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SYNOPSIS 

Synthetic streamflow models are increasingly being used in the 
planning, design and operation of water resources systems. Unfor- 
tunately; the historical data required for their calibration is often 
inadequate or non-existent. 

The principal aim of this project is to show how, through the 
development of regional hydrometeorological relationships, the avail- 
able data may be used to evaluate reliable model parameters for 
ungauged catchments, The study is based upon the region of England 
and Wales containing the Rivers Teifi, Tywi, Usk, Wye, Teme and Upper 
Severn. 

A computer method of identifying possible errors in monthly 
data sets is developed and used for the verification of data supplied 
by the Water Data Unit. 

A series of computer programs, designed for the statistical 
analysis of monthly data, is developed and a comprehensive analysis 
of the regional rainfall and streamflow data performed. Regional 
relationships are developed between rainfall and various streamflow 
parameters, including monthly means, standard deviations, skewness 
coefficients, lag-one correlation coefficients and lag-one regression 
coefficients. The spatial and temporal variation of monthly cross 
correlation coefficient is investigated and a method of predicting its 
seasonal variation for any two catchments is presented. Wherever 
possible the derived relationships are explained in terms of the phy- 
sical processes involved. 

Soil moisture is shown to be a key factor influencing both the 
spatial and temporal variation of several parameters. A soil moisture 
simulation model is developed and incorporated in a study of the vari- 
ation of catchment storage and its influence on streamflow. 

Finally, the derived relationships are used to predict the 
streamflow parameters for three totally independent catchments, and 
these are shown to compare very favourably with the corresponding 
parameters derived from historical records. 
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CHAPTER ONE 

INTRODUCTION 

1.1 GENERAL CONSIDERATIONS 

The rapid increase in world population and the rise in living 

standards has generated an ever increasing demand for water. In 

order to meet this demand, water agencies throughout the world are 

increasingly developing large multipurpose water resources systems. 

These systems often involve more than one river catchment and many 

interconnected water facilities serving a vast variety of demands, 

including industrial and domestic consumption, irrigation, navigation, 

flood control, pollution control and even recreation. 

The planning, design and operation of such systems is highly 

complicated and often requires the use of modern systems engineering 

techniques. The most powerful of these techniques is system simul- 

ation, which in the field of water resources was pioneered by researchers 

at Harvard University (Mass et al 1962). Systems simulation is essentially 

an experimental technique in which the real system, both natural and 

man-made, is represented by a computer model which includes economic 

functions for the assessment of benefits and costs. By simulating the 

performance of a proposed scheme over a long time, using a greatly 

reduced time scale, and then repeating this in a systematic manner for 

various modifications, the scheme which best satisfies the pre- 

defined economic objectives is determined. In this way both the 

water development and operating policies for the whole region may be 

optimised. The scope of recent research work in the field of mathe- 

matical modelling in hydrology can best be judged by references to 

the proceedings of the international symposia held at Fort Collins 

(1967), Illinois (1968), and Warsaw (1971). Prior to the development



of simulation techniques, it was common practice in the developed 

world to use historical hydrometeorological data records as the sole 

basis for the design of new schemes. Basic to this method was the 

assumption that the past would repeat itself in the future, or at 

least that critical periods in the past could be treated as represent- 

ative of those to be expected in the future, However, it can be 

shown that even where relatively long records exist they do not 

represent the full range of possible events. Also, long records are 

rarely available for more than a few of the points required for the 

study. Consequently, the traditional method of design has become 

increasingly inadequate as the systems have grown in complexity. 

Hence the development of synthetic hydrology which attempts to 

generate synthetic data sequences which are statistically indistinguish- 

able from the historical data. A review of the models which are used 

to generate these sequences is presented in Chapter 2. 

In addition to these deficiencies, the increasing effects of 

human activity on the elements of the hydrological cycle will tend 

more and more to render historical hydrological data of limited use 

for the direct prediction of corresponding behaviour in the future. 

Kottegoda (1970) explained the complexity of the many variables 

involved in the rainfall/run-off process and classified them generally 

as topography, drainage area, elevation, tributary pattern, stream 

length, catchment retention, vegetation, geological structure, soil 

moisture capacity, infiltration, soil moisture content, capillary 

rise, deep percolation, base flow, interflow, evaporation, temperature, 

transpiration, radiation, windspeed, atmospheric pressure, humidity and 

cloudiness, This is an extensive list and some variables are clearly 

more dominant than others and many are interrelated. Topographical 

features, the channel system, catchment retention and soil moisture



capacity, which are clearly highly dependent upon the geology, have 

a permanent influence on the run-off characteristics of a catchment. 

The processes of infiltration, capillary rise, deep percolation, 

interflow, ground water flow and base flow are dependent upon climate, 

geological structure and/or soil type. The processes of evaporation, 

transpiration and snow-melt are dependent upon many climatological 

and meteorological factors and upon the type of vegetation. These 

in turn are highly dependant upon topography. Meteorological variables 

are unsteady both spatially and temporally and are the prime cause 

of the stochastic nature of streamflow. 

Dooge (1972) pointed out that research hydrologists have been 

prolific in the production of models of all types. There are linear 

and non-linear models, deterministic and stochastic models, lumped 

models and distributed models, component models and total catchment 

models, continuous models and discrete models, and so on. These 

conceptswere used in all types of mathematical model types presented 

at the Fort Collins, Illinois and Warsaw symposia. The combination 

of the various factors gives rise to a wide variety of models at the dis- 

posal of theapplied hydrologist. Dooge concluded that the hydrologists 

in the field are faced with the urgent need for solutions to practical 

problems and he urged that effort be directed towards the closing of 

the gap between theory and practice. 

1.2 THE NEED FOR RELIABLE PARAMETERS 

Available flow records are believed to contain many errors 

(Chow, 1964), and provide only a small sample from an infinite 

population. A continuous fifty year record for example is rare, and 

even with the rapid worldwide expansion of hydrological data collection 

networks in recent decades, it may well be generations before



comprehensive stream gauging networks are established in every river 

basin. Even then it will be neither practical nor economical to 

establish flow gauges on every stream, and there will always be rivers 

for which no actual historical flow record exists. Also, the artificial 

and natural changes in the land use of the catchment will introduce 

trends or heterogeneity into existing records, 

Hydrologists have always had to contend with inadequate, inaccurate 

and incomplete data records, and this situation therefore favours 

the introduction of synthetic flow data in hydrology provided these 

can be shown to be reliable, 

Synthetic flow data are generated from existing historical records 

as mentioned earlier, The historical records are subjected to a 

statistical analysis which yields a set of statistical parameters, 

such as mean, standard deviation, skewness and autocorrelation 

coefficients, which are often then used as parameters in the models. 

Since the synthetic data depend upon the historical records, they 

will tend to reflect all the errors inherent in the historical 

record, With random errors, this is merely an inconvenience resulting 

in an overall loss of accuracy, but all systematic errors pass 

undetected and undimensioned into the resulting similarly biased 

synthetic data, 

The reliability of synthetic data sequences can be improved in 

two basic ways: 

i) by the development of more advanced models which permit 

more precise reproduction of the essential flow character- 

istics, 

and ii) by the development of methods of data analysis and inter- 

pretation which permit more reliable estimation of model 

parameters from the existing limited data sets,



The former has received, and continues to receive, a great deal 

of attention from research hydrologists throughout the world, while 

the latter has received comparatively little attention. Perhaps 

this is one of the areas which Dooge (1972) had in mind when he 

emphasised the gulf between research and practice, 

The need for reliable flow parameters in the formulation of 

hydrological models is clear, but the data from which they have to 

be evaluated are often inadequate or non-existent. Any improvement 

in understanding of the hydrological processes, or development of 

analytical techniques, which facilitate better model calibration 

from existing data, would be of great value to operational hydrologists. 

1.3 PROJECT OBJECTIVES 

The objectives of this project are two-fold and may be stated 

as follows, 

1) To improve the knowledge and understanding of the complex 

relationships between the many variables governing the 

spatial and temporal variation of river flow para- 

meters. 

2) To show how, through the development of regional hydro- 

meteorological relationships, reliable estimates of 

river flow parameters for any set of points within that 

region can be evaluated. 

This can be achieved with particular emphasis on the calibration 

of multivariate stochastic streamflow models, 

The first of these objectives is purely scientific whereas the 

second is technological (i.e. it is concerned with the application 

of incomplete scientific knowledge to practical problems). It is 

hoped therefore that both the methods developed and the relationships



derived in this project prove to he of practical as well as 

purely scientific value, 

It should be made clear at this stage that this project is 

concerned only with naturalised monthly mean.flows, and does not 

involve a study of dry weather flows or flood flows, Flood 

flows, and to a lesser extent dry weather flows, have been exten- 

sively researched by others (Beard, 1962, Cole, 1966, Ins. Civil 

Eng., 1975, Nat. Envir. Res. Council, 1975, IASH, 1974, Ward, 1978, 

Hudson and Hazen, 1964, Beron and Gustard, 1978). 

The term 'naturalised' refers to flow records which have been 

adjusted to allow for unnatural abstraction from and/or discharges 

into the river (e.g. water supply abstractions and sewage discharges), 

and for the effect of the reservoir storage. These records are, 

therefore, as close to a truly natural flow record as one can 

possibly get. Since the aim of the project was to investigate the 

natural spatial and temporal variations of river flow, it was 

clearly essential to use naturalised flows.



1.4 ° METHODOLOGY: 

A brief description of the method used in this project is 

given below, 

1) 

2) 

3) 

4) 

5) 

A review of modern methods of hydrological modelling 

was carried out so that a clear understanding of the 

model types and their data requirements could be 

gained (Chapter 2). 

Consideration was given to the choice of region for 

this study. Therewere two basic requirements which 

needed to be satisfied. The first was the availabi- 

lity of an adequate number of long and reliable natural 

flow records, The second was the need for a large 

variation in ground level within the region so that the 

effect of altitude could be effectively examined. 

This lead to the choice of the region which includes 

the rivers Teifi, Tywi, Usk, Wye, Teme and Upper Severn. 

Chapter 3). 

Sets of naturalised monthly flows were obtained from the 

Water Data Unit and monthly mean areal rainfall records 

from the Meteorological Office. 

A series of programs was developed in order to carry out 

an extensive statistical analysis of the data. (Chapter 4). 

On commencing the statistical analysis it was found that 

the flow data was not as 'clean' as had been indicated by 

the Water Data Unit. A computer program was therefore 

developed to check the validity of the flow data, and 

apparently inconsistent flows were checked against daily 

flow records, rainfall records and data obtained from



6) 

7) 

8) 

2 

10) 

11) 

12) 

the appropriate Water Authorities, Where flows were 

found to he clearly. incorrect they were replaced hy 

estimates based upon all the available evidence. 

(Chapter 5). 

A comprehensive statistical analysis was carried out 

on the verified data. (Chapter 6). 

The results of the statistical analysis were closely 

examined with a view to identifying relationship between 

the various parameters. (Chapter 7). 

As a result of altitudinal effects identified in (7) 

above, it was decided to divide the region into sub- 

catchments and to analyse sub-catchment contributions 

to flow so that the altitudinal effect could be further 

magnified. 

From the results of (7) and (8) a series of regional 

parameteric relationships was derived. 

A simulation study was carried out into the variation 

of mean monthly soil moisture and groundwater store 

and their influence on monthly flows. (Chapter 7). 

Consideration was given to the possible cause of the 

relationships derived in (9) and (10) above, and 

explanations have been given where possible. 

The relationships derived in (9) and (10) above were 

used to estimate the monthly flow parameters at 

totally independent gauging stations, and comparisons 

made with the values obtained from the data records. 

(Chapter 8)



CHAPTER TWO 

REVIEW OF STOCHASTIC STREAMFLOW MODELS 

2.1 INTRODUCTION 

This chapter outlines some of the stochastic methods used in 

analysing and modelling streamflow records. 

The stochastic approach to streamflow modelling refers to the 

techniques used to generate synthetic hydrological data by assuming 

that they are realizations of a random process (DeCoursey, 1971). 

These data may be used either for input to some other model or to 

provide directly an estimate of the output of a hydrological pro- 

cess, (e.g. rainfall/run off models). In both cases the basic 

techniques of the generation processes are the same. 

Models created for this purpose vary from a very realistic 

form using much information about the physical processes in con- 

verting input to output, to a "black box" form in which nothing 

is known of the physical process involved. Most of these models 

are of a parametric type in which elements of the hydrological 

system are combined and less detail about the internal structure 

of the model is known. Some streamflow models designed to provide 

synthetic sequences of hydrological data maybe entirely stochastic. 

In such models there are no assumptions as to the internal structure 

of the real system. The synthetic sequences are developed entirely 

by a stochastic process. Such models are based on the stochastic 

properties of the historic data to which they are fitted. For 

example, monthly run-off at a streamflow station synthesized by a 

purely stochastic model could be based on the mean, standard deviation, 

and serial correlation of the historical data from the station.
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The degree of complexity of the stochastic generator is a 

function of the statistical characteristics of the data to be 

generated and not of the type or size of the item being generated. 

The following sections describe several of the early models and 

methods of yield assessment and provide an introduction to the 

development and practical application of stochastic hydrology. 

2.2 SOME TRADITIONAL METHODS OF ASSESSMENT AND SYNTHESIS 
  

2.2.1 The Rippl Diagram 

Mass curve analysis of the flow data was originated by 

Rippl (1883). If observed inflow data at a reservoir site is 

plotted cumulatively against ene evaluation of the yield is 

possible through a mere inspection of the graph. A typical Rippl 

diagram, or mass curve, is shown in figure (2.1). The difference 

between the ordinates of any two points on the curve is the sum- 

mation of the flows during the intervening period of time. Thus, 

if the two points are connected by a straight line, the slope 

of the line will equal the average flow during that period, since 

it equals the total discharge divided by the corresponding total 

time interval. In the figure, the slope of the straight line AB 

joining the end points of the mass curve represents the average 

over the total period of the plotted record. Two straight lines 

A'B' and A"B" are drawn parallel to AB and tangentially to the mass 

curve at the lowest tangent point C and the highest tangent point 

D, respectively. The vertical intercept between these two straight 

lines represents the storage volume required to permit continuous 

release of water for the entire period. A reservoir having this 

capacity would be empty at C and full at D, assuming that it
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contained a volume equal to AA‘ at the beginning of the period. If 

this reservoir were empty in the very beginning, it would be empty 

again at point E and during the period from F to B. If it were 

full in the very beginning, it would be full again at points F and 

B, but spill water between A and E, The rate of flow at any point 

on the mass curve is indicated by the slope of the curve. The 

rate of draft, or demand, is the rate at which water is required for 

use such as water supply or power can be represented by a 

straight line having a slope equal to the rate of demand is shown 

by the line GH which is drawn tangentially to any point on the mass 

curve. The required storage is given by the maximum intercept IJ, 

between such lines and the mass curve. If the storage is given, 

this curve can be used to determine the possible maximum uniform 

rate of flow by reverse procedure, that is by using the maximum 

slope of all trial draft lines which are drawn tangentially to the 

mass curve and have a maximum departure from it equal to the given 

storage. 

2.2.2 Hazen's Method of Extrapolating Past Records 
  

Hazen (1914) was perhaps the first to recognize the need for 

extrapolating past records in order to overcome the inadequacy of 

basing an analysis on limited historical data. His approach was 

to combine the records of the annual flows of fourteen streams 

after standardizing each record with its mean flow. The minimum 

and maximum number of years of observation in the records were 

twenty-five years and forty-five years respectively. A string of 

‘three hundred years was thus obtained, and Hazen used the cumulative 

mass diagram to determine the safe yield for a particular value of 

storage.
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By using probability paper for plotting the annual yields, 

he determined the yield for a given degree of reliability with 

the coefficient of variation as an additional factor, The com- 

bination of several historical records from different catchments 

in order to obtain a single synthetic trace is crude when compared 

with modern methods, especially when one considers the inter- 

dependence of the various records, However, Hazen's original work 

on the practical application of probability methods to reservoir 

studies is highly commendable. 

2.2.3 Duration Curves 

The use of duration curves for studying the flow character- 

istics in streams evidently commenced in the late nineteenth 

century. However, the first comprehensive analysis on the subject 

was done by Foster (1934). By definition, a duration curve is a 

plot of flow values against the cumulative frequency of occurrence 

expressed as percentage of the time the flows are less than a given 

value, 

A duration curve based on historical data can be treated as a 

probability curve to predict the probability of occurrence of future 

flows. It can also be used as a basis for studying and analysing 

the data in a manner comparable with studies on mass curves and 

hydrographs all of which have been used extensively since 1915. It 

is usual to compare the flow characteristics of streams in similar 

catchment basins through their duration curves prior to correlation 

or other analyses. A sharply rising duration curve shows a flashy 

river and a steadier river is represented by a flatter curve.
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The use of duration curves in the present day design of 

regulating reservoirs and pumped storage schemes is valuahle and 

its use in analysing historical data will continue to be of value. 

However, as a statistical tool to be used in methods of predicting 

and forecasting it is of limited scope and has been superseded by 

cumulative frequency diagrams. 

2.2.4 Data Generation Using a Pack of Cards 

The work of Hazen was extended by Sudler (1927) who introduced 

the chance element to the methods of synthesizing stream flows. 

From a chosen record he selected fifty representative annual stream 

flows and wrote the value of each on a card. The cards were 

shuffled and drawn one at a time until all the cards were used. The 

resulting set of observations gave a fifty year synthesized record 

of river flows. Similarly, the method eae extended to obtain a 

one thousand year record. Sudler's results are misleading on 

account of the following basic limitations: (1) the historical 

data is faithfully reproduced, (2) the order of occurrence is 

changed, breaking the possible serial correlation in the flow 

values, (3) the maxima and minima cannot exceed the highest and 

lowest values marked on the cards, and (4) by drawing without 

replacement from the pack, a bias was introduced. Sudler also 

produced a series of charts for estimating storage capacities of 

rivers for various draft rates, but these have only limited applic- 

ation, 

2.3 “MONTE CARLO METHOD 

This method is the simplest technique used in the generation 

of synthetic data and is the basis of all other sophisticated
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techniques deyeloped later, The method is in effect merely a 

random selection of values from a population (generally assumed 

to be normally distributed) of known mean and variance, which have 

been set equal to the sample mean and variance of the present data 

sequence, It is assumed that the historical record possesses 

neither cyclic variation nor auto-correlation between successive 

values. This assumption severely limits the application of this 

technique in its basic form, for few hydrological data sequences 

conform to these constraints. 

The Monte Carlo method may be expressed mathematically as 

X=X+e Ss (205) 

where x is the generated value of the sequence at time t, and 

xy Sy are the estimated mean and standard deviation of the historical 

record, & is a normal random deviate of zero mean and unit variance. 

The simulated sequence of synthetic data generated from the relation- 

ship will of course be stationary, normally distributed and without 

skewness or auto-correlation. Barnes (1954) employed the Monte Carlo 

technique in his investigation of reservoir yields in Australia by 

using estimates of the distributions of catchment annual mean run-off 

to simulate additional sequences of annual run-off, From these 

synthetic sequences and established routing techniques, Barnes was 

able to make estimates of the probabilities of failure of a 

reservoir system to meet specified demands. However, difficulty was 

encountered when it became clear that a monthly sequence would have 

to be generated in order to account for seasonal changes in storage. 

In his study, Barnes employed mathematically acceptable tech- 

niques of generating the random normal deviates involving tables of


