,00 2,5 13,5 0,0 -1,9 2,6 0,938 0,942
2 6.03.77 0,110 0,00 2,0 4,0 0,0 -0,2 3,0 0,737 0,830
3 7.05.77 0,022 0,00 6,0 9,0 30,0 -21,3 5,4 0,735 0,775
4 19.04.78 0,006 0,25 5,5 8,022,0 -0,3 -2,9 0,90 0,961
5 21.04.78 0,064 0,00 1,0 21,0 0,0 -4,2 -0,4 0,828 0,888
* 6 20.07.79 0,320 1,50 4,5 24,0 65,0 -1,0 2,1 0,876 0,879
* 7 23.07.79 0,470 1,25 7,0 15,0 0,0 -0,6 -0,7 0,950 0,900
*8 19.08.79 0,540 1,50 8,0 16,0 32,0 -6,5 1,8 0,917 0,936
9 26.03.81 0,008 0,00 4,0 8,5 0,0 2,2 -1,2 0,938 0,939
10 22.10.81 0,030 0,00 5,0 10,0 0,0 -16,7 14,4 0,356 0,694
11 23.12.81 0,007 0,50 5,5 6,0 17,0 0,3 -3,5 0,979 0,980
*12 2.11.85 0,3001,25 7,516,5 0,0 -6,8 2,5 0,928 0,962
*13 25.11.85 0,191 0,00 5,0 18,0 0,0 -19,1 4,6 0,524 0,628
14 1.12.85 0,130 1,00 5,5 9,0 0,0 -3,9 -23,8 0,821 0,825
15  3.12.85 No acceptable fit possible
Mean 0,159 ' 6,1 4,9 0,821 0,867
St. dev. 0,180 7,4 6,4 0,189 0,106
Other parameters: N(4) = 0,5 B(7) = 0,15

* 'Large' storm events.



Table A29

Calibration results

Catchment Ecca, Q9M21
Model Augmented Hydrograph - OSE3 Type Lumped

Area 9,1km?

Storm Date Parameters % errors: Coefficients:
No. ROP A K IL  Volume Peak Eff. Det.
(3) (6) (8) (9)

1 28.02.77 0,018 1,0 3,0 1,0 9,5 -10,6 0,848 0,872

2 6.03.77 0,045 1,0 2,5 10,0 5,3 -6,8 0,866 0,868

3 7.05.77 0,190 2,0 6,0 40,0 -12,9 -18,9 0,870 0,892

4 19.04.78 Not modelled  (suspect data)

5 21.04.78 0,041 0,5 13,0 1,0 -1,6 3,9 0,664 0,771
*6 20.07.79 0,310 1,5 23,0 50,0 1,2 2,9 0,832 0,841
* 7 23.07.79 0,435 1,5 16,0 1,0 -1,8 2,6 0,960 0,978
*8 19.08.79 0,480 2,0 25,0 32,0 -5.,6 9,4 0,938 0,967

9 26.03.81 0,014 1,0 6,5 1,0 -5,1 4,6 0,598 0,656

10 22.10.81 Not modelled (zero flow)

*11 23.12.81 0,026 5,0 1,00 15,0 -2,7 -16,4 0,760 0,783
*12  2.11.85 0,305 1,5 20,0 1,0 -4,1 1,9 0,8% 0,956

13 25.11.85 Not modelled (missing data)

14 1.12.85 0,049 2,5 6,4 3,0 -0,0 -0,2 0,97 0,968

15  3.12.85 Not modelled (data errors)

Mean 0,174 4,5 7,1 0,836 0,868
St. dev. 0,179 3,8 6,1 0,119 0,101

Other parameters:

N(4)
B(7)

* 'Large' storm events.

0,5
0,15

DEL(5) = 0,001



Table A30 Calibration results
Catchment North Danville, ND1 Area 42,94km?
Model Augmented Hydrograph - OSE3 Type Lumped
Storm  Date Parameters % errors: Coefficients:
No. ROP DEL Volume Peak Eff. Det.
(3) (5)
1 24.10.59 0,435 0,25 -0,9 7,1 0,991 0,99
2 30.07.60 0,090 1,00 7,3 -8,8 0,900 0,908
3 2.06.61 0,385 0,25 -1,8 0,1 0,974 0,975
4 31.07.62 0,238 0,50 6,6 -3,8 0,958 0,97
5 30.07.63 Not modelled (rainfall very spatially variablé)
6 22.07.64 0,068 0,25 -2,0 5,9 0,284 0,511
7 7.06.65 0,165 1,75 5,3 0,3 0,945 0,958
8 19.10.66 0,135 0,75 -4 .1 2,5 0,930 0,961
9 16.07.67 0,160 0,00 -2,4 -2,2 0,856 0,888
10 11.09.68 0,090 1,00 -3,2 -1,9 0,981 0,982
11 7.09.69 No acceptable fit possible
12 23.08.71 0,110 0,50 2,3 -1,5 0,93 0,970
13 3.07.72 0,240 1,25 3,0 0,1 0,97 0,969
14 10.07.72 0,140 0,50 -1.,8 0,7 0,99 0,971
15 17.09.73 0,170 0,75 4,4 -6,8 0,977 0,980
Mean 0,187 3,5 3,2 0,899 0,925
St. dev. 0,112 2,0 3,0 0,189 0,128
Other parameters: N(3) = 0,5 A(6) = 4,0
B(7) = 0,15 K(8) = 15,0
IL(9) = 2,5



Table A31 Calibration results

Catchment North Danville, ND5 Area 111,60km?
Model Augmented hydrograph - OSE3 Type Lumped

Storm  Date Parameters %» errors: Coefficients:
No. ROP DEL Volume Peak Eff. Det.
(3) (5)
1 30.07.60 0,100 1,75 4,8 -2,4 0,925 0,929
2 2.06.61 0,370 0,25 -4,2 0,3 0,961 0,965
3 31.07.62 0,195 0,50 -0,9 8,2 0,986 0,988
4 30.07.61 No acceptable fit possible
5 22.07.64 0,135 0,00 1,6 0,6 0,923 0,925
6 7.06.65 0,110 2,00 -0,6 -0,2 0,945 0,950
7 19.10.66 0,125 0,00 -1,2 4,9 0,945 0,957
8 16.07.67 0,190 0,00 5,7 -3,7 0,900 0,916
9 11.09.68 0,093 1,25 -9,0 8,4 0,98 0,983
10 7.09.69 0,215 1,00 1,8 -8,5 0,887 0,894
11 23.08.71 0,125 0,75 -2,5 4,6 0,985 0,993
12 10.07.72 0,160 0,75 -3,9 5,1 0,93 0,969
13 20.07.72 0,235 0,50 -0,7 0,8 0,96 0,967
14 14.07.73 0,300 0,00 4.4 -2,1 0,931 0,937
15 17.09.73 0,185 0,50 6,3 -2,6 0,950 0,958
Mean 0,181 3,4 2,9 0,945 0,952
St. dev. 0,080 2,5 2,6 0,029 0,029
Other parameters: N(4) = 0,5 A(6) = 5,0
B(7) = 0,15 K(8) = 15,0

et
—
——
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= 2,5



Table A32

Calibration results

Catchment Ecca, Q9M20 Area

Model Augmented Hydrograph - 0SE3 Type

73, 9km?

Semi-distributed

Storm Date Parameters % errors: Coefficients:
No. CDEL  ROP K IL Volume Peak Eff. Det.
(1 (3) (8) (9)
1 28.02.77 0,5 0,022 5,0 20,0 -3,8 3,5 0,889 0,909
2 6.03.77 1,0 0,095 3,5 6,0 -6,5 -3,4 0,744 0,846
3 7.05.77 0,5 0,062 7,5 30,0 -3,4 0,3 0,807 0,819
4 19.04.78 0,5 0,010 4,5 22,0 12,1 -7,5 0,944 0,949
**5 21.04.78 0,5 0,030 5,0 1,0 -25,1 9,4 -0,438 0,587
*6 20.07.79 1,0 0,30 16,0 65,0 -0,7 -13,8 0,910 0,915
* 7 23.07.79 1,0 0,410 16,0 0,0 0,23 1,9 0,96 0,933
*8 19.08.79 1,0 0,580 17,0 32,0 -6,75 -1,2 0,953 0,966
9 26.03.81 0,5 0,008 3,0 0,0 9,8 -12,3 0,950 0,962
10 22.10.81 0,5 0,028 9,0 10,0 -2,8 11,1 0,493 0,736
11 23.12.81 0,5 0,007 1,0 13,0 4,0 -11,2 0,747 0,783
*12 2.11.85 1,0 0,310 18,0 0,0 -3,4 0,8 0,949 0,972
*13 25.11.85 No acceptable fit possible
14 1.12.85 0,5 0,130 9,5 4,0 -0,5 -3,7 0,898 0,925
15 3.12.85 No acceptable fit possible
Mean 0,157 6,1 6,2 0,854 0,868
St. dev. 0,190 6,7 4,9 0,138 0,113
Other parameters: KC(2) = 0,8 N(4) = 0,5

** Does not include the result for storm 5.
* !Large' storm events.



Table A33

Sub-catchment parameter weighting factors

Catchment Ecca, QIM20 Area 73,9km?
Model Augmented Hydrograph - OSE3 Type Semi-distributed
Parameters
Sub-cat. Area 1 2 8 9
No. (%) CDEL _KC K IL
1 13,0 5,26 0,80 1,00 1,50
2 5,9 4,50 0,9 0,92 1,50
3 5,6 4,50 0,90 0,92 1,50
4 7,0 4,00 1,00 0,92 1,50
-5 6,4 4,00 0,75 0,90 1,50
6 7,0 4,00 0,75 0,90 1,50
7 11,4 3,00 0,50 0,8 1,30
8 7,9 2,75 0,60 0,80 1,20
9 6,0 2,25 0,9% 0,65 1,10
10 9,7 1,25 1,40 0,9 0,95
11 12,9 0,75 1,00 1,05 0,90
12 7,4 0,75 0,60 0,80 0,85

Parameters ROP(3), N(4) all weights

1,00



Table A34

Calibration results

Catchment North Danville, ND1 Area 42,94km?
Model Augmented Hydrograph - OSE3 Type Semi-distributed
Storm  Date Parameters % errors: Coefficients:
No. ROP Volume Peak Eff. Det.
(3)
1 24.10.59 0,438 -3,8 2,5 0,987 0,991
2 30.07.60 0,090 11,6 -10,8 0,869 0,886
3 2.06.61 0,405 0,9 3,7 0,983 0,989
4 31.07.62 0,230 2,4 -10,5 0,972 0,973
5 30.07.63 Not modelled (rainfall very spatially variable)
*6 22.07.64 0,100 -1,4 -0,9 0,043 0,378
7 7.06.65 0,190 7,5 -6,6 0,906 0,915
8 19.10.66 0,148 -2,1 -0,3 0,967 0,986
9 16.07.67 0,198 -5,3 -12,3 0,871 0,883
10 11.09.68 0,095 1,7 -2,7 0,99 0,997
11 7.09.69 No acceptable fit possible
12 23.08.71 0,091 -1,3 -1,3 0,972 0,984
13 3.07.72 0,242 -1,3 -12,6 0,797 0,779
14 10.07.72 0,168 2,7 -0,6 0,957 0,966
15 17.09.73 0,165 1,9 -7,0 0,972 0,972
Mean 0,197 3,4 5,5 0,934 0,943
St. dev. 0,112 3,1 4,7 0,062 - 0,066
Other parameters: CDEL(1) = 1,0 KC(2) = 0,80
N(4) = 0,5 K(8) = 15,0
IL(9) = 2,5

*Does not include the result for storm 6.



Table A35 Sub-catchment parameter weighting factors

Catchment North Danville, ND1 Area 42 ,94km?
Model Augmented Hydrograph - 0SE3 Type Semi-distributed

Parameters
Sub-catch. Area 1 2
No. % CDEL KC

19,5 1,00 0,50
13,4 0,50 0,75
18,0 0,75 0,90
19,6 1,25 0,65
16,9 0,50 0,70
6 12,6 0,00 1,00

O B W N -

Parameters ROP(3), N(4), K(8), IL(9) all weights = 1,00



Table A36

Calibration results

Catchment North Danville, ND5 Area 111,60k
Model Augmented hydrograph - OSE3 Type Semi-distributed

Storm  Date Parameters errors: (Coefficients:

No. ROP Volume Peak Eff. Det.

(3)

1 30.07.60 0,100 6,8 -6,8 0,838 0,859

2 2.06.61 ° 0,385 1,2 10,1 0,938 0,960

3 31.07.62 0,205 -0,1 0,9 0,994 0,995

4 30.07.61 No acceptable fit possible

5 22.07.64 0,101 -1,5 2,7 0,901 0,914

6 7.06.65 0,120 -0,9 -9,6 0,911 0,912

7 19.10.66 0,125 -1,6 3,9 0,95 0,968

8 16.07.67 0,170 0,3 3,2 0,947 0,958

9 11.09.68 0,100 -6.,8 0,0 0,981 0,988

10 7.09.69 0,080 0,2 -0,1 0,718 0,773

11 23.08.71 0,125 -1,2 1,0 0,976 0,983

12 10.07.72 0,205 2,6 2,8 0,978 0,985

13 20.07.72 0,238 1,4 3,6 0,937 0,949

14 14.07.73 0,270 2,8 1,7 0,871 0,881

15 17.09.73 0,195 1,7 -2,9 0,978 0,980
Mean 0,173 2,1 3,5 0,924 0,936
St. dev. 0,084 2,1 3,2 0,075 0,063
Other parameters: CDEL(1) = 1,0 KC(2) = 0,85

N(4) = 0,5 K(8) = 15,0
IL(9) = 2,5



Table A37 Sub-catchment parameter weighting factors

Catchment North Danville, ND5S Area 73,9km?

Model Augmented Hydrograph - OSE3 Type Semi-distributed

Parameters
Sub-catch Area 1 2

No. (%) CDEL  KC

1 7,5 1,50 0,50
2 5,2 1,00 0,70
3 6,9 1,25 0,85
4 7,5 1,55 0,60
5 6,5 1,00 0,65
6 4,8 0,50 0,95
7 5,2 1,00 0,55
8 5,6 0,75 0,25
9 4,3 0,50 0,55
10 7,7 2,25 0,45
11 4,9 2,00 0,55
12 4,9 1,50 0,90
13 4.4 2,25 0,50
14 7,5 1,75 0,65
15 4,6 1,25 0,40
16 5,4 0,75 1,05
17 2,0 0,00 0,15
18 5,1 0,00 1,00

Parameters ROP(3), N(4), K(8), IL(9) all weights = 1,0



Table A38 Calibration results

Catchment Ecca, Q9M20 Area 73,9%m
Model Runoff-routing - OSE4 Type Semi-distributed
Storm  Date Parameters % errors: AAQE
No. KC I.Loss. R.Coeff Volume Peak %
1 28.02.77 1,0 15,0 0,03 -8,8 -7,3 34,7
2 6.03.77 4,0 8,0 0,15 -3.6 -2,8 35,2
3 7.05.77 3,0 42,0 0,05 -12,0 -4.,8 63,8
4 19.04.78 0,8 45,0 0,02 -25,7 -1,9 50,5
5 21.04.78 3,0 5,0 0,03 -2,6 -26,8 32,7
*6 20.07.79 9,0 65,0(0) 0,05(0,38) 0,1 -4,6 18,8
7 23.07.79 8,0 10,0 0,25 -3,3 -12,1 15,1
8 19.08.79 15,0 50,0 0,60 -0,7 -2,1 20,8
9 26.03.8t 1,0 12,0 0,01 -33,7 -61,4 64,0
10 22.10.81 2,5 5,0 0,02 -4,1  -0,2 28,3
11 23.12.81 No acceptable fit possible
12 2.11.85 10,0 10,0 0,17 -2,6 4,5 19,3
13 25.11.85 8,0 10,0 0,19 -0,6 27,8 31,1
14 1.12.85 13,0 13,0 0,12 -2,6 -3,3 56,0
15  3.12.85 Not modelled (data errors)
Mean 0,148 8,4 12,3 36,2
St. dev. 0,169 = 10,4 17,3 17,1
Other parameters: Parameter N = 0,7

* 2 rainfall bursts in storm - figures in parenthesis refer to 2nd
burst.



Table A39 Calibration results

Catchment North Danville, ND1 Area 42,94km?
Model Runoff - routing - OSE4 Type Semi-distributed
Storm Date Parameters errors: AAQE
No. KC I.Loss R.Coeff Volume Peak %
1 24.10.59 9,0 8,0 0,38 -3,9 -5,4 13,7
2 30.07.60 5,0 25,0 0,10 -7,0 -4,5 18,0
3 2.06.61 8,0 10,0 0,34 -4,4 2,5 13,4
4 31.07.62 7,0 20,0 0,26 -1,9  -3,3 14,2
5 30.07.63 . no acceptable fit possible
6 22.07.64 3,5 0,0 0,04 -7,6 3,6 34,3
7 7.06.65 10,0 12,0 0,20 -5,1 -4,2 26,6
8 19.10.66 3,8 10,0 0,09 -5,9 -6,1 20,2
9 16.07.67 8,0 25,0 0,35 -5,3 6,0 20,6
10 11.09.68 4,0 22,0 0,10 -10,0 -3,6 29,8
11 7.09.69 no acceptable fit possible
12 23.08.71 3,5 15,0 0,10 -4,6 -2,6 21,2
13 3.07.72 6,0 22,0 0,71 -3,7 2,7 38,2
14 10.07.72 5,8 10,0 0,12 -4,5 -5,9 13,8
15 17.09.73 6,0 15,0 0,16 -4 1 1,9 10,6
Mean 0,227 5,2 4,0 21,1
St. dev. 0,183 2,1 1,4 8,7

Other parameters: N = 0,7



Table A40 Calibration results

Catchment North Danville, ND5 Area 111,60km?
Model Runoff-routing - OSE4 Type Semi-distributed

Storm  Date Parameters % errors: AAOE

No. KC I.Loss R.Coeff Volume Peak %
1 30.07.60 5,5 22,0 0,10 -3,4 -1,5 17,5
2 2.06.61 9,0 10,0 0,32 -3,6 1,3 17,1
3 31.07.62 8,0 20,0 0,24 -1,7 6,8 14,8

4 30.07.61 No acceptable fit possible

5 22.07.64 5,0 10,0 0,08 -6,5 10,5 26,2
6 7.06.65 6,5 18,0 0,12 -4,1  -2,7 8,2
7 19.10.66 4,5 10,0 0,08 -5,8  -9,5 11,5
8 16.07.67 6,0 15,0 0,11 -2,1 -12,1 16,7
9 11.09.68 5,0 20,0 0,10 -3,3  -2,1 26,0
10 7.09.69 4,0 22,0 0,12 -11,5  -8,9 31,4
11 23.08.71 5,5 15,0 0,11 -6,5 -0,5 24,1
12 10.07.72 7,0 5,0 0,12 -4,3  -3,7 15,9
13 20.07.72 7,0 10,0 0,18 -2,0 -0,1 20,6
14 14.07.73 5,5 5,0 0,15 -3,1 1,7 9,8
15 17.09.73 7,0 15,0 0,17 -2,8  -3,1 10,0
Mean 0,143 4,3 4.6 17,8
St. dev. 0,067 2,6 4,1 7,0

Other parameters: N=20,7



APPENDIX B

MODEL CALIBRATION RESULTS : GRAPHICAL PLOTS

Figure Catchment Storm Different models
date. A B C D

B1 Q9mM20 6.03.77 O0SE2-SD  OSE1-LM  0SE3-SD 0SE4-SD
B2 Q9M20 21.04.78 O0SE2-LM  0SE2-SD  OSE3-LM O0SE4-SD
B3 Q9M21 21.04.78 OSE2-LM  0OSE3-LM

B4 Q9M20 20.07.79 O0SE2-LM  O0SE3-LM  0SE4-SD

BS Q9M20 23.07.79 OSE2-LM  OSE3-LM  0SE4-SD

B6 ND1 21.10.59 0SE2-SD  OSE1-SD

B7 ND1 21.10.59 OSE3-SD  0SE4-SD

B8 ND1 22.07.64 (QSE2-SD  0SE3-SD  QSE4-SD

B9 ND1 19.10.66 O0SE2-LM  QSE3-1M

B10 ND1 16.07.67 O0SE2-LM  0OSE2-SD

B11 ND4 16.07.67 OQSE2-LM  0SE2-SD

B12 ND5 16.07.67 O0SE2-LM  0SE2-SD

B13 ND5 16.07.67 OSE3-LM  0SE3-SD

B14 ND1-ND5 19.10.67 0SE2-SD

B15 ND1-ND5 11.09.68 0SE2-SD
Note: The same scale is used for streamflow discharges (always in

cumecs) and rainfall (in mmh'1 multiplied by a variable
Thus using mmh™1%0.1-2.0 on the axis represents

factor).
20mmh~ "
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