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Synopsis

Techniques are developed for the visual interpretation of drainage features
from satellite imagery. The process of interpretation is formalised by the
introduction of objective criteria. Problems of assessing the accuracy of
maps are recognized, and a method is developed for quantifying the correctness
of an interpretation, in which the more important features are given an
appropriate weight. A study was made of imagery from a variety of landscapes
in Britain and overseas, from which maps of drainage networks were drawn.

The accuracy of the mapping was assessed in absolute terms, and also 1in
relation to the geomorphic parameters used in hydrologic models. Results

are presented relating the accuracy of interpretation to image quality,
subjectivity and the effects of topography. It is concluded that the visual
interpretation of satellite imagery gives maps of sufficient accuracy for the
preliminary assessment of water resources, and for the estimation of

geomorphic parameters.

An examination is made of the use of remotely sensed data in hydrologic models.
It is proposed that the spectral properties of a scene are holistic, and are
therefore more efficient than conventional catchment characteristics. Key
hydrologic parameters were identified, and were estimated from streamflow
records. The correlation between hydrologic variables and spectral character-
istics was examined, and regression models for streamflow were developed,
based solely on spectral data. Regression models were also developed using
conventional catchment characteristics, whose values were estimated using
satellite imagery. It was concluded that models based primarily on variables
derived from remotely sensed data give results which are as good as, or

better than, models using conventional map data. The holistic properties

of remotely sensed data are realised only in undeveloped areas. In developed
areas an assessment of current land-use is a more useful indication of
hydrologic response.
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PART 1 CHAPTER 1  GENERAL INTRODUCTION

The theme underlying this work is one of optimism, that the Tatest
advances in space technology may be used beneficially in an activity which
is fundamental to the needs of mankind - the management and development

of natural water resources.

Given an adequate supply of reasonable quality, people need spend less
time in fetching water, and will suffer less from water-related diseasé.
Given more time and better health, then food productivity increases,
which promotes still better physical well-being and better resistance to
disease, with the result that people are set on an upward spiral leading

to social and economic development.

Sadly, in many parts of the world, the basic water resources are not
provided. This is due not to lack of effort or determination, but simply
to a lack of information. Maps of the river systems may be available only
at 1:1 million or 1:250,000 scale, and are frequently unreliable. The
existence of lakes and reservoirs is often not known to the planners,
while rivers may change their course with a rapidity unappreciated in our
temperate climate. The hydrological response of catchments can be radically
altered by the process of deforestation or slash-and-burn cultivation
over large areas, which cannot be monitored using traditional methods of
survev. In the absence_of this kind of information it is impossible to

devise any sensible strategy for the development of water resources.

Even though this situation still prevails, great advances have been
made in acquiring information on the world's surface. Following the

development of orbiting satellites in the 1960's and 1970's we now have
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a second generation of earth resources satellites, which have achieved
an operational, commercial status. They are capable of observing all
parts of the globe on a regular basis, and provide subtle interpretations

of conditions at the earth's surface.

The solution to the problem of hydrologic information thus exists,
if the satellite data can be interpreted to give useful end products.
One approach, which has been found valuable in the United States of
America, is to interpret satellite data in terms of conventional maps,
i.e. cropping patterns, soil types and land-use, which provide the inputs

to conventional models.

The proposition which is examined in this thesis is that there is
a better way of using satellite data, which is based on the idea that it
is holistic, bringing together information on many aspects of the
area being observed - its vegetation, soil type, soil moisture, slope and
so on. This is quite different from the information presented in maps
and used in conventional models, which is separated into distinct
categories. Thus, to use satellite data merely to acquire conventional
map interpretations is to ignore much of the richness of the data.
However, to use spectral data in its own right requires that new models

should be derived to take advantage of it.

The work presented here is a first step in that direction, in which
the value of satellite data is examined in relation to the needs of
water resource development, and simple models are developed. Recommend-
ations are made for a second stage of work in which the benefits of the

distributed nature of the data may be realised.

Some of the work presented in this thesis has already been published,

and a list of references is given in Appendix 4.



PART 1 CHAPTER 2 AIMS AND OBJECTIVES

The principal aim of this work was to investigate whether remotely
sensed data could be of value in the assessment of surface water
resources. Clearly, it was not practicable to investigate all aspects
of remote sensing, nor all aspects of water resource assessment.
Therefore the aim of the study was refined to concentrate on the use of
data provided by orbiting satellites, particularly those of the Landsat

family, for which an adequate archive of data existed.

With regard to water resource assessment, the decision was made to
Timit the investigation to the techniques which would be useful at an
early stage of survey, where Tittle or nothing would be known about the
surface water resources. In other words, the techniques which would be
of most value in the developing world. Unfortunately, the paucity of
information makes it difficult to develop models, so the decision was made
to base the study on an area for which good quality data were available,
and to develop models and techniques which are sufficiently robust to

be of general value.

The two techniques which were considered to be of most value at an early
stage of water resource survey were (i) mapping of the surface water
resources (i.e. rivers and lakes) and (ii) modelling of key streamflow

indices.
Thus, the objectives of the project were to :

1. Acquire maps of the surface water resources of the study area

from conventional sources, and assess their validity.
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2. Develop simple visual techniques for the interpretation of
satellite imagery to provide maps of the surface water resource,
3. Develop a method of assessing the accuracy of the interpretations,
4. Acquire hydrologic data for the study area and select
suitable streamflow indices,
5. Acquire satellite imagery and select appropriate variables
which may be evaluated from the remotely sensed data,
6. Examine the correlation between hydrologic variables and
remotely sensed variables, and hence propose simple models
for estimating streamflow,
7. Test the models, and select simple robustmodels which

would be suitable for general use.

In view of the clear split between the mapping work and the modelling
work the main body of this report has been split into two parts dealing

with each topic separately.



PART 1 CHAPTER 3 INTRODUCTION TO REMOTE SENSING

Remote sensing is the activity of observing phenomena at a distance,
using emitted or reflected electromagnetic radiation. In the more
limited definition used in this thesis, the activity of remote sensing
is concerned primarily with observation of the earth's surface.

The origins of remote sensing are in the military use of aerial
photography but it has now been extended to include radar, infra-red
photography, television and multi-spectral scanning from a wide range

of platforms including satellites.

There are five major elements in the process : sensing, carrying the
sensor, transmitting the data, processing and interpreting the data.
The most common sensor is still the photogrpahic camera, carried in an
aircraft, providing pictorial information based on visible and infrared
radiation, which is interpreted visually. The exciting new developments,
though, have come from the use of multi-spectral scanners carried in
satellites. These sense the scene in a number of spectral bands
simultaneously, and transmit the information in digital form. Land-
based stations receive the data, which can then be analysed mathematically,
or processed to create a wide range of pictorial interpretations.
Recent advances in space technology and computing technology have made
this an extremely powerful method for investigating problems, and the

range of applications is limited only by our imagination.

In multi-spectral imaging a number of sensors are used, each sensor
responding to a different spectral band (or channel). The scene is
scanned simultaneously by all detectors, and the picture is built up from
the series of stripes created by the forward motion of the carrier

(usually an orbiting satellite).



Processing data in a number of bands is far more complex than
in one band, but gives a richer body of information to use in inter-
pretation. A multi-spectral scanner does not produce a photograph in
a conventional sense, but produces numeric information on the degree
of reflection in each spectral band, which is transmitted in digital
form (after some on-board processing) to receiving stations on the
ground. Analysis may be performed directly on the digital information,
but it is common to create false colour images to examine visually.
These may emphasise the reflection in individual bands, or the contrast
between bands, or areas with a similar spectral "signature" i.e.

similar intensity of reflection in all bands.

For example, a colour photograph may show two fields of the same
crop as being green. In a multi-spectral image of the same area, the
use of green combined with infrared would highlight areas of diseased or
water-stressed crops, which would have high reflectance in green, but
low reflectance in infrared. Healthy crops have a high reflectance
in both bands. Thus by enumerating the contrast between green and infra-
red, the pattern of disease can be built up. The bands used for
comparison would depend on the type of study being carried out, but
once the scene has been scanned, the information on all bands is saved

in the data archive and is available for use at any later time.

3.1 SENSORS

It is useful to consider sensors with respect to the type of

radiation they deal with.

Figure 3.1 shows the spectrum of electromagnetic radiation, and ’

in the upper half indicates the operational range of some 'conventional'



sensors. In the lTower half of the figure is shown the range of
operation of some of the satellite systems that have been employed to
date. It can be seen that the majority of satellite-borne sensors
operate in the visible to near-infrared region, with some thermal
scanners extending into the thermal infrared region. Some attempts

have been made at using microwave sensors such as the Synthetic

Aperture Radar (SAR) carried on Seasat, and radar sensors will certainly
be important in the 1990's e.g. with the European ERS-1 satellite.

Radar will also continue to be important with regard to air-borne
sensors. For this study, though, the important sensors are in the
visible and infrared, which are those which have been used routinely

to provide a commercial service, and for which there is an extensive
archive. These are the sensors carried by the Landsat and SPOT family
of satellites, and their area of operation is shown in Fig. 3.2.

Similar sensors are carried in the Indian and Russian satellites, but
the archive of data is very small in comparison. Other satellite
platforms carry sensors operating in these regions, and have an archive
of data, but they offer a much coarser resolution and are used primarily
for meteorological applications, not earth observation e.g. Meteosat,

TIROS.

3.2 SENSOR PLATFORMS

The earth-observation sensors are carried on platforms which are
in a polar orbit at an altitude of about 800kms. Orbits are arranged
so that the satellites are sun-synchronous i.e. they always pass over
any point on the ground at the same local time (usually mid morning) so

that lighting conditions remain as similar as possible for images of
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the same area on different dates. The angle of view of the scanning
system and the altitude of the platform determine the width of the

strip on the ground which is actually recorded as an image (Fig. 3.3).

Using Landsat 4 as an example, the satellite has an altitude of
705km, and an orbit which is inclined at an angle of 98.2 to the lines
of longitude. The swath width is 185km, and successive orbits are
2100km apart. The same spot is reviewed once every 16 days, and viewing

time is 9.45am local time.

By comparison, the SPOT satellite is at an altitude of 822km, and
gives a swath width of 60km. Its repeat cycle is 26 days, and viewing
time 15 10.30am at the equator. The principle difference from Landsat
is that SPOT incorporates an orientable mirror, which can be pointed so
that a swath is viewed which is not immediately below the satellite.

Thus points up to 475km from the nadir may be viewed, and stereo pairs
can be generated. More importantly, the movable mirror gives opportunity
for a far greater viewing frequency than the 26 days dictated by

orbital considerations.

The satellites such as Meteosat are in a geo-synchronous orbit i.e.
they remain fixed relative to any point on the earth's surface. Geo-
synchronous orbits are equatorial, and are at an altitude of 35,000km.

A complete hemi-sphere is viewed at all times, but from such a great
altitude that the resolution offered by these sensors is very coarse.
However, these systems offer a very frequent transmission of images (one
every 20 minutes), and the data may be captured using low-cost receiving
stations. Thus, they are invaluable tools in the study of hydrology e.g.
for rainfall estimation and regional vegetation monitoring, even though
the data are too coarse for catchment studies. Similar comments apply
to the polar-orbiting meteorological satellites such as the NOAA-TIROS

family.



3.3 DATA TRANSMISSION

Satellite sensors generate a vast amount of information, at a very
great rate. For instance, the Landsat Thematic Mapper acquires data
at the rate of 110 megabits per second, and needs 1014 bits to give

complete coverage of the whole of the globe (Hardy, 1985).

If a ground receiving station is nearby, then data can be transmitted
virtually as they are collected. If not, then other strategies must be
used. The earlier Landsat satellites had on-board tape recorders which
could hold data until there was opportunity to transmit to a receiving
station some time later. Landsat 4 and 5, however, depend on the relay
of data via a communications satellite, thence on to the main receiving

station in USA.

SPOT data is normally transmitted directly to ground receiving stations
when activated, but there are also facilities for on-board recording of

data, which is transmitted later to the Mission Centre at Toulouse.

Distribution of imagery is now handled by commercial companies so it
is possible to purchase images in either digital format (computer compatible
tape) or as a photo-product through these companies, or alternatively
from their agencies. Normally these images are processed to make certain
radiometric and geometric corrections. Radiometric corrections take into
account the calibration factors for the sensors, and the optical and
telemetry systems. Geometric corrections are applied to remove errors
associated with viewing angle, satellite jitter, rotation and curvature
of the Earth's surface. Thus, gross inaccuracies are removed, but much
work is left to the purchaser to improve the clarity of the images, and

to warp them to fit the geographical coordinate system of interest.
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3.4 IMAGE PROCESSING

Data, when it is purchased is normally in the form of "images".
Each image comprises a 2-dimensional matrix of Digital Numbers for
each Band in which the sensor operates. Thus, for instance, Landsat TM
data comprises 7 matrices, while SPOT HRV data comprises 3 matrices.
The number of cells in each matrix depends on the ground area
represented by each cell, and on the swath width of the sensor. Thus
each matrix in a TM image has a nominal size of 6468 x 5375, and each
picture cell (pixel) represents 30m x 30m on the ground, giving the

185km swath width.

The Digital Number in each cell represents the intensity level of
the electromagnetic radiation received from the corresponding area of
the earth's surface. Raw data are wsually in the range of 6-7 bits,
but conventionally, image data are represented by 8 bits, i.e. in the

range 1-256.

Thus the image may be structured as shown in Fig. 3.4 or alternatively
it could be structured as just one N-dimensional matrix. The way in
which the Digital Numbers are ordered on the magnetic tape holding the

data will depend on structure which is chosen.

The total of Digital Numbers in an image can be very large e.g.
35 x 106 numbers for each band of a TM scene, requiring a total of 243
Mbytes of computer memory for the whole scene. Usually, a subsample of
the data is viewed, to assist in the selection of a portion of the image
which is of interest to the job in hand, and to choose bands which contain
the most useful information. These data are then transferred to a dedicated

image-processor or work-station where image enhancement and interpretation
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may be carried out interactively. These vary in available work-space

from 512 x 512 pixels in 3 bands up to 1024 x 1024 in 6 or 7 bands.

The image processor facilitates the visual display of data by
illuminating screen pixels, corresponding to image pixels, at a level
of brightness dictated by the Digital Number. The image processor thus
provides a pictorial representation in grey-levels, of the degree of
reflectance from the corresponding portions of the earth's surface.

A visual interpretation of the reflectance in each spectral band
offered by the sensors can be made, and, understanding the physical
processes which determine the degree of reflectance, conclusions can
be drawn regarding the nature and condition of the surface shown in

the image.

If the data were panchromatic i.e. covering the whole of the visible
spectrum, then the interpretation of the image would follow the same
Tines as an interpretation of an aerial photograph. Data are not
normally panchromatic, but relate to specific regions of the electro-
magnetic spectrum. Thus it is only when viewing a single band in grey-
tones that air-photo techniques are important. In most other cases a

quite different strategy is adopted.

Whatever the strategy, there is a certain amount of processing which
has to be done before the raw image is useful. This is concerned with
the range of the digital numbers, and with their geometrical accuracy.
Firstly, the sensors are equipped to deal with a wide range of
reflectance levels, from Arctic snow to darkest jungle, whereas in any
one particular scene, the range is far smaller. Thus if the raw data
were displayed, all parts of the scene would have similar brightness

and it would appear uniformly grey. An essential part of image



processing is therefore to broaden the range of Digital Numbers in
order to enhance the contrast in the image. This process is known

as contrast stretching, and is illustrated in Fig. 3.5. This
transformation is carried out fregquently and may be performed simply by

modifying the look-up tables of the display unit.

Secondly, although gross systematic geometric errors have been
corrected by the supplier of data in their pre-processing, the geometry
of the image is still not wholly precise and smaller, random distortions
are still present in the image. Commonly, the user wishes to make the
image conform to some established format e.g. he wishes to overlay
the image on another image, or onto a conventional map coordinate
systém. A suitable transformation of pixel locations is achieved using
ground control points, which are precise locations clearly jdentifiable
on both the image and the map. The image x,y coordinates and the map
x,y coordinates for each control point are established, and then a pair
of transformation equations are calculated which will transform all
other image coordinates to their appropriate map coordinates. In effect
the whole image is resampled. Unfortunately, this can lead to a loss
of information concerning radiometric values for the original Tocations
but, in most practical app1icationé geometric rectitude is essential,
and the loss of radiometric precision has to be accepted. Geometric
correction is very demanding in computation, and would normally be
done using the host computer, although increasingly it is carried out

in dedicated hardware at the work-station.



3.5 IMAGE INTERPRETATION

The simplest approach to image interpretation is to view the image
of a single band in grey-tones, and to consider the tone, texture and
context, in a similar way to interpreting an aerial photograph. This
would be done bearing in mind the spectral signature of common types
of surface cover as indicated in Fig. 3.6. A popular and cheap approach
to image interpretation is based on the use of photo-prints of images
in the near infrared region, which can be seen from Fig. 3.7(a) to

give good separation of the major land-cover types.

Since the human eye detects differences in colour far more easily
than it detexts différences in grey levels, single band images are often
colour coded to indicate brightness levels (density slicing). An
example of density slicing employed to examine variations in infrared
reflectance from a reservoir is shown in Fig. 3.7(b). Just one density
slice can be used to great effect in highlighting features of interest,

such as the bodies of surface water shown in Fig. 3.7(c).

The visual approach can be developed by using several wavebands in
combination. For instance a simple ratio such as Band 4/Band 6 can
produce a fresh set of Digital Numbers to be displayed as grey-tones
or as a density slice. The interpretation of the values of these
numbers may become difficult, but the use of ratios does give the
important benefit of removing the effects of shading (i.e. topographic

effects), since the degree of shading will be the same in every band.

Alternatively, it is possible to assign one band to each of the colour

quns of the display e.g. Band 4 to red, Band 6 to green, Band 7 to blue.



This produces a "false-colour composite” e.g. Fig. 3.7(d), in which
the various colours may be interpreted in relation to the spectral
signatures of the land-cover types. Various band/colour combinations
have become standard for the various sensors, and much experience has

been developed in their interpretation.

In the case of Landsat TM there are seven bands to choose from,
and the various combinations for ratios and false colour composites
becomes bewildering. In this case, it is possible to compress the data
by a transformation of axes so that new band axes are selected which
contain more information than any of the original axes. These
techniques (e.g. principal component transformation, canonical analysis)
produce very efficient data sets, but are mistrusted by many interpreters
because of the difficulty of assigning any physical significance to

values of the Digital Numbers (e.g. Fig. 3.7(e)).

A technique which overcomes this problem, while remaining objective,
is that of classification. In this operation, the a priori knowledge
of the image area is used. Groups of pixels representing areas having
the same ground cover are identified within the data set. The spectral
properties of these pixels are noted, and a region within n-dimensional
space is demarcated wherein all pixels in the training areas lie. The
procedure is repeated for other types of land-cover, and fresh boundaries
are calculated. Eventually the n-dimensional space represented by the
n bands of the data has been mapped with regions corresponding to the
chosen land-cover types. The whole image is then reviewed and each
pixel is allocated a land-cover according to its position in the n-
dimensional space. The classifications can then be colour coded to

produce a land-cover map that has been decided objectively, not by



subjective, visual interpretation (Fig. 1.3.9(f).

The simple case of a 2-dimensional space is shown in Fig. 3.8.
In this example pixel A would be classified as soil, pixel B as
water, while pixel C would be unclassified. It may be noted from
this simple illustration that the technique of density slicing would
not provide a classification of these two land-covers because there
is overlap in both bands i.e. the land-cover types could not be
distinguished by their spectral response in Band x alone nor Band y

alone.

The foregoing discussions apply to the interpretation of an image
in order to distinguish certain areas within the scene e.g. to
distinguish areas of healthy crop from diseased crop, or to map areas
of different land use. The techniques noted there are not appropriate
for the interpretation of linear or cultural features. Such features
are normally interpreted visually following enhancement of the
features by the use of filters (although some algorithms for objective
Tine detection have been developed and are discussed later). The
simplest enhancements are made using box filters of various sorts,
(i.e. in the spectral domain) but it is also common to filter in the

frequency domain having first made a Fourier transform of the image.

An important technique to emerge in recent years is that of
contextual analysis, in which pixels are examined not individually,
in isolation from the rest of the image, but in relation to neighbouring
pixels, both near and far. In this way interpretations can be made

which retain the spatial integrity of the data.
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PART 1  CHAPTER 4 A REVIEW OF HYDROLOGIC MODELLING.

Hydrology is the science of naturally occurring water, including
its occurrence, circulation and distribution, and its chemical and
physical properties. It is the science which underpins the essentially
practical activities of water resources development and management.
Hydrologic modelling is the body of mathematical methods whereby
hydrologic processes are represented in such a way that conclusions

may be drawn which are useful in water resources.

The science of hydrology has a venerable history, reaching back
perhaps 5000 years to the early Egyptian civilizations, which were highly
dependent, as now, on the annual flood of the Nile (Biswas, 1971).

It is a moving experience for the hydrologist to contemplate the
beautiful Roda Nileometer, and to reflect on the uninterrupted record

of river levels stretching from 641AD up to the time of completion of
the Aswan Dam. The record, though, was used only to estimate the timing
and magnitude of the Nile flood, and little interest was shown in
understanding the mechanism that caused it. It was not until the 17th
century that Perrault and Mariotte carried out measurements relating

rainfall to streamflow, and began to put hydrology on its modern footing.

In the 18th and 19th century much essential theory was developed,
concerning evaporation (Halley, Franklin, Dalton), rainfall (Herberden)
and streamflow (Chezy, Venturi). Crucially, in the early part of the
19th century the seeds of modern calculating capability were sown (Fleming,
1975). Babbage presented his plans for his difference engine, which was
to be developed by Scheutz, to emerge finally in 1939 at Harvard as the

digital computer.



But hefore computing power was freely available simple numerical
representations of hydrologic parameters began to emerge. Mulvaney
in 1851 presented the now famous (or infamous) Rational Formula
Q = CIA, introducing the concept of "time of concentration”, and in
1865 Dickens proposed the important idea of the envelope of floods,

given by

Q=cA"

which in various guises has retained favour, right up to modern

times.

These, though were essentially empirical formula which, without
probablistic statements to accompany them were of limited use. It
was not until 1914 that Hazen began to lay the foundation for the
statistical analysis of hydrological records (Hazen 1914,1930) which
enabled statements to be made regarding the probability of particular
flow rates. The statistical treatment of streamflow was given its
contemporary character by Gumbel, who in a series of papers (e.g.
Gumbel 1941) developed a theory whereby the probability of extreme
events, such as the floods and droughts of such importance in water

resource planning, could be evaluated {Gumbel 1958).

The empirical approach has persisted in the estimation of flood
flows, particularly in the approach where some parameter of the probab-
ility distribution of floods is related through regression analysis
to physical features of the catchment. Nash, to whom much of the modern
empirical approach is owed, proposed a method in which the mean annual
flood was estimated from catchment area and rainfall or slope, while

the relationship between the mean annual flood and more severe events



was estimated from a regression on the same characteristics (Nash

and Shaw 1965).

Nash and Shaw used all available catchments in Great Britain with
records of 6 years or more (57 in all), and used a linear regression
analysis to find mean annual flood Q, and its coefficient of variation,
in terms of catchment area (A), slope (S) and mean annual rainfall (R).
The best fit equations were alternatively

0.009 AY-8° R

0.074 a%-7% s (Imperial units)

2.2 (Imperial units)
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Mean annual rainfall was thought to be a poor substitute for some
measure more directly linked with flood events, but was used as a
matter of expedience. The coefficients of correlation for the log-
transformed data were 0.92 and 0.87 respectively, which were remarkably

high considering the quality of the data.

They further assumed that flood probabilities would follow either
Gumbel's Extreme Value Type 1 distribution or the log-Normal distribution,
and that the parameters of the distribution could be calculated from
the mean and coefficient of variation of the flood series as estimated

from the regression equations.

Cole, in the same symposium, proposed a method based on the simple

empirical relationship

G = c AREA"

in which the exponent n was fixed at 0.85 but the coefficient ¢

o0



varied according to the geographic location of the catchment.

These ideas have, together, matured into the method currently
recommended by the Institute of Hydrology (NERC 1975) for the
estimation of flood flows from ungauged catchments. In this method
the mean annual flood Q is estimated from a set of catchment
characteristics depending on location e.g. for East Anglia:

0.70

T = 0.302 AREAD-70 sTMFQRO-22

(1 + URBAN)Z+

The T-year return period flood is then estimated using a growth curve
which gives a value of QT/Q for each of nine hydrological regions.
A similar approach, combining probablistic ideas and regionalisation,
has been made for low-flows, (NERC, 1980), and has been adopted in

many parts of the world other than U.K. {e.g. Drayton et al 1980).

In cases where a short hydrological record is available the Flood
Studies Report recommends estimating the mean annual flood from the
data, and then using the empirical relationship for the growth curve
for the appropriate region i.e. a combination of statistical and
empirical approaches. Only where an acceptable length of record is
available does the Flood Studies Report recommend the use of Gumbel's

Extreme Value theory to estimate the flood magnitude of interest.

Thus, the development of the empirical method of streamflow
estimation can be traced from the mid 19th century to the present day.
There was a branch point, however, in the early part of this century,
following the development of the statistical theory by Hazen (1914), at

which point probablistic hydrology and stochastic hydrology began to



develop separately. Probablistic hydrology, as outlined above, is-
concerned with the probability that an event (flood or drought) will
be equalled or exceeded. In stochastic hydrology the sequence of
events in time is the all-important consideration. Such sequences
are required in the design of reservoirs, and the determination of

operational procedures i.e. they are the inputs for systems analysis.

Early attempts at generating synthetic flow records with the same
statistical features as observed records were crude, and depended for
random number generation  on techniques similar to those seen at the
gaming tables. These "Monte Carlo" methods were quickly made obsolete
with the advent of electronic computers, and modern theory stems
principally from advances made in the 1960's. Fiering, importantly,
proposed the use of Markov chains to preserve high-frequency
fluctuations in simulated streamflow, and developed simulation models
further to preserve longer term cyclicity, seasonality and correlation
with other streamflow records (Thomas and Fiering 1962, Hufschmidt

and Fiering 1962, Fiering 1967).

These models are called "auto-regressive" in that they depend on the
correlation between discharge at time t and at time t-1. A typical

annual flow model is

[N

Q = Q+o (Qu_q - Q) + ol - p2) i1

j.e. the flow at time t is estimated from the mean annual flow, plus

a proportion of the excess or deficit in the previous year, plus a
random component scaled to give the appropriate variance. Such a model
can be used to generate a long synthetic series, by generating random

numbers from the appropriate probability distribution.



Seasonality can be built into an auto-regressive model, for instance
the Fiering single-station seasonal model of monthly discharges, which
preserves means and variances of monthly flow statistics.

= t+1 =
Qay = Qap * o 2 (Qu - Q) + (1 -0%)% o 4y Ny

Nl

T

The problem with the Markov process (i.e. lag-one auto-regressive
process) is that it does not model Tong-period fluctuations such as were
observed by Hurst (1951) in the Nile record and other Tong natural series.
Streamflow models preserving both low and high frequency fluctuations
were proposed by Mandelbrot and Waﬂfs (1969), Mejia, Rodriguez and
Dawdy (1972) and Box and Jenkins (1970). Whilst there is still
controversy over the Hurst phenomenon, it is clear that stochastic models
should be capable of generating realistic drought sequences. Such models
have been developed to a highly sophisticated level by 0'Connell (1974),

Lawrance and Kottegoda (1977) and Lettenmaier and Burges (1977).

Later development was in the field of stochastic models which preserved
the statistical relationships between several sites. Matalas (1967)
developed a multi-site model for annual flows based on the simple first-

order auto-regression model, which in matrix terms becomes

]
><
w

+
p )

Qt t

where

><
il
=
+
o
m

where the X terms are vectors of the series of standardized flow values

at each site.



Developing a multi-site model to generate monthly values requires
the estimation of very many parameters, and creates potentially
difficult problems in the matrix algebra. An alternative approach
favoured by Lane (1979) is to generate multi-site annual data, and to

disaggregate them to monthly or seasonal values.

The fundamental flaw in stochastic modelling is that it does not
represent the physical processes involved in streamflow generation :
it merely sets out to replicate statistical properties. (Although it
must be said that certain models such as the first-order auto-regressive
model reflect the storage of precipitation as groundwater, and its
subsequent slow release). So another major strand in the development
of hydrology has to be considered; that in which all the p}ocesses
within the hydrological cycle are described mathematically, and linked
together so that the response of a catchment to climatic inputs can be
simulated. Such models are known as deterministic models, and come 1in
various guises, suitable for the different demands placed on them.
Linsey, Kohler and Paulus (1982) distinguish research models, conceptual
models, lumped models, distributed models, continuous models and event

models.

Research models use formal mathematical expressions for the algorithms
used to evaluate changes in the hydrological processes. Solution of
many differential equations is laborious, and these models are normally
used to examine the effect of subtle changes, or to examine processes

over very short - time periods.

In conceptual models the algorithms are often simplified by the use

of empirical relationships to speed computation and make large models
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feasible, whilst retaining their ability to simulate in detail over
time and space. Most models used in water resources are of this type.
Another common method of simplifying models is to consider large
sections of the catchments and their climatic inputs as if they were
homogeneous, and to Tump them together. Distributed models, on the
other hand, consider the catchment as a large number of sub-areas,
each modelled separately, and then combined together to simulate the

whole catchment response.

Continuous models aim to provide simulation of streamflow.over
many years, and carefully maintain a water-balance throughout so that
the catchment condition is always known. Event models aim at
simulating just one flood hydrograph for a particular rainfall imput, and

require that initial catchment conditions are specified.

In practice, the variations are quite limited. Most common are
conceptual continuous models, usually Tumped to some degree, which are
used to simulate streamflow sequences for systems design, or are used
to predict streamflow for real-time operational decision-making (e.q.
reservoir operation, flood warning). Alternatively, there are event
models, usually Tumped, which are used to predict flood flows in the

design of drainage works.

Deterministic modelling depended on the development of many theories
concerning the processes in the hydrological cycle, and equally
depended on improvements in climatic measurements and streamflow
gauging to produce the high quality records required in the construction
and calibration of models. In the former, the seminal work of Penman

(1948,1956) and Thornthwaite (1944) in evaporation, Horton (1933) 1in
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the run-off process, Theis (1935) in groundwater movement, and
Lighthill and Witham (1955) in kinematic wave theory should be
mentioned. In the latter, credit must be given to the US Geological
Survey development of field survey technique, and to the World
Meteorological Organization for defining good practice in all

hydrologic field work (World Meteorological Organization 1974).

Above all else, though, it was the coming together of Crawford and
Linsley at Stanford University that put deterministic modelling on its
present footing. Their collaboration resulted in the formulation of
the Stanford Watershed Model (Crawford and Linsley 1960, 1966) which
has developed over many years, and has formed the basis for many other
continuous conceptual models. Perhaps even more important was the
collaboration between Linsley, Kohler and Paulus, who brought together
in a usable form the ideas from the many disciplines which are used in

the study of hydrology (Linsley, Kohler and Paulus 1949, 1982).

At a simpler level we have the lumped models, in which a rainfall
event is modified by some operator to produce a model of the runoff
event. In practice the operator is often defined empirically, and
referred to as a 'black-box' i.e. this is a pragmatic approach in which
no attempt is made at understanding the process by which runoff is
generated. The rainfall event may be very long-term e.g. annual
rainfall, in which case a simple model of catchment yield is given by

the relationship :

Annual Yield = Annual Rainfall - Losses
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where it is assumed that the net groundwater change over the year
is zero, and that losses are entirely evapo-transpirative. Alternatively

a short-term event model may be proposed i.e. a flood model of the form

Qt = f (Rainfall)

where the flood discharge at time t is some function of the rainfall.
This is often approached in two stages : firstly an estimate is made
of the total volume of runoff and secondly that volume is distributed

through time.

In Britain, the estimation of flood runoff has traditionally been
done by the use of a runoff coefficient, whose magnitude was determined
by the experience of the hydrologist. In the USA a very popular method
was developed by the ) -+ _ Soil Conservation Services
(US1:A1962) in which the volume of runoff was determined by a coefficient
(or Curve Number) which depends on the ]and—cover and type of soil in

the catchment i.e. an empirical relationship.

Following the estimation of runoff volume, the flood magnitudes
over a period of time are provided by scaling up a Unit Hydrograph i.e.
the flood hydrograph resulting from a unit of effective rainfall uniformly
distributed over the catchment in a unit time. Models for Unit
Hydrographs have been developed by Snyder (1938) and Nash (1960) and
many others, in which the shape and proportion of the hydrograph are
related empirically to the size and shape of the catchment. Such models
formed the basis for the bulk of engineering hydrology since the 1960's,
and have been modified (and simplified) by the work of the Institute

of Hydrology in the Flood Studies Report (NERC, 1975).



Since the 1960's there has been an explosion in the interest in
hydrology, fuelled by the growth in institutional arrangements such
as (in Britain) the Water Resources Act of 1963, the formation of the
Institute of Hydrology in 1962 and the Water Resources Board in 1963.
The availability of data increased markedly with the initiation of the
International Hydrological Decade 1960-70, but most important in terms
of model1ing was the rapid improvement in the capabilities of the
digital computer. Hydrologic modelling in its present form now appears
to depend far more on computational ease rather than scientific
understanding. Indeed, the roles are often reversed, and numerical

mode11ing is used as a method for improving scientific understanding.

In summary then, modern techniques in hydrological modelling include :

1. Empirical relationships, which define statistical features
such as mean annual flood,

2. Stochastic models, which generate long synthetic series
with the same statistical properties as an observed series,

3. Conceptual models, which simulate the Tong term response of
a catchment to climatic inputs, and

4. Event models, which predict the streamflow resulting

from particular rainfall events.

At the risk of oversimplifying, it may be said that types 1 and
4 are favoured by engineering hydrologists, and those concerned
with preliminary evaluations of the water resources of an area.
Types 2 and 3 are employed only where individual projects are of
sufficient importance to warrant the considerable effort, and where

sufficient good quality data are available.
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PART 1 CHAPTER 5 INTRODUCTION TO GEO-INFORMATION SYSTEMS

AND DIGITAL TERRAIN MODELS

It has been noted above that hydrologic models may be "“lumped" or
"distributed". Lumped models are those in which land and climatic
characteristics of the catchment are lumped into average parameters
representative of the whole watershed, whereas, in distributed models,
the catchment is treated as a number of elements or sub-areas of
homogeneous character, similar in terms of soils, cover, topography

and climate.

Thé benefit of distributed modelling is that the spatial and
temporal variations in catchment characteristics may be investigated.
The response of the catchment to non-uniform climatic inputs, especially

rainfall, may also be analysed.

The problem in distributed modelling is acquiring and handling the
very large quantities of data needed to build the models. From earlier
comments it can be seen that remote sensing can play an important part
in the acquisition of hydrologic data. Handling, managing and analysing
the data is carried out using spatially organised data base systems

known as Geo-Information Systems, or GIS.

Geo-Information Systems are claimed by Tomlinson (1984) to have
originated in the 1960's as a means for national governments to make
objective assessments of their natural resources. Perhaps the earliest
system used was for Canada, and was aimed simply at making a spatial
and temporal inventory of land resources. The development of GIS over
subsequent years has been in managing such data systems so that model1ing

and simulation may be carried out.
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The main functions of a GIS are :
°  Data collection and input (maps, statistics, images)
Data storage and retrieval (data base)

Manipulation and analysis of data (modelling, simulation)

Output of information (maps, reports)

The organisation of an idealised GIS is shown in Fig. 5.1 (from
Young, 1986). The core of the system is a cartographic base, against
which the location of data items may be recorded. On this base are
placed a series of thematic overlays, that describe physical features
such as drainage, soils, geology, land-cover etc, and socio-economic
features such as population density, indicators of wealth etc. These
latter have little relevance to hydrologic modelling, and it is the
former category which are mostly encountered. A particular, simple,
form of GIS which is frequently encountered is a model of the
topography of an area, containing only information regarding the
elevation of the ground-surface. These are known as Digital Elevation
Models (DEM's) or when they include other basic information such as
drainage and communications, they are known as Digital Terrain Models

(DTM's ).

When the approach to GIS work is via remote sensing, it is
convenient to imagine the GIS as a series of overlayed images (Fig. 5.2),
which all have the same geometric (or cartographic) basis i.e. a
raster system. This leads to the idea of conceptualizing the
hydrologic system as a catchment (defined by topographic properties)
which may be divided into a large number of grid cells (usually square)

which have a set of hydrologic characteristics (slope, soil, cover etc)

SO




and which are Tlinked by 1o;ation and by hydrologic processes such

as run-off and interflow.

Alternatively, grid cells may be combined into sub-units which
could be located as finite elements, which would be useful in surface
run-off systems, but very much more so in groundwater models where

the finite element approach is more traditional.

In summary, then, Geo-Information Systems provide a useful
environment for the acquisition of disparate forms of hydrologic data,
within which the data retain important spatial features and where models
may be constructed to simulate hydrologic processes. Once constructed,
the data sets may be easily up-dated using interpretations of satellite
imagery, and given some rationalisation of spatial chracteristics the

data may be blended with other sets of data and other types of model.
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PART 1 CHAPTER 6 SUMMARY

In many parts of the world, the development and management of
water resources is hindered by the lack of such basic information as
inventories of surface resources, estimates of catchment yield, and

the magnitude and frequency of floods and droughts.

Space technology has provided us with the opportunity to acquire
information from orbiting satellites, ranging from the high altitude
geo-stationary satellites such as Meteosat, which provide coarse
resolution data in real time, to the SPOT satellites which provide high
resolution data, but on a less frequent basis. For the preliminary
assessment of the water resources of a region, there exists a large
archive of data from the Landsat family of satellites, which provide
data over a wide range of the spectrum at good resolution, and at modest
cost. The data may be interpreted using subjective visual techniques,
interactive computer techniques or automatic computer technigues to
provide maps and statistics of surface features. These interpretations

may be used in the estimation of water resources.

Techniques for the numeric modelling of streamflow are well
established. For basic water resource estimation the simpler empirical
approach is appropriate, and requires the least data. The demand for
such data can be easily met from satellite systems. More sophisticated
models, capable of defining spatial and temporal features of streamflow
exist, but they have a very much greater demand for data. They may be
served well by a combination of satellite sources providing real-time

and historic data, especially when the data are handled in spatially
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organised data bases and are blended with data from a variety of

other sources, such a digital terrain models.

Traditionally, empirical models have been based on a set of
catchment characteristics, such as catchment area, drainage density,
land cover, soil type and slope. They are often based on regions of
similar hydrology, so that climatic factors do not enter the statistical
model. Geomorphic factors such as catchment area and stream frequency,
and thematic factors such as land-cover may be estimated from satellite
data to provide timely inputs to models, but require fundamentally

different techniques of image processing and interpretation.

The breaking down of environmental information into many separate
categories is a basically inefficient procedure, and has evolved largely
because of the restrictions which are imposed by the traditional methods
of map-making. Satellite data is holistic, because the spectral
signature of any point on the ground expresses the combined influence
of all the factors at work there: the soil type and its state, the
vegetation, the slope and aspect of the ground and so on. Satellite
data should thus be more efficient than conventional map parameters

when used in environmental models.
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PART 2 MAPPING SURFACE WATER RESOURCES

USING REMOTELY SENSED DATA

CHAPTER 1 INTRODUCTION
1.1 The need for hydrologic maps and data
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1.3 Methodology - assessment
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PART 2

SYNOPSIS

A report is given of an investigation into the usefulness of
satellite imagery for mapping surface water resources, concentrating on

the mapping of drainage networks, and using visual techniques.

The need for new surface water maps is established in Chapter 1,
following which a methodology is presented for the interpretation of
drainage networks from satellite imagery. The difficulty of assessing
the quality of maps is recognized and a methodology for making

gquantitative assessments is presented.

A review of published work in this area is given, and then three
case studies are reported, firstly using visual interpretation of
Landsat imagery for a study area in South Wales, then using higher
resolution imagery, and finally using Landsat imagery for a éemi—tropica]

region.

The success of the visual interpretation in providing maps of
surface water, and in providing estimates of geomorphic parameters used

in numeric models is examined and conclusions are drawn.



PART 2 CHAPTER 1

INTRODUCTION

1.1 The need for new hydrologic maps

Hydrologic mapping is needed when there are no maps of an area
of int~rest or when existing maps cannot be trusted. Whereas most
parts of the world have now been mapped at some level, it is often
the case that it has been done at very small scales such as 1:1
million and 1:1/4 million, and that the resources needed for mapping

at 1:50,000 scale and larger are not available.

Even where maps exist at a scale appropriate for Water resource
planning, features of interest such as rivers and lakes may not be
represented on any logical or scientific basis. For instance, the
Ordnance Survey of Great Britain has no formal criteria for deciding
whether a stream should be shown, and the decision whether to include
a surveyed stream in a map will be taken on grounds of cartographic
clarity, rather than any criteria concerning the size or flow of the
stream. (Personal communication, 1987). Consequently, the density of
a streum network may change radically from one map-sheet to another.
The lack of consistency from one scale to another was examined by
calculating stream frequency for a number of study catchments from
maps at 1:25,000, 1:50,000 and 1:250,000 scale, as shown in Fig. 1.1.
It can be seen that there is some small degree of correlation between

25,000 and 50,000 scale maps (r2 = 0.26), but that there is none at
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all between 25,000 and 250,000 scale maps. Remote sensing offers a
way in which objectivity may be brought into the mapping of drainage

networks.

Maps may also be simply out of date. In the parts of the world
where large seasonal floods are experienced, river courses change
dramatically from year to year, and satellite sensing offers a cost-
effective way of monitoring those changes, as indicated in the Indus
River study by Deutsch and Ruggles (1977). 1In Britain the details
shown on 1:10,560 scale maps (from which smaller scales are derived)
are taken from field work carried out in the 1950's and 1960's, and
revisions are now only made in areas of urban growth, whereas many
drainace networks have changed significantly in that period. The
repetitive nature of satellite remote sensing offers opportunities

for detecting and monitoring change over a period of time.

Hydrologic mapping may be carried out simply for the purpose of
inventory, or may be used to provide information for hydrologic models.
In the first instance, the requirement isto detect and locate all
bodies of open surface water down to some prescribed size. This has
been done successfully for lakes and ponds as small as 2.4 ha using
Landsat MSS (NASA, 1977) and smaller than 1/2 ha using SPOT data, as
will be noted in 3.2 below. The changes in the size of lakes and
swamps are often key issues in the management of a water resource.
For example, the Okavango and the Sudd swamps, which are so crucial
to African water resources, have been monitored using remote sensing
by Hutton and Dincer (1979) and by FAO (1982). Rivers and streams

also need to be mapped, so that the basic drainage system can be

-57-



assessed, and they will need to be mapped over several years and

seasons to distinguish ephemeral streams from persistent streams.

In modelling, the requirement is to provide values of the various
geomorphic parameters which are relevant to the hydrologic process.
Typically these include factors concerning the shape and size of the
catchment area, the length of streams and the density of the drainage
network (which may be defined by the presence of streams, or simply
by the nature of the terrain). Whereas remote sensing is unlikely
to be used to provide data for highly detailed conceptual models,
it is ideally placed to provide data for the class of regression models
based on catchment characteristics, exemplified by the work done by
the Institute of Hydrology for the Flood studies Report (NERC ,1975)

and the Low Flow Studies (Institute of Hydrology, 1930).

1.2 Methodology - interpretation

Un seeing the early Landsat images, interpreters were struck
by the clarity with which open water was depicted. The reason for
this clarity was that clear water reflects almost no radiation in the
infrared, and very little in the visible regions (Fig. 3.6 Part 1),
and so appears very dark in the image. Quite small bodies of surface
water can be highlighted by the simple technique of density slicing an
infrared image i.e. assigning a particular colour to all pixels whose
value lies within some low range. This works well in the case of a
pool lying in open countryside, as in Fig. 3.7(c) Part 1 , where a
pond of just a few pixels size is clearly shown. It is far less
successful in the case of streams and rivers, where the stream may be

completely overhung by riverine vegetation, or where the width of open
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water is less than the resolution of the scanner (i.e. 80m for
Landsat MSS down to 20m for SPOT). In those cases, it is likely
that a combination of wet ground, shady riverine vegetation and some
open water may give a reflectance level which is low (especially in
the infrared), but not as low as that of an open lake. Streams may
then be distinguished on the basis of dark tone, but may easily be
confused with other dark-toned linear features such as roads,

railways and canals.

The task of mapping streams is thus not a simple one. It cannot
be done using a clear-cut objective crierion based solely on the
data provided by the sensor, but becomes a process of interpretation,

to be carried out by a human interpreter or by machine.

In the case of human interpretation we soon meet the problems
of perception. Sabins (1987) recognizes the following factors which
are important in the interpreter's ability to perceive and identify

features:

Detectability : the ability of an imaging system to record the
presence of an object.
Recognizability : the ability to identify an object in an image.
Signature : the spectral characteristics of an object.
Texture : the frequency of change, and arrangement of tones
on an image.
Interpretation key : the combination of size, shape, tone and

colour of an object.

In the case of rivers, texture is unimportant, and the signature

is known (although not unique). The imaging  system has the ability
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to detect quite small streams, which leaves recognizability as
being wholly dependent on the interpretation key. The tone or
colour is given by the signature, so we are left with size and
shape as the key factors in the interpretation, which sadly are
not easily defined for rivers. So, faced with an image, on which
dark-toned linear features may be detected, how is the interpreter

to decide which of those lineaments are in fact rivers?

The approach of a human interpreter is radically different
from that of a machine-based system. The human interpreter brings
to the task a wealth of knowledge of the world, and a very highly
developed ability to distinguish and categorize shapes. Thus the
human interpreter is likely to start the interpretation by viewing
all of the scene, to achieve some understanding of the topography,
recognizing geomorphic units within which the drainage system must
fit logically. Moving from the general to the particular, he will
distinguish rivers and streams on the basis of their characteristic
shape. In well-dissected open terrain his task is relatively simple,
but in areas of low relief, strong vegetation or modified drainage,
he will need to adopt a rigorous set of objective criteria such as
those required by a machine system. This objectivity is very
necessary to overcome the psychological pressures on the interpreter.
The human mind has a natural desire to create order out of chaos :
faced with an image containing much fragmented and vague visual
information, the interpreter will subconsciously want to "detect"
lineaments that bring items together and form part of a logical
structure. For example, the inclination for humans to see patterns

of dots as continuous lines was demonstrated by Maunder, in 1913,
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in terms of drainage patterns, in a critical review of the work

done by Lowell in plotting the canals on Mars from telescope
observations (Baker, 1982). Looked at in a rather more simple

way, the interpreter is given the job of drawing drainage lines, and
naturally feels that the more lines he draws, the better he does the

job. Thus objective criteria area needed to overcome these tendencies.

In machine interpretation the problem becomes one aspect of the
general problem of pattern recognition. The most well advanced
techniques are those for finger-print matching, and for deciphering
writing on paper. In both these cases the solution can be arrived at
by comparing the unknown to a series of templates until a good match
is found. Unfortunately with rivers, there is no one shape or

pdttern that can be used as a template.

The task is thus broken down into a number of steps, the first
of which is to detect all the lineaments in an image (not just rivers).
This is normally done by using local operators, i.e. by observing
the pattern within a 3x3 pixel window, and comparing it with a series

of templates for simple lineaments in an attempt to make a match.

Having identified individual pixels which fit into a Tineament
pattern, then a scanning technique is used to 1ink series of pixels inTo
embryo lineaments. The difficult next step is to remove Tow-probability
lines, and to make sensible joins between fragments to construct the
full lineament map. Fundamental work in this area is reported by
Gurney (1983), and the development of knowledge-based automatic systems
is reported by Peacegood and Wilkinson (1985). An alternative, global
approach is proposed by Bellavia and Elgy (1968) which is more appropriate

for very noisy images.
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Having identified Tinear features the problem remains of
distinguishing between various kinds of lineaments such as roads,
rivers etc. Wang et al (1983) propose a methodology for constructing
a relational model in which a database stores line segments, with a
list of properties for each segment, which a spatial reasoning
algorithm uses to propose candidates for "streamhood". They make a

useful 1ist of criteria to be used in the decision process :

(a) completed pattern is dendritic in form

(b) completed network has no enclosed areas (i.e. stream
segments are connected only at the downstream ends)

(c) completed network is without gaps (i.e. all segments are
connected; no isolated segments)

(d) unconnected ends of the smallest tributaries point
towards ridgelines

(e) tributaries form acute angles with main streams, right
angles possible; obtuse angles unlikely

(f) streams and valleys cannot cross ridgelines

(g) ridgelines cannot cross streams

(h) junctions: of 2,3, or 4 segments possible

(i) small tributaries to large streams typically occur
parallel or nearly parallel to each other, and often
join the larger stream at a right angle

(j) "larger" streams may be recognized by a larger radius
of curvature

(k) "smaller" streams may be recognizable by a smaller
radius of curvature

(1) each stream segment can be labelled with a flow direction
such that each stream junction has exactly one outward

flowing system



They recognize that the translation of these stream semantics
into relational form will require a great deal of work. Nevertheless,
the criteria Tisted here may be used to good effect by human interpreters,
and visual interpretation is likely to remain the only practicable
approach for some time. To quote Townshend (1981)
"The power of the human interpreter with virtually random access to
any part of the image, an ability to examine complex spatial image
structures accompanied by access to a variety of sophisticated analogues
of terrain....will all combine..to ensure the retention of visual

physiographic methods for many applications".

Summarising, then, drainage networks may be mapped by the process
of visual interpretation of images, in which drainage features are
recognized as dark-toned lineaments possessing the typical geometric
and topological characteristics of rivers. Computer-based interpretations
are being developed, but are a Tong way from providing useful end

products.

There are other approaches to creating drainage maps, which do
not depend on the difficult process of recognition discussed above.
For instance, in arid areas streams may be ephemeral, so that there is
no characteristic reflection from water or wet soils, while in northern
regions streams may be completely covered by ice and snow. In such
cases an estimate of the drainage network must be derived from an
understanding of the topography alone. Thus, one approach is to plot
all the valley lines, whether or not a stream can be observed. This
technique requires a well dissected terrain, and a relatively low sun-

angle to accentuate the hill-side shading.
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The contrast between 1it and shaded areas is strong enough in
unvegetated and snow-covered regions to allow a simple segmentation
of the image into dark and light. Then, using a diagonal filter
technique proposed by Seidel et al (1983), it is possible to accentuate
the changes in brightness in the direction of the sun azimuth at the
time of the image. The resulting image can be binarised into high
values (light to dark i.e. ridges) and low values (dark to light i.e.
valley lines). The sequence of operations is shown in Fig. 1.2 for
the image of S. Wales in the snows of 1982. Wang et al (1983) use
a similar valley-ridge model as a "front-end" for their spatial

relational model discussed above.

Similarly, numerical techniques may be used to analyse digital
terrain models to provide map; of valley lines, (Morris and Heerdegen,
1987) but it should be stressed that the patterm of valleys in an
area may result from climatic patterns of geologic age, and may not
represent current drainage characteristics at all well. One remedy
is to digitise the drainage network, and add that information to the
DTM in a geo-information system, (Moore, 1983). This has great

benefits in the automation of streamflow estimation (Moore et al, 1987).

Thus, basic techniques have been proposed, by which the "segments"
making up a drainage network may be defined and mapped on the basis
either of lineaments assumed to be rivers, or on the basis of
topography, assuming every valley to be a drainage 1ine. The network
itself may then be constructed, connecting where necessary on the basis
of logical criteria. When all the networks in an area have been
constructed then it will be possible to draw catchment boundaries
between the fingertip drainage, and extract the quantiative features

of the network needed in numerical models.
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1.3 Methodology - assessment

Assuming that the techniques discussed above are successful at
least to some extent, then a method of assessment has to be devised in
order to evaluate them. The fundamental question here is whether
the map of drainage network is a good one, and then, leading from
that, there are the secondary questions of whether the numerical

parameters extracted from the map are reliable in numerical models.

Firstly, then, we have to consider whether one set of lines
(the interpretation) is a good representation of another set of Tines
(the map). Clearly, subjective criteria should not be used here,
although it will be seen in the literature review that much of the earlier
work is evaluated in that manner. The simplest objective criteria to
employ is the "template" method i.e. if the interpretation and the map
are brought to the same scale, and there are no more and no less lines
on the interpretation than the map, and the interpretation can be
rotated so that every part of every line occupies exactly the same
position as the corresponding part on the map, then there is an exact

correspondence, and the interpretation may be judged successful.

It is unlikely, though, that such a degree of excellence will
be achieved, and a simplistic right/wrong assessment will not be
appropriate. Having rescaled and rotated the interpretation to give
the best fit possible to the template we may assess the goodness-of-
fit in several ways. For example, we may measure the length of line
in the map which has an exact correspondence in the interpretation, and
calculate the statistic "percentage of map network correctly interpreted”.
However, it will be seen that even this simple assessment poses many
difficulties. For instance, a small geometric distortion in the image

could produce a network which is topologically similar to the map,
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but just displaced sufficiently to give a very low score (Fig. 1.3(a)).
Whereas a minor error in the connections at the nodes of the system
would give an interpretation which has a very high score, but which is

radically incorrect (Fig. 1.3(b)).

It would be useful to retain some sense of the relative
importance of parts of the network i.e. it is normally expected that
the main branches of the network should be in the right place, whereas
the exact location of the lower order streams is not so important.

A useful, and simple measure would be that proportion of main streams
which are located correctly to within some margin, say 3 or 4 meander
widths : the definitions of "main stream” could be either the Water

Authorities legal one, or it could be based on some measure of stream

ordering.

This measure is robust, and a high score would indicate that the
interpretation is basically sound. Unfortunately, a lTow score could
stil1 be misleading. For example, it is commonly the case that rail
and road communications follow valley floors, crossing and re-crossing
the rivers. Their reflectance properties are similar to rivers, and
confusion between the two is easy. Thus it could be the case that the
basic form of the network is mapped correctly, while the detailed

location of the streams is consistently wrong (Fig. 1.3(c)).

Perhaps then, it is better to assess the topology of the main
streams and ignore the details of location. An alternative way of
measuri~a the "proportion of main stream length correctly mapped" is
to examine the interpretation, and where a link between nodes 1is
logically correct, then the length of that Tink is measured from the

map. The nodes would be outlets, junctions and heads of streams.
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Thus in Fig. 1.3(c), the interpretation would be said to give 100%
correctly mapped main streams, whereas in Fig. 1.3(d) sections AB,

BC and BD would be counted as correct, but all of EF would be
incorrect. On a simplified example such as this the criterion appears
harsh, but in real networks many more junctions would occur and the

criterion would be tempered somewhat.

This measure has the merit of simplicity, and will form the basis
for the method of evaluation proposed in the following sections.
However, as noted aBove, it concerns itself solely with main streams,
and should be used in conjunction with some measure such as stream
frequency, which indicates the degree of success with lower order

streams.

Clearly, stream frequency gives no indication of the topological
correctness of the interpreted network, and if such an.evaluation is
needed then some other measure has to be devised. A method is now
proposed in which stream ordering may be used to calculate a score,
which indicates the degree of topological accuracy, but which is
weighted, so that errors in fingertip drainage count less than errors

in main rivers.

The procedure is to idealise the true drainage network as in the
example in Fig.l.4(a), and compute the Shreve stream order for each
segment (Shreve, 1957). Then, idealise the interpreted network e.g.
Fig. 1.4(c) and, working upstream, assign the 'true' order number to
each new branch. Then calculate the sum of the Shreve order numbers for
the whole network. In this example the true network has a score of 20

(Fig. 1.4(b)) and the interpreted network in Fig. 1.4(c) has a score



of 17, while the rather poor interpretation in Fig. 1.4(d) has a
score of 14. Expressed as a proportion of the 'true' score, this
gives a correctness factor for (c) and (d) of 0.85 and 0.70
respectively. If only the main branch had been interpreted the score
would have been 8 and the factor 0.40. Thus the method can be seen
to give high scores for correctness of basic networks, and also give
scores that are proportional to the number of low-order streams

correctly plotted.

The main weakness with this method, as with any comparison with
maps, is that any stream which has been detected on the image but not
on the map scores zero, whereas it might actually exist, and might be
shown on some map of different scale i.e. an improvement over the
performance of the map is not credited. Clearly there are ways around

this, but the method begins to be complicated.

An attractive method would be a combination of the last two,
which would then bring together topological correctness and some
evaluation of the length of network correctly mapped. The proposec

technique for evaluating a "Correctness Factor” is as follows :

‘1. The interpreted network is drawn to the same scale as the
true network.

2. The true network is idealised, and each segment is assigned
its Shreve order number.

3. Working upstream, an overlay for the interpretation is created,
on which stream segments are drawn between nodes, as long as
the nodes on the interpretation are logically correct and are
correctly positioned to within some margin. Streams from the

interpretation are drawn between nodes if they follow the true



Tine to within some specified margin. The emphasis here
is on "topological correctness'rather than exact line.

4. The length of each stream on the overlay is then measured,
and is weighted according to the highest Shreve order
calculated for that stream on the true network.

5. The <ame is done for the 'true' network, and a comparison

made.

Thus main stream lengths will have a high weighting, reflecting
their importance, while fingertip streams will have a weighting of
unity. This method has the advantages that it provides a logical
basis on which to evaluate the efficiency of an interpretation in
providing maps of the drainage network in which increased emphasis is given
to the more important parts of the drainage network. Its disadvantages
are that it depends on the specification of an allowable margin of error,
which may be an entirely subjective decision, and that it is complicated
and time consuming to carry out. Its application is recommended where
the shape and form of the drainage network is important, e.g. in making

an inventory of surface water resources.

An alternative approach, which would be appropriate where the
concern is for water resources modelling, is to set aside topological
correctness, and evaluate those geomorphic parameters commonly used in
hydro1ogjc models. This is the approach most frequently found in the
lTiterature, and will be followed here, where the principal aim is to
evaluate models. In setting aside topological considerations though,
care is needed to ensure consistency of approach. For instance, in

evaluating stream frequency, it must be the number of junctions in the
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catchment area as interpreted from the imagery, and not the catchment

area as known from maps or water authority records.

Principally then, in the sections that follow, evaluations
will be made of parameters most commonly encountered in models e.g.
catchment area, main stream length, drainage density and also stream
frequency, which is often used as a surrogate for drainage density
because it is highly correlated, and is much guicker to measure.
These will be evaluated firstly in terms of absolute values i.e. a
straightforward comparison between the 'true’ values estimated from
maps, and the values estimated from the image interpretation. However,
in most numerical models some calibration would be carried out, and
so absolute accuracy is not as important as a good correlation with
true values. Thus the evaluation will be mostly concerned with the

correlation between true and interpreted values.

However, in situations where the accuracy of mapping needs to be

considered, the evaluation will be made in terms of the Correctness

Factor.
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PART 2 CHAPTER 2 REVIEW OF LITERATURE

It is widely claimed in introductory material on remote sensing
that satellite imagery distinguishes drainage systems with ease.
Many full-scene images shown in such texts reinforce those claims.
Yet very little has been done to confirm these impressions in any
quantitative way, and certainly not in the more "difficult" types

of terrain, such as those with low relief and dense vegetal cover.

The principal conclusion of the few trials, using Landsat MSS
to delineate drainage basins and networks, is that it is successful
only in areas of high relief. Rango et al (1975) attempted to measure
basin area, basin shape and main channel sinuosity in a number of
basins in three varied study areas of USA. They used ERTS-1 MSS imagery
in single bands and also as colour composites, enlarged on a zoom
transfer scope to 1:250,000 or 1:100,000 and compared the details to
U.S. topographic maps at 1:250,000 scale. Multi-temporal data was used
for one basin. Their findings were that catchment area could be found
with acceptable accuracy (within 5-9%) in all their study catchments,
but that delineation of the drainage network depended greatly on the
relief of the area. In areas characterized by high relief and non-glaciated
landscape, drainage density could be mapped in greater detail than that
shown on 1:250,000 topographic maps. (In some cases, better than
1:62,500 scale maps). In glaciated areas, and where relief was moderate
or low, they found that drainage density values were only 55% to 75% of

those derived from maps. They noted that snow cover could greatly increase
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the ease of interpretation, and that the value of drainage density

estimated from imagery could vary greatly with the date of the image.

Fowler et al (1977) made similar investigations, concluding that
except in areas of very high relief, ancillary information from
topographic maps is required. However, they were using optical equipment
developed as part of a NASA project, which possibly compared unfavourably
with a zoom transfer scope. They found seasonal observations particularly
useful, and concluded that the Landsat imagery shows that effective
drainage density varies cyclically throughout the year. However, in the
Tight of the findings of Rango et al (1975), we might conclude that the
variation in observed drainage density merely reflects a change in the ease

of interpretation of the satellite imagery.

Far more encouraging results were achieved by Killpack and McCoy
(1981) who compared geomorphic characteristics as measured from 1:24,000
topographic maps and 1:100,000 Landsat imagery. Using a zoom transfer
scope they found that delineation of catchment features involved "a degree
of subjectivity", but nevertheless claimed correlation coefficients of
97% for area, 98% for length of main channel and 96% for the length of
drainage network in catchments of over 20 square miles. However, no
indication was given as to the degree of relief in the topography, nor
the density of vegetal cover in the catchments, which were all from one
range of hills in Utah. They confirmed, though, the usefulness of winter
imagery, in which topographical detail is enhanced by the shading produced

by the Tower sun angle.

In a European example, Astaras (1985) compared photoprints of

Landsat MSS imagery at 1:250,000 scale with topographical maps of the
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Hellenic Army Geographical Service at the same scale. He found a far
greater number (897) of first order streams on the Landsat imagery than
on the topographic maps (98), and a similar comparison for higher order
streams. Stream lengths were also far greater when interpreted from
the Landsat image (1132km compared with 757km for first-order streams).
He confirms the benefits of sun-shading, and based his interpretation
on the presence of open water, the presence of valleys or gulleys, or
the presence of vegetation in gulley floors. His technique was to draw
the drainage network onto a clear acetate overlay. Drainage network
was extracted from the maps on the basis of blue Tines, and on sharp

crenellations in the contour lines.

With regard to other satellite systems, the resolution of the sensors
is generally too coarse to be of value in catchment studies. An attempt
was made by Schneider et al (1979) to map drainage features using the
night-time thermal infrared imagery from NOAA-5, which was successful
only in terms of the major features. However, it served to indicate the
potential of the high resolution infrared sensors, such as those employed
in the Landsat Thematic Mapper. No reports have been made as yet of the
efficiency of the second generation satellite systems such as Landsat
TM or SPOT, nor of the airborne thematic mappers such as the Daedalus

1268 scanner.
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PART 2  CHAPTER 3

CASE STUDIES

This part of the study was concerned with assessing the value of
visual interpretations of satellite imagery in making hydrologic maps
of surface water. The literature review had already drawn attention

to certain important issues, namely

(i) the date and quality of the imagery
(i) the influence of topography and
(i11) problems of human perception.

The study was thus broken down in the following way :

Firstly a detailed study was made of the basic technique. This
was based oﬁ 8 catchments in the South Wales area, and used Landsat
MSS imagery. The basic study was extended in less detail to take in a
variety of topography units in the South West of Britain to examine
the effects of topography, and was repeated using imagery from four
dates to examine the influence of image quality and seasonal effects.
Certain interpretations were then repeated by other observers to
evaluate the effects of subjectivity. This was followed by an
examination of higher resolution imagery (simulated SPOT imagery) and
finally a comparison was made with Landsat MSS imagery of an area with ¢
totally different geographic characteristics, namely Malawi in East-

Central Africa.



3.1 THE MAIN STUDY- South Wales and the South-West

3.1.1 Description of method

This part of the study was based on four distinct landscape units
adjacent to the Severn Estuary (Fig. 3.1), which all fell within Landsat
scene 219/24. Within each unit an arbitrary rectangle was defined, and
within one unit (South Wales Valleys) eight study catchments were
defined. The principal landscape features of the units are given in
Tables 3.2 and 3.3. The areas enjoy a similarity of climate (maritime
westerly temperate), although rainfall is strongly linked to elevation.
There is also a broad similarity in the main types of land use and so
the principal difference between the areas-is in their topography,
which varies from the deeply incised parallel valleys of South Wales to
the flat reclaimed wetlands of Somerset. The large variation in
ruggedness of the topography is clearly indicated by the Horton slope
number (Horton, 1932). A small area in North Wales (Afon Aled, Denbigh)

was added, for which Landsat and SPOT was available.

The area used for the detailed part of the study was that part of
South Wales lying in an around the South Wales coalfield. It is a well
defined geographic unit containing a diversity of topographic forms,

climate and land-use.

The study area is shown in Fig. 3.2 together with the 8 catchments
for which data were available. The Usk and Honddu catchments Tie
principally on the 0ld Red San&stone which dips gently to the South,
giving rise to the steep escarpments of the Brecon Beacons and the Black
Mountain, with a maximum height of 886m. The Neath and Taff rivers,

including the Cynon, rise on the 01d Red Sandstone, but pass over a major
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outcrop of Timestone before crossing the South Wales Coalfield.

The Coalfield is a large syncline in which the hard bands of Pennant
Sandstone and Millstone gritstand out above incised valleys. The
valleys are long, narrow and steep sided with a strongly parallel form.
The southerly catchments of the Ogmore and Ewenny lie on the Tow plateau
of the Vale of Glamorgan, with Liassic and Triassic rocks giving deep,

fertile soils.

The climate of the area is of the Westerly Maritime type, with
mild winters, cool summers and a persistence of rain throughout the
year, but with a maximum in Autumn and Winter. Rainfall is closely
linked with relief, varying from an annual average of 933mm in the

coastal plain (Cardiff, Rhoose Airport) to 2400mm in the Brecon Beacons.

The high Tand is typified by thin, leached soils supporting a high
proportion of grassland in the form of rough grazing. The valleys,
which were once densely covered with deciduous woodland, were stripped
during the industrial revolution, but are now being extensively re-

forested with conifers.

The valleys of the coalfield are densely populated, but the
settlements are wholly contained within the valley floors. Much of the
area contains land reclaimed from the spoil heaps of the old iron works
and coalmines. The reclaimed land has the thinnest of vegetation cover,
and almost no soil. The Usk and Honddu basins are sparsely populated
farming areas, while the Vale of Glamorgan has a higher population

spread out in many small towns and villages.

For each unit the drainage network was mapped by visual interpretation
of Landsat MSS imagery as photoprints of Band 7 (near infrared) at a

nominal scale of 1:250,000. Cloud-free images were available for 4 dates,
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of which one was a winter scene, in which the whole area was covered by
snow. The summer scenes suffered to varying degrees from the presence

of haze and mist. The four images are shown in Fig. 3.3.

Maps were made from individual scenes, and also from a compilation
of all available imagery. Drainage density (total length of channel per
unit area) and stream frequency (number of junctions per unit area) were
extracted for the whole of each unit. Catchment boundaries were mapped
for the 8 basins of interest in the South Wales Valleys unit, then
catchment area and stream frequency were evaluated for each basin. In
the case of the Denbigh area, mapping was performed on just one Landsat
scene at 1:250,000 scale, but a comparison was made with higher resolution

imagery as reported in the next section.

The procedure employed in the mapping was to draw the drainage
network onto a clear acetate overlay, using a separate overlay for each
of the 4 images, and then using just one overlay for all of the images

to build up a compilation. The process was repeated by each observer.

Features were distinguished as rivers if they possessed dark tone,
were linear, and had typical features of rivers such as those listed by
Wang et al (1983) as given in Table 1.1. The best sequence was found to
be to draw in the obvious, large rivers, preferably working upstream
from the coast line. These were generally large enough for the open
water surface to give a distinctive dark tone, and were defined clearly
enough for meanders and other typical river features to be visible.

A positive identification was given according to the following

criteria :
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1. Dark tone

2. Linearity

3. Continuity
4. Bifurcations

5. Meanders

In the case of lowerorder streams, they were not normally
identifiable as a dark-toned linear feature. Thus a more intuitive
approach was employed, taking into account the general features of

the landscape. The following criteria were added :

6. Valley floor

7. Proximity of lake

The justification for using valleys to determine stream locations,
is that this is a high rainfall area, in which streams are mainly

persistent, except for a few small areas of karst topography.

A feature was given positive identification if it possessed all
of features 1 to 5, and also "fitted" the topography. Streams were
identified "with confidence" as extending from, or joining positively
identified streams (i.e. by interpolation). They were also given that
classification where a distinct valley was identified. (Very much
detail of this type was extracted from the snow-cover scene, in which

valleys were strongly accentuated by side-shading).

Streams were identified "with Tittle confidence" as dark-toned
irregular lineaments, possibly extending from positively identified

streams, where there was little topographic evidence.

-7



Reservoirs, lakes and ponds were identified on the basis of dark

tone, and this was sufficient, even where topogrpahic context was of

Tittle help e.g. in the case of storage reservoirs.

Catchment boundaries were then drawn in, positioning them between
fingertip drainage patterns, and using topographic information (e.q.

obvious crest lines) wherever possible.

It was recognized that the technique adopted was very limited, and
that in practice the hydrologist would have access to other information
and techniques which would help in the interpretation. For instance,
other documents such as aerial photographs may exist which show parts
of the area at better resolution. Computer facilities may be available in
which interactive enhancements of the.imagery could provide a clearer
rendition of the drainage network. In regression modelling, though, the
key is consistency, and unless additional information is available at the
same quality for the whole of the area it will not be useful in the

regression.

3.1.2 Results - South Wales

The drainage networks and catchment boundaries of the South Wales area
interpreted from a typical summer image, and the winter (snow-cover) image
are shown in Figs. 3.4 and 3.5. The drainage network and catchment
boundaries derived from the 0.S. 1:250,000 scale map are shown in Fig. 3.6.
Estimates of main stream length, catchment area and stream frequency
taken from image interpretations, and 0.S. Maps at 1:25,000, 1:50,000 and

1:250,000 scale are given in Tables 3.3 to 3.5.
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Drainage network

In the summer scene (1980), the actual streams were discernible
only if they were large, or if they were in areas of open moorland.
The drainage network could be interpreted from topography in areas of
high relief, but in areas of Tower relief the interpretation depended
largely on land-use. The areas of small-field farming and areas of
forestry obscured much detail, even in areas of moderate relief. The
winter image (1982) revealed considerable topographic details, but in a
biased manner. Valleys in a southwest-northwest direction were de-
lineated in far greater detail than those in the direction of the sun's

rays.

The success of the interpretation in providing a reliable map of
the drainage network may be judged by the Correctness Factor which was
described above, and values of the Correctness Factor are given in
Table 3.6, from which it can be seen that the winter image was quite
reliable in providing locations of main drainage lines (although the
fine detail in this interpretation did not contribute to the scores).
The average score was 82% of the value from 0.S. 1:250,000 scale maps.
The summer image gave far poorer results, failing in some places to

map the main drainage lines, and the average score fell to 54% of the

map values.

Turning to estimates of geomorphic parameters, it can be seen
that Table 3.3 shows that the 250,000 scale map and the Landsat
interpretation both provide good estimates of Main Stream Lengths
compared with the values given in the UK Flood Studies Report (NERC,
1975) which were extracted from 1:25,000 scale 0.S. maps. Standard

errors of estimate were 1.9km (map) and 2.8km (Landsat) for values
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ranging between 13 and 50kms. Even though there were significant

errors in absolute terms, the correlation between Landsat and 25,000

scale was very good (r2 = .89),

In making a comparison of stream frequency, however, the situation
is rather more complicated. The comparison is again made with values
quoted in the UK Flood Studies Report, which have been derived from
1:25,000 scale 0.S. maps, and are given in Table 3.5. It is clear
that the Landsat interpretations give absolute values which are far
smaller than those extracted from 1:25,000 scale maps. However, they
are of a similar magnitude to values estimated from 1:50,000 scale maps,
and are greater than values extracted from 1:250,000 maps. It is clear
that 'true' values of stream frequency depend on the scale of the map
from which they are estimated. The important issue, then, is whether
the values estimated from Landsat imagery give a good correlation with

accepted values.

Figure 3.7 shows that there is no correlation at all between values
of stream frequency extracted from the Landsat winter image and the
Flood Studies Report. A possible explanation is that the amount of
detail shown in the winter image depends greatly on the proportion of
valleys which are given strong relief shading i.e. which lie southwest-
northeast. If this proportion changed from catchment to catchment, then

the estimated stream frequency also changed.

Surprisingly, the summer image, which shows far less detail,
gives a much better correlation with Flood Studies Report. It is
interesting to note that the performance of 1:50,000 and 1:250,000 scale

maps as shown in Fig. 1.1 are worse than the summer imagery, with standard
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errors of estimate of 0.60 and 0.65 respectively. This may be a feature

of this particular area, though, since Flood Studies Report indicates

a much higher correlation in a national study (Figure 4.6 NERC, 1975).

Catchment area

The ability to sketch in the catchment boundaries depended almost
entirely on the extent to which the drainage network has been defined.
Where the catchment divide lay on the crest of an escarpment it was
clearly shown in the winter image. Where this was not the case the
imagery was of little help, although occasionally crest roads could be
picked out. Frequently the imagery gave a strong impression of the

underlying geology, which contrasted strongly with surface features.

A qualitative assessment can be gained from Figs. 3.5 and 3.8
which show that the summer imagery gave generally poor estimates of
catchment boundaries. The winter image gave catchments of generally
the correct shape (except the Ewenny catchment) but with numerous errors
in the detail. The possession of summer and winter images did not help

in the interpretation, but rather served to confuse matters.

A comparison of values of catchment area gives a simple
quantitative assessment, but an important one, since that parameter is
by far.the most important in all types of hydrological models. The
figures given in Table 3.4 indicate the accuracy of the imagery and the

1:250,000 map in estimating catchment area.

[t can be seen from this that the use of quarter-million scale maps
can give rise to significant errors in the estimation of catchment area,
up to 6%. The use of Landsat imagery in this region gave results which

were generally similar to those from quarter-million scale maps, but
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occasionally gave some extremely poor results, principally as a

result of mis-identification of drainage networks. The correlation
coefficient between Landsat 1:250,000 and 0.S. 1:25,000 values of

catchment area was 0.98, with a standard error of estimate of 2C kmZ.

3.1.3 Results - South West

The drainage network identified for each of the five units using

the clearest Landsat image (27 May 1977) is shown in Fig. 3.9.

Single date, single interpreter, effect of relief

The amount of drainage detail discernible in each unit is summarised
in Table 3.7, which gives the drainage density for each area as calculated
from the Landsat interpretation compared with values calculated from

Ordnance Survey maps at 1:50,000 scale.

Firstly, it can be appreciated that drainage mapping gives values of
drainage density of the same order as that from 1:50,000 scale maps.
However, the efficiency of mapping is very variable, ranging between 45%
and 96% of map values. Contrary to the impression of earlier researchers
(Rango et al, 1975; Killpack and McCoy, 1981) no correlation is shown
between drainage density and relief. Thinking that simple relief was
too crude a measure, a comparison was made with Horton's Ruggedness

number (Horton, 1932), but again there was no correlation.

Although no guantitative comparison can be made, it appears that
efficiency of drainage mapping does relate to land-use. The highest
values in Table 3.7 are for the areas containing much open moorland,
whereas even in the steeply incised landscape of Denbigh the close

texture of field patterns obscures the drainage network.
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When making an evaluation of the topological accuracy of the

mapping, it was noticed that in the agricultural areas such as the
Usk-Wye vales there was a considerable confusion between streams
and other cultural features such as roads, field boundaries etc.,
with the result that a high density of drainage was shown which
was actually incorrect. The Correctness Factor for the sample square
shown in Fig. 3.10 is actually as low as 26% of the value for the
1:50,000 scale map. By contrast, in the moorland regions the
accuracy of mapping was much better, as can be seen in the sample
square for Exmoor, which has a Correctness Factor of 75%. This
highlights the danger of assuming that high values of drainage
density indicate a good interpretation, as has often been assumed

in the literature.

Effect of date; single interpreter, single region

Examining the interpreted values of drainage density for the 8
South Wales study catchments, no significant correlation was found with
1:50,000 scale map values on any of the 4 date images. This reinforces
the point that interpretation of drainage networks from Landsat MSS is

unreliable, and that high values of drainage density cannot be taken to

imply good values.

Using catchment area as a more stable parameter, it can be seen
from Table 3.8 that on average, estimates made from any single date
image were reliable to within 6%, but that individual estimates were
prone to quite large errors (standard errors of estimate up to 21.4km?) .
The best estimates were made for catchments in excess of 100km?, smaller

catchment areas being estimated to be wrose than + 10%. It was also



noted that even where the area was estimated well, the shape factor

could be up to 25% in error. The influence of date of image on estimate
of catchment area appears to be very small, with correlation coefficients

between true and estimated values being very close to 0.98 in all cases.

It should be remarked here that many of the catchments in this
part of the study were adjacent to one another. A consequence of this
is that an error in the location of a boundary would affect more than one
estimate of area. Thus the standard error of estimate would be increased.

Conversely, the estimate of mean values would be influenced very Tittle.

Single date, single region, effect of subjectivity

Table 3.9 shows the stream frequencies estimated by the four
observers, as a proportion of the 'trﬁe' value interpreted from 1:25,000
scale maps. In all cases the number of streams detected is far less than
that on the map. This would be acceptable if the image values correlated
well with map values. Unfortunately this is far from the case. Only
one observer managed to achieve a positive correlation with map values,

and even then the correlation coefficient was as low as 0.38.

Even though the detail of the networks was clearly incorrect,
sufficient network was shown in all cases to attempt mapping of catchment
boundaries. Individual success at boundary mapping appears to be
independent of their success at network mapping and appears to be quite
variable (Table 3.10). Correlations between true and estimated areas
for each observer showed standard errors of estimate varying between 20
and 57km2. Estimates of individual catchment areas by the four observers
varied very widely, with one estimated catchment area having a range of

87% of its true value.
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3.2 HIGH RESOLUTION IMAGERY

3.2.1 Description of method

This part of the study was aimed at investigating the behefit of
higher resolution imagery, and was based on the Denbigh area, which
was scanned as part of the National Remote Sensing Centre's 1984 SPOT-
simulation campaign. Data were acquired with a Daedalus 1268 scanner,
but processed to resemble that of the SPOT satellite i.e. 20m x 20m

pixels in two visible bands and one in the near infrared.

The southern section of the Denbigh area lies in the Denbigh moors,
which has broad, mature valleys in open moorland, but the nothern section
is drained by steep-sided narrow valleys with arable land and woodlands

in the valley floors.

The interpretation process was similar to that used in the Landsat
study, except that photoproducts were made at 1:50,000 scale, and that
thé networks were compiled from the near infrared image and the 3-band
false colour composite. The images resembled aerial photography and
were sufficiently clear for cultural features to be easily recognized,
so that there was no need to establish a set of criteria for defining

rivers.

3.2.2 Results

Interpretations were made for the Afon Aled catchment, which lies
in the northern part of the area i.e. it is a deeply incised network.
The drainage networks interpreted from SPOT-simulated imagery and

Ordnance Survey maps at 1:50,000 scale are shown in Fig. 3.11.

The main drainage lines were mapped correctly, but there was a

considerable amount of error in the lTower-order streams, where there



was confusion between streams, roads and narrow patches of woodland
(Fig. 3.12). The Correctness Factor was 82% of the 1:50,000 scale map
value, which compares well with the Landsat interpretation for South

Wales at 1:250,000 scale.

Drainage density estimated from the image was 71% of the
1:50,000 map value, which appears to be low. However, it was felt that
this was a particularly difficult area to interpret. Making a comparison
of interpretationsat 1:250,000 scale using Landsat MSS (Table 3.11)

confirmed this impression.

The conclusion, then, is that simulated SPOT imagery was interpreted
to provide maps and drainage density estimates that are somewhat poorer
than 1:50,000 maps, but that in other areas SPOT Imagery can be expected

to provide much better details.

3.3 A SEMI-TROPICAL DRAINAGE BASIN

It was recognized that the study areas reported in 3.1 and 3.2 all
lay within the same climatic and hydrologic regions. Thus the study
was extended to examine whether the technique gave similar results in a

drainage regime which was radically different.

The study area that was chosen was that part of the central plateau
of Malawi lying between 35° and 34° East and 12° to 13° South. It is an
ancient erosion surface showing very subdued relief, on which ferruginous
soils support a natural vegetation of Brachystegia-Julbernadia woodland
(i.e. "bush"). Rainfall is typically 1200mm per annum, occurring

principally from late November to mid-March.

The area is drained by two major rivers, the Dwanga and Bua, whose

flows are measured at well-established gauging stations. The catchment
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of the Dwanga upstream of the gauging station lies almost entirely

in a National Game Park, and is covered in undisturbed naturai vegetation.
The catchment of the Bua, however, lies in an area which is extensively
cultivated both for subsistence agriculture (maize gardens) and for cash
crops (tobacco estates) and thus provides a striking contrast in

hydrology.

Hydrological data were available for the Dwanga and Bua rivers and
for the Rusa river which is a major tributary of the Bua. (Drayton et al,
1980). The Rusa river has a very similar catchment area to the Dwanga

and was thus used for comparison.

Good quality topographic maps were available at 50,000 and 250,000
scale (Malawi Government Dept. of Surveys). The only satellite imagery
available was a Landsat MSS image, scene 181/69, taken on 18th November 1981.
This date was fortuitous since it tied in well with the latest 50,000
scale map edition (1981), and was at the best time of year for identifying

dambos i.e. at the end of the dry season.

Dambos are a very important feature of the drainage of this area.
They may be defined as "the periodically inundated grass-covered
depressions on the head water end of a drainage system in a region of
dry forest or bush vegetation", (Ackerman, 1936). The importance of
dambos lies in their ability to act as natural reservoirs, storing large
quantities of water during the rainy season, and releasing it slowly
through the long dry season. In doing so they provide sites for the

cultivation of essential dry-season dietary supplements such as green



vegetables. They also provide grazing for cattle, and all too often

form the only source of potable water, usually extracted from primitive

shallow wells.

To the hydrologist their importance is in the way dambos condition
the response of the catchment to rainfall, suppressing the flood flows,
and enhancing the reliability of river flows further downstream. The
proportion of catchment area which is dambo also determines to a large
extent the magnitude of the losses from evapotranspiration and thus
determines the yield of the catchment. The importance of dambos in
regional development and in water resources development is thus clear,
and a number of basic studies have recently been reported e.g. Mackel, 1985;

Gregory, 1986; Faulkner, 1986.

Fundamental to dambo research is the need to be able to map them.
In areas of natural vegetation dambos are very distinct broad avenues of
grassland bordered by woodland on the interfluves. Their length and width
is thus easily defined. In areas which have been téken over for
cultivation very little tree cover may be left, and the location and size

of dambos is often very hard to determine.

Thus in this part of the study the aim was to assess the performance
of the technique not only in estimating the length of the drainage system,

but also in estimating the width, and hence, area of dambo in the catchment.

3.3.1 Method of study

Photoprints at a nominal scale of 1:250,000 were prepared, one
showing Band 7 (near infrared) only, and one showing a conventional false

colour composite (Bands 4,5,7: blue, green, red). Drainage lines and dambo
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boundaries were then traced onto a clear acetate overlay. In practice

the false colour composite proved much easier to interpret and the Band

7 image was not used.

Identification of the drainage features proceeded as follows.
Where the rivers were wide enough, and clear of vegetation, they could
be seen as lineaments having the sinuosity typical of a meandering river,
and exhibiting the dark tone typical of an open water surface. In some
cases the river channels were wide enough to be resolved by the satellite
sensors, but were covered with vigorously growing vegetation (e.qg.
papyrus) and thus showed as bright red lineaments. Dambos showed as broad
lineaments having a dendritic arrangement but without the sinusoity of

a river channel.

Identification of dambos by tone depended on several factors. Dambos
by definition are treeless areas and in the forested Dwanga catchment they
appeared as areas of dry weaker vegetation (grass) bordering the dark-
toned moist areas remaining at this time in the dry season. In the
cultivated Bua catchment the interfluves were generally bare soils prepared
for planting, and were dry i.e. showing a blueish range of colours in
false colour. By contrast the dambos were still moist (dark tones) or
still supported grass growth (red colour) and were thus easily identified.
Problems arose in areas where there had been bush fires, which showed in

very dark tones, sometimes obscuring the dambo network.

Having identified drainage Tines and dambo areas/they were drawn
onto the clear overlay and numerical parameters such as catchment area,

drainage density and dambo area were evaluated.
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RESULTS

Figure 3.13 is a photograph of the false colour composite showing
the junction between the forested area (to the north) and the cultivated
area. The very extensive Rusa dambo is clearly evident. Figures 3.14
and 3.15 show the drainage networks of the Rusa and Dwanga rivers as
interpreted from the false colour composite at 1:25,000 scale, and as copied

from the 1:250,000 scale maps.

It appears from Figs. 3.14 and 3.15 that the Landsat interpretation
has yielded a similar amount of detail to the 1:250,000 scale map in the
Rusa catchment, but has shown considerably more detail in the Dwanga
catchment. Checking the topological accuracy of the interpretations it
was found that in both cases the drainage network as shown on the maps 1is
almost exactly delineated on the image interpretation. Correctness

Factors of 99.8% and 100% were found for Rusa and Dwanga respectively.

The accuracy of the mapping may be partly attributed to the ease in
which the very broad dambos could be differentiated from the surrounding
vegetation. Another important factor, though, is the relative absence
of other cultural features such as roads, railways, canals and hedgerows
which cause such great confusion when interpreting imagery of a highly
developed area such as South Wales. This reinforces the conclusion made
previously that success in mapping is related to land-use, and suggests
that maps made in areas of uniform 'natural' vegetation are likely to be

more accurate than those made in developed areas.

The values shown in Table 3.12 confirm that in the Dwanga catchment
very much more detail was shown than in the 1:250,000 scale map.

Considering the uniformity of geology, climate and soils throughout the
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region it was thought that an actual difference in drainage density

between Dwanga and Rusa was unlikely. It was not possible to acquire
field data, and so the only alternative was to check the 1:50,000 scale
maps of the region even though they were known to be somewhat unreliable.
Samples of 10km grid sgares were taken from both catchments, and a

typical square is shown in Fig. 3.16.

The detailed mapping confirmed the satellite interpretation,
showing that drainage within the Dwanga basin was very much more dense
than indicated on 1:250,000 scale maps. Dvainage in the Rusa catchment
was shown to be confined to a small number of drainage lines, but with
a very much greater width of dambo. The Landsat interpretation was
good enough to show a length and area of dambo slightly in excess of that

on the 1:50,000 scale maps (Table 3.13).
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PART 2 CHAPTER 4 SUMMARY AND CONCLUSIONS

The first impression on looking at the imagery was that drainage
networks stand out clearly and that drainage mapping should be easy.
Unfortunately, it is topography, not drainage that stands out, and the

correlation between the two is not exact.

Attempts have been made to devise strategies for the automatic
interpretation of lineaments by machine, but the computer-vision problems
are hard to solve, and progress is slow. In this study the interpretation
was made VHsua11y using photo products of imagery at 1:250,000 scale,
and results were compared with maps at 1:250,000, 1:50,000 and 1:25,000
scale. Objective criteria were established for the definition of streams
and rivers, that were based on criteria that had originally been
developed for machine interpretation. It was found that it was essential
to use objective criteria when interpreting Landsat imagery at 1:250,000
scale, and that they needed to be revised for different hydrologic regions.
Interpretation of high-resolution (e.g. SPOT) imagery could be done
using normal air-photo interpretation techniques, and objective criteria

were not needed.

Drainage maps were prepared for eight basins in the South Wales
reéion, where it was found that ease of interpretation depended to some
extent on the relief of the area, but also to a large extent on the land-
use of the area. A method was proposed for assessing the quality of
drainage maps interpreted from imagery, but the maps were also assessed
on the basis of values of geomorphic parameters estimated from them.
Examining one image for 8 basins, the following average values and

correlation coefficients were found :

-93-



Landsat 1:250,000 1:25,000
1,250,000 map map
interpretation value value

% r2 s.e.e,

Main stream length 93% 80 96 2.8
Catchment area 93% 91 98 20.0
Streams frequency 222% & 52 0.03
Correctness Factor 82%

[t was noted that the interpretations showed many topological
errors. This was confirmed by the Correctness Factor, which showed
that many streams were mapped, but that they often bore Tittle relation
to the true network. Nevertheless, errors in the shape of catchment
boundaries tended to even out, so that the estimated catchment areas

correlated well with true values as did main stream length.

The accuracy of stream frequency (or drainage density) varied
strongly from catchment to catchment, and was seeh to vary strongly
between different topographic units, but with 1ittle obvious connection
with relief. There was no strong correlation with true values in any
Tand unit, nor for any of 4 different observers. However, some
éorre1ation was found using poor quality images, where only the major

rivers could be discerned.

The effects of subjectivity was most noticeable in stream frequency,
where large differences in absolute values and correlation were noted
between four observers. It appeared, though, that errors in the details
of the network affected the shape of catchments, giving errors in shape
factor of up to 27%, but had 1ittle affect on the estimate of catchment

area, which was consistently estimated well by all observers on all images.
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Given the success and reliability with catchment area and main
stream length, it is concluded that satellite image interpretation is
a useful tool for regional hydrologic studies, and simple modelling,
where area is by far the most important parameter. Success was achieved
in simple tasks, but the technique failed to provide detailed information

reliably.

Looking at a limited amount of higher resolution imagery, it
became apparent that the method of interpretation was radically
different, based on recognisable cultural features. In an area that was

confirmed as being difficult to interpret,a drainage density of 71% of

the true value was achieved, comparing at 50,000 scale. Clearly, more work

will be needed on SPOT imagery when it is available, but it looks hopeful

for mapping at sub-regional level.

The results given above correspond to those given in the Titerature
for North American catchments. In an attempt to examine the technique
in a sub-tropical region in Africa, stream frequency averaged 174% of
that shown on 1:250,006 scale maps (compared with 222% for the South
Wales region). However the topological accuracy was significantly better,
partly due to the very wide zone which is associated with the drainage
lines in that region, and partly due to the absence of the many cultural
features which causes confusion in the South Wales scene. An important

parameter, area of dambos, was found to be estimated well at 1:250,000

scale.

Thus it appears justifiable to extend the conclusion that the

technique is suitable for regional studies to include other parts of

the world.
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Conclusions

The visual interpretation of Landsat Band 7 images at 250,000
scale is a quick and cheap method of preparing maps of the main river
networks of a region, and extracting reliable values of catchment areas.
The techniques could be easily learnt by anyone with experience in air-
photo interpretation and requires no special equipment. It is thus
highly suitable for preliminary water resource studies in the Third

World, and is appropriate to simple, regional hydrologic models.

Catchment area is the most important parameter in regional
hydrologic models, and estimates of area are remarkably insensitive
to either the quality of the image or the nature of the terrain.
Estimates of area made from Landsat Band 7 images appear to be so reliable
that there is little benefit to be gained in using either enhanced
Landsat composites or SPOT imagery, either of which would be more

expensive.

The mapping of low order streams using single date, single band
images is inconsistent, and gives rise to a poor correlation for numerical
parameters of drainage density when compared with map values. The
reliability of estimates is strongly related to date of image, relief
shading and land cover. Very significant improvements in reliability
can be achieved by compiling details from several different date images,

which gives very little increase in cost.

In practice, the detail of drainage maps could be improved using
other sources of information such as photographs, or by interactively

enhancing the imagery. It is unlikely though that improvements would be

gained in regression models, where consistency of data quality is paramount.
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. Max/Min Drainage Horton Area

Unit Elevation (m)  Structure " Slope No. (km2)
S.Wales Valleys 850/0 Parallel 0.107 1600
Usk-Wye Vales 530/15 Rectangular 0.062 1200
Exmoor 480/120 Rectangular 0.093 1600
Somerset Levels 290/0 Largely 0.017 1200

artificial
Denbigh 520/105 Dendritic 0.146 123

TABLE 3.1 Physiographic details of study area

Unit Land-use

S.Wales Valleys
Usk-Wye Vales

Mixed agriculture, small fields

Exmoor High moorland, lowland and farming

Somerset Levels

Reclaimed wetlands, meadow

Denbigh Mixed agriculture, small fields

High moorland, forest and industry in valleys

TABLE 3.2 Land-use within study

-97-

areas



Catchment MSL (km) MSL (km) MSL (km)
(FSR) (250,000 map)  (Landsat)
Honddu 20.2 17.5 17
Lwyd 26.8 22 20
Usk 22.5 17 21
Cynon 25.8 24 17
Taff 42.3 36 35
Ogmore 20.2 19 16.5
Neath 28.4 26 22
Ewenny 13.6 13 -

TABLE 3.3 Comparison of Main Sfream Length derived
from UK Flood Studies Report, 0.S.
1:250,000 map and Landsat imagery

Station FSR 1:250,000 Summer Winter
Map Landsat Landsat
Honddu 62.2 60.2 18.8 63.5
Afon Lwyd 98.1 91.8 120.6 97.3
Usk 184.0 186.3 278.1 200.0
Cynon 109.0 104.4 56.3 ©98.5
Taff 455.0 444.8 1398.8 458.1
Ogmore 158.0 154.5 146.9 137.9
Neath 191.0 188.1 192.5 137.5
Ewenny 62.9 60.6 - -

TABLE 3.4 Estimates of catchment area made from UK Flood
Studies Report, 0.S. 1:250,000 map and Landsat
imagery )km?2)

Station FSR 1:50,000 1:250,000  Summer Winter
Map Map Landsat Landsat
Honddu 1.01 0.47 0.080 0.05 0.457
Afon Lwyd 1.17 0.77 .020 0.083 0.329
Usk 1.67 0.22 .108 0.104 0.330
Cynon 2.33 0.72 .037 0.178 0.264
Taff 2.17 0.78 .068 0.138 0.220
Ogmore 2.63 0.99 .082 0.204 0.370
Neath 2.59 0.87 .136 0.062 0.109
Ewenny 1.41 0.83 .079 - -

TABLE 3.5 Estimates of stream frequency made from UK Flood Studies
Report, 0.S. 1:50,000 and 1:250,000 maps and from
Landsat imagery (junctions/km?2)
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Catchment Correctness Factor
1982 1980
Honddu 98 30
Llwyd 74 69
Usk 90 38
Taff (including Cynon) 88 87
Ogmore No readings
Neath 80 72
Ewenny 59 29

TABLE 3.6 Values of the mapping 'correctness
factor' given as a percentage of
values from 1:250,000 scale maps

Unit Drainage Relief Horton 4

Density Ruggedness g

(%) (m) )
S.Wales Valleys 73 850 0.11
Usk-Wye Vales 68 515 0.06
Exmoor 96 360 0.09
Somerset Levels 62 290 0.02
Denbigh 45 415 0.15

TABLE 3.7 Drainage density from May 1977 image as
percentage of value extracted from

1:50,000 0.S. Maps (single interpreter,
single date)
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Aug. 80 July 77 May 77 Jan 82 Compilation

Mean 0.94 1.01 0.99 0.97 1.00
S.D. 0.16 0.17 0.13 0.17 0.20
r2 0.98 0.98 0.98 0.99 0.98
s.e.e.(km?) 20.0 19.8 21.4 15.8 20.8

TABLE 3.8 Estimated catchment area as proportion of true catchment
area. (8 South Wales catchments, single interpreter)

Observer 1 2 3 4
Mean 0.11 0.06 0.05 0.13
S.D. 0.05 0.02 0.03 0.08
r -0.10 0.62 -0.18 -0.98
r2 (km/km) 0.01 0.38 0.03 0.95

TABLE 3.9 Estimates of stream frequency as
proportion of true value
(8 South Wales catchments, single date)

Observer 1 2 3 4
Mean 0.94 0.91 0.94 0.99
S.D. 0.14 0.37 0.35 0.17
r2 0.98 0.84 0.91 0.97

s.e.e. (km2) 20.0 56.9 40.4 22.0

TABLE 3.10 Estimates of catchment area as
proportion of true value
(8 South Wales catchments, single date)
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Drainage density from
250:000 Landsat MSS
c.f. 250,000 0.S. maps

Aled 94%
Rheidol 48%
Usk 193%
Exmoor 193%

TABLE 3.11 Comparison of ease of interpretation
of different areas
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Rusa Dwangwa
Landsat Map Landsat Map
Length of main river (km) 1048 916 2150 1523
‘Catchment area (km2) 2380 2580 2914 2980
Drainage density(km/km?) 0.406  0.355 0.721 0.304
Stream frequency(j/km?) 0.094 0.078 0.290 0.127

TABLE 3.12 Comparison between Landsat MSS interpretation and
Malawi Department of Survey maps at 1:250,000 scale

Parameters Value expressed as % of
value obtained from
1:50,000 map

Drainage density 110 "
Stream freguency 104 ﬁ
Length of dambo 114 §j
Area of dambo 110 ;

TABLE 3.13 Comparison of estimates from Landsat
interpretation and 1:50,000 scale map
(Average of 4 10km x 10km squares from
Dwanga and Rusa catchments)
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Fig. 1.3 Correspondence of mapped networks with interpolation
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Fig. 1.4 Method for calculating the 'correctness score’
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STUDY CATCHMENTS
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Fig. 3.8 Errors in catchment boundaries
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PART 3 SYNOPSIS

A report is given of the use of remotely sensed data in providing
quantitative estimates of the surface water resource in a region,
concentrating on simple models in which streamflow is estimated
directly by a regression on catchment characteristics, or via rainfall-
runoff relationships in which the paramefers are estimated from

catchment characteristics.

The rationale for using remotely sensed data rather than map data
is presented in Chapter 1, which is followed by a review of the

literature, based on a selection of important streamflow models.

The following chapters describe the development and testing of e,

l

models for the prediction of streamflow in the South Wales area, which ;j%
are robust enough to be re-calibrated for other regions. i
|

Conclusions are drawn regarding the value of remotely sensed data.



PART 3  CHAPTER 1

INTRODUCTION

The argument which is examined in this section is that the spectral
characteristics of the ground can be used as parameters in hydrologic
regression models, to provide more efficient models than those based
on convéntiona1 characteristics. The logic for this premise is as

follows :

1. The parameters in regression models are chosen for their value
in high]igﬁting the differences that occur in observations i.e.
they should be capable of explaining the variance in the independent
variable. Causal relationships are not necessarily important in
regression models e.g. the magnitude of the flood-producing
rainfall need not enter the regression model for the 100 year

flood.

2. The spectral characteristics of the surface may be encapsulated
in a few features which vary widely from place to place (i.e. the

spectral signature).

3. The spectral signature of a point is determined by the topography,
soils and vegetation of the point, which are the dominant factors

in determining the hydrologic response at that point.

4, Thus the many factors which determine hydrologic response may be
replaced by the few factors needed to describe the spectral response,
and a regression model may be developed using a few parameters

which efficiently explain the variance in independent variables.



This approach would Tead to a class of regression models which
may be useful in an area for which models had not previously been
developed, where conventional mapping was not available. An alternative
would be to use the relation between spectral characteristics and
physical characteristics simply to map the features that have been
found to be useful in existing models i.e. conventional catchment
characteristics. The benefit here is that parameters may then be
estimated for areas where maps are out of date. The rapidity of change
in the Tandscape due to agriculture, forestation and urbanisation is
so great that mapping organisations are unable to keep up with the
change except at very small scales, and remotely sensed data provides

a valuable alternative.

Thus the investigations reported in this section are threefold :

(1) a correlation analysis to confirm that hydrological
features are related to spectral properties,

(i1) the development of models based on spectral properties,

(1i1) the development of models based on conventional catchment

characteristics, which may be interpreted from spectral

properties.

It was decided to 1imit the investigation at this stage to two
simple types of model: regression models where streamflow is estimated
directly from a regression on catchment characteristics, and rainfall-
runoff models where streamflow is estimated as a direct proportion of
rainfall, with the proportion being decided on the basis of catchment

characteristics. The choice of spectral characteristics was determined

largely by the preliminary correlation analysis. The choice of
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conventional catchment characteristics depended, though, on which

existing models were considered to be conventional.

In Britain the most widely used models for estimating streamflow
from ungauged catchments are derived from the technique developed by
the Institute of Hydrology in the 1970's, which are best represented by
the Flood Studies Report model for the mean annuai flood (NERC, 1975)
and the Low Flow Studies model for the 95 percentile flow (Institute of
Hydrology, 1980). These are both straightforward regression models based
on a set of parameters which includes geomorphology, climate, soil

properties and Tand-cover.

In the USA the SCS Curve Number model is ubiquitous ( SCS, 1972),
forming the basis for simple flood estimation, and performing the rainfall-
runoff function in more complex models. In this model the volume of ;93
flood runoff is estimated from a specified rainfall using a runoff T 
coefficient, called the Curve Number, which is calculated on the basis
of land-cover and soil-type, modified by an arbitrary choice of antecedant

conditions.

Taking these three as being typical of simple stramflow models, the
choice of "conventional™ characteristics thus become : soil-type, climate,
geomorphology and land-cover. Of these, Tand-cover is the most amenable
to quantitative, objective 1ntefpretat10n from satellite imagery. Of the
geomorphological factors, catchment area and drainage density have been
discussed in Part 2. Stream slope cannot be estimated from Landsat imagery,
but possibilities exist for the use of SPOT data, and for blending
satellite data with digital terrain models. In the work which follows,

therefore, the concentration is on the use of land-cover data in the two



types of model. The estimation of soi] conditions and climatic factors

is discussed Tater in the chapter on recommendations for future work.

Summarising then, this section is concerned with the development
of regression models for streamflow, based on catchment characteristics,
where the characteristics may be spectral properties, or may be
conventional characteristics which can be estimated from spectral

properties. The sequence of operations to carry out this task were thus :

1. Select a set of gauged catchments within a hydrologically
homogeneous region,
2. Examine the hydrological record for those catchments, and
assess which features of streamflow are most amenable to
regression modelling, o]
3. Acquire remotely sensed data, and assess which spectral
characteristics will be most useful in regression modelling, %i
4. Examine the efficiency with which land-cover may be "
interpreted from remotely sensed data,
5. Examine the correlations between streamflow and spectral data,
and assess how useful spectral data may be in explaining
hydrologic features within the study region,
6. Develop regression models for predicting streamflow in
ungauged catchments in the region,
7. Propose models which would be useful in other regions, where

sufficient data exists for their calibration.

In carrying out this work, due regard was given to the availability
of conventional data such as climate and topography from other sources,

and data which could be extracted from satellite imagery using the



techniques examined in Part 2 q.e.

the geomorphological characteristics’

of the catchments.

The study area for this work was that part of South Wales lying

in and around the coalfield i.e. the Usk, Taff and Neath basins, which

has been described in Part 2.
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PART 3 CHAPTER 2  REVIEW OF LITERATURE

As has been noted earlier, British regression models do not rely
greatly on parameters which quantify the type of land-cover, whereas,
in contrast, the most widely-used American models for flood estimation
are strongly based on land-cover. Research into the applications of
remotely-sensed data has been promoted largely by NASA, and has responded
to the needs of large government agencies such as the US Department of
Agriculture, and the US Corps of Engineers. Thus it is scarcely
surprising that the Titerature on the use -of satellite land-cover data

in regression models for streamflow is almost entirely American in origin.

Following the launch of Landsat-1 in 1972, great interest was shown

in the capability for distinguishing between various types of crop.

The strategic value of this kind of information soon led to the
develonrment of powerful and reliable techniques for the classification of
land-cover from Landsat imagery. Environmental scientists were quick to ‘
appreciate the value of timely, detailed maps of land-cover, and began to
assess their value in models of environmental processes. In the realms

of hydrology, the usefulness of satellite data to estimate the degree of
impervious cover was recognised, and as early as 1975 Ragan and Jackson
had reported on a comparison between Landsat interpretation and
conventional air-photo interpretation for the assessment of impervious
cover in the Anacostia River basin, which is a suburban catchment in
Maryland. Low-level aerial photographs were used to categorise each point
ina 0.45 ha grid cell arrangement into one of nine land-cover classes.
The area in each class was then aggregated, and compared to the area
estimated using Landsat imagery. Each category was similar to within

3%, and when an impermeability factor was calculated the Landsat value
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was 25.1%, compared with 23.5% for the conventional approach.

In reporting these very good results no mention was made of the
probable difficulties in classification where high quality ground-
truth does not exist, nor was there any discussion of the problems
to be encountered when extending the classification to areas for which
ground-truth is not available. Recognizing the potential errors that
could be involved in land-cover estimation, Salomonson et al (1975)
made a sensitivity analysis to determine what change would be brought
about in a streamflow estimate due to a change in the land-cover estimate.
They used a modified Stanford Watershed Model IV for three diverse
catchments, and found that of the 26 parameters used in the model three
related directly to land-cover (i.e. impervious area, forested area and
water area), and that another two could be estimated indirectly from Sl
land-cover (volume of interception and hydraulic roughness). They found ﬁ ;
that it required as much as 20% change in any of the three areal factors
to‘bring about a 5% change in runoff, and that runoff was even more
insensitive to changes in the other two factors. Thus the conclusion
was that Landsat imagery, even with the coarse resolution available at

that time, could give land-cover data of an accuracy which was acceptable

for estimating inputs to the model.

In a simple regression approach, Hollyday and Pluhowski (1976)
examined the improvement that could be achieved in streamflow estimates
by the addition of land-cover types to the 1list of catchment character-
istics. The study was made for 39 catchments in Delaware, and it was
found that four simple land-cover parameters (forest, field, urban and

water) when added to information on soil-type, rainfall etc. could give
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a 20% improvement in the prediction of July streamflows. Other measures
of streamflow, such as the 50 percentile flow were also improved, but

to a lesser extent.

Voss et al (1978) made a regression study for flood flows on
small catchments, and found that the inclusion of certain satellite-
derived land-cover parameters gave decrease in the standard error,
compared with the regression of flood flow on area alone. However, no
consistently good data set was found, and the change in standard error
was actually quite small, e.g. from 48% to 43%. Nevertheless,
techniques for handling Landsat data were established, and the benefits

of grid-cell data management were recognized.

Thus, the foundation was soon laid for either conceptual or
regression modelling of all typeé of streamflow using land-cover
estimates derived from Landsat interpretations. The main thrust of the
American work, however, centred around the use of Landsat data for

estimating flood flows in ungauged catchments.

The Fourmile Run studies

Following Ragan and Jackson's pilot study on the Anacostia basin,
the work was extended to examine the usefulness of satellite data in
urban flood models, such as the popular STORM and WREM models. The US
Corps of Engineers' Surface Treatment Overflow and Runoff Model (STORM) is
a continuous simulation model that can be used for flood estimation.
At an early stage in the model rainfall quantities have to be translated
into runoff volumes, which conventionally required the use of either the

SCS curve number method or an empirical relationship based on data from

recorded floods.
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Jackson et al (1976) developed an alternative technique for
calculating runoff quantities which was based on Landsat interpretations,
and tested the technique on the Fourmile Run basin in Virginia (Jackson
et al, 1977). The impervious area of the basin was estimated to be 39%
which compares well with the 35% estimated by conventional means. In
a simulation of the largest historic floods in the basin, the STORM model
gave a standard error of 17.2% using Landsat data, which was only 1.6%

higher than that using conventional techniques.

The Fourmile project was extended to examine the use of a much
more detailed model, the Water Resources Engineer's Model (WREM), which
split the basin into 179 sub-basins. Landsat data was used to estimate
the percentage areas in each of six land-cover categories. The Landsat
method was found to give a peak discharge for the whole catchment only
7.4% different from the conventional analysis (Jackson et al, 1977).
The difference increased in the case of sub-basins, and the conclusion
was made that the error using satellite data of that resolution (60m x 80m)

would be unacceptable in catchments of less than several hundred hectares.

The SCS curve number model

A very widely used model for estimating flood flows is that
developed by the Soil Conservation Service of the US
(1972), which was originally developed for rural watersheds, but has been
modified for use in urban areas (USBA, 1975). A1l SCS models are based
on the manipulation of a volume of flood runoff, which is estimated
from the design rainfall, using a runoff coefficient known as the curve

number. The curve number is defined in terms of land cover and hydrologic
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soil class, and modified to take account of antecedent conditions.

An interesting early approach was made by Blanchard (1975), who
attempted to estimate curve numbers using only the spectral character-
istics of the catchment. Using 10 study catchments and 10 trial
catchments all from one basin in Oklahoma, he derived regression
equations for curve number, based on a variety of band combinations.
Although good correlations were established, he concluded that his
technique would be appropriate only in dry conditions with dormant
vegetation, and would need recalibration for any cropping patterns which
were different from the ones which he had studied. Therefore it had very

Timited applicability.

A more conventional approach was adopted by Ragan and Jackson (1980)
for the Anacostia basir, in which Landsat imagery was used to estimate
land-cover, which was then combined with information from a soils map to
give the curve number. Insignificant differences were found between
flood estimates using conventional survey, high Tevel aerial photopgrahy
and Landsat interpretation. An important issue raised by this study was
the need to modify the SCS Tand-cover categories to comply with the
classes that may be interpreted from Landsat imagery. This actually
involves a very large reduction in the number of classes, down to the
following five : Forest, Grassed open space, Highly impervious (e.g.

industrial, parking), Residential and Bare ground.

Slack and Welch (1980) conducted a similar study, but for a Tlarge,
rural catchment, in which they used only four hydrologically important

classes : agricultural vegetation, bare ground, woodland, and open water.
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The curve number for six sub-catchments were computed to within 2

curve number units of the values assigned by conventional techniques.

Jackson and Rawls (1981) in a study concerning curve numbers for
urban areas made the important point that differences in land-cover
between Landsat interpretations and conventional maps may not necessarily
represent an error in the interpretation, but may actually be due to
changes in land-use that have occurred since the production of the map.
Clearly the same would be true in rural areas where forestation and
changing cropping patterns could cause significant changes over the

space of say 10 years.

The HEC-1 model

Following the work done by Ragan and Jackson, NASA commissioned a

project to assess the usefulness of Landsat data in hydrologic work of

an operational status. Working with NASA and the Corps of Engineers,
Rango et al (1983) firstly examined the accuracy of an unsupervised
classification of Landsat data, and found only 5% error at the basin

level, but a 36% misclassification when examined at cell-by-cell Tevel.

These data were used in the Corps of Engineers HEC-1 model, which
calculates runoff using either the SCS curve number, or using Snyder's
unit hydrograph with an estimated percentage imperviousness. The model
is calibrated using regional data to provide a flood frequency curve.
Rango et al found that there were insignificant differences in the
frequency curves generated from conventional land-use data and the Landsat
interpretation. The reason for such a close correspondence in results

is probably due to the fact that the flood estimate is largely determined
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by the choice of antecedent condition (SCS) or the percentage runoff
(Snyder), and that the influence of land-cover is relatively

insignificant.

The most important result of this work is the recommendation made
for the use of grid-based data management systems, in which hydrological
data can be set alongside many other types of environmental data to
provide a greatly enhanced richness of analysis. i.e. in a geo-information

system.

Geomorphic parameters

In contrast to the effort that has been made to investigate the
usefulness of Landsat land-cover estimates, very little work has been
done on the use of geomorphic factors. Rango et al (1975), concluded that ?I
various geomorphic measurements from Landsat 1 were generally comparable !ifz
to measurements derived from maps regardless of study area, and went on "!
to report work then in progress which had initially shown that four |
physiographic parameters used in the Stanford Watershed Model could be
suitably extracted from Landsat data for watersheds as small as 78kmZ.
They further surmised that physiographic and land-use information from

Landsat is compatible for use in general mean annual runoff predictions,
but gave no details.

Killpack and McCoy (1981) working at the same scale of 1:100,000

extracted data on basin area, length of stream network, length of main

channel and basin perimeter.  They found a very strong cross-correlation

between these variables and so chose just one, which was basin area, to

regress against runoff. Using data from 12 basins within one hydrologic
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region, they found a good correlation between map data and Landsat

data, and a good correlation between mean annual discharge and area.
Putting these together they presented a regression equation for mean
annual discharge using the Landsat derived catchment area, which had

a correlation coefficient of 0.92. However, this cannot be taken as a
particularly searching examination of the value of remotely sensed data,
and is more a demonstration that average runoff per unit area does not

vary much throughout their study region.

Summary
The bulk of the published work is concerned with the estimation
of parameters for existing models, and stems from the USA, where

techniques developed rapidly for the classification of Landsat images,

and where the more common hydrologic models are based primarily on
land-cover and soil-type. Very little interest has been shown in e
incorporating geomorphic parameters, such as those used in the UK Flood
Studies Report.
The consensus is that Landsat interpretation can provide an
accurate estimate of land-cover, provided that the range of classification
remains small. Equally, the simpler hydrologic models work well with a
Timited range of land-cover types, and the inaccuracies incurred through

Landsat interpretation are far outweighed by other estimates that have

to be made, such as the antecedent conditions.

More complex models, such as the Stanford Watershed Model are

relatively insensitive to errors in land-cover, and would work well
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with Landsat data. No conceptual mode] as yet has been designed to
work solely with remotely-sensed inputs, but Ragan's team at the

University of Maryland are currently developing appropriate algorithms.

(Groves and Ragan,1983).
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PART 3 CHAPTER 3 HYDROLOGY OF STUDY AREA

3.1 Selection of data

The choice of stations for study was governed by several criteria.
Firstly, for successful regression modelling the data should cover a
wide range of hydrological types, from flashy mountain catchments to
lowland agricultural catchments, with an equally wide range of climatic
inputs. Each station record was required to include good quality daily
flow dgta over a long period of years, together with estimates of
catchment rainfall. Where large abs£ractions or discharges occurred
the record should be corrected to give 'naturalised' flows. Ideally,
reliable flood estimates should also be available, but in practice it

was found that a slightly different set of stations was needed for the

flood modelling. There was also an important, but non-hydrological
criteria, which was that all catchments should lie within one Landsat ._
scene, so that there would be no problems with the calibration of spectral

data.

A total of 15 stations were finally chosen, and the catchments are
shown in Fig. 3.1. Data were acquired from the UK Surface Water Archive
at the Institute of Hydrology. These were in the form of monthly rainfall
and runoff, expressed as mm over the catchment, and the hydrographs for
the 15 catchments are shown in Appendix 1. Flood data and Tow-flow
statistics were collected from the records of the appropriate divisions

of Welsh Water Authority.

An important feature of the part of the study was to model long-

term average flow statistics, and a decision had to be made on the
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period to be taken for this average. If the average was made over a
standard period, then it would have to be very small, as shown 1in
Fig. 3.2, where it can be seen that the only period which is common
to all records is the one year overlap (1973) between Usk (Trallong)
and Sirhowy. Clearly a one-year period would not give a stable value
for the station averages. An alternative would be to abandon the Usk
(Trallong) record, which would then permit the use of the period
1973-79, but this is still a very short period of record for hydro-

Togical averages.

Assuming that the estimate of the average improves with the number
of values used in its calculation, then the best estimate of an average
flow is that for the Ebbw River, where 27 years of record gives an
average runoff of 1039.0mm. The estimate of the Ebbw average for the
period 1973-79 is 872.3mm, which shows a sampling error of 16%, and it
can fairly be assumed that a similar sampling error would be incurred
in every other record. (The error is probably so large because the

period includes the 1975-76 drought).

This may be compared with the sampling error that would be
incurred by taking the whole period of record for each station. This
was examined by taking the largest record (the Ebbw River) and
calculating the sampling error that would be incurred by using a period
of record equivalent to those of the other stations (Table 3.1). The
estimates are all low, reflecting the declining runoff of the 1970's,

but they are all considerably more accurate than the 1973-79 estimate.
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Thus, on the one hand we have the consistency offered by the
use of a standard period, but a poor estimate of the parameter which
is actually of interest. On the other hand we have better estimates

of long-average runoff for each station, but with considerable variation

between stations.

The decision was made to use the whole period of record for
each station, on the grounds that it provided a more robust estimate of
Tong-average runoff, and that it used all the available data. In making
this choice it was accepted that the data set used in the regression

analysis would not be homogeneous.

With regard to annual maxima, no attempt was made to analyse flood
series, it being assumed that an estimate of mean annual flood was
sufficient, and that existing models for estimating the T year flood would
be used. It was noted that the period of record for flood flows was very
variable (Table 3.2) which leads to statistical bias, and that the period
of record was generally short (10 of the stations with less than 20 years
of record) which leads to sampling error. Also, according to the
information listed in the Flood Studies Report (Vol. IV, Chapt. 3 and
Para 1.2.5), only seven of the stations had gradings better than 'adequate’
for the quality of flood-flow gauging. Additionally, three of the
Welsh Water Authority records included estimated values for the largest
flood in the series of annual maxima. Thus it was concluded that the
estimates of mean annual flood were prone to error. Unfortunately, it
is difficult to quantify the error involved, especially with the small

number of station-years of record available. In the Flood Studies
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Report (Vol. I 4.3.6) an attempt is made to examine measurement and
sampling errors in a very much larger data set. Results are
inconclusive, but ft is suggested there that the use of short duration
records makes little difference to the values of the coefficients
calculated in regression models of the type used here. It is also
suggested (Vol. I 2.5 and 3.1) that the sampling error for Mean Annual
Flood would be of the order of 10-15% for records of about 10 years
length. Thus, the decision was made to go ahead with all of the flood
data, but to recognize that unquantifiable errors may exist in the

results.

The Minimum Daily Flow and 95 percentile flow statistics were also
taken directly from Welsh Water Authority records, with no attempt at
analysis. Comments regarding sampling error and accuracy of gauging
apply equally here, to which must be added the problems of artificial
abstractions and discharges which strongly affect these low flows.

Thus in the regression analyses which follow, the values of the dependent
variables contain some error of estimation. It was assumed that there
would be no consistent bias in estimation across all of the catchments,
and that error terms would be Normally distributed, and that a Type I
regression model could thus be applied. Nevertheless, it should be
recognized that some part of the variance of the dependent variables
cannot be explained by the correlation with the independent variables,
and that the performance of the regression models will be limited by

the errors of estimation.

-144~



3.2 ANALYSIS OF DATA

1. Summary of hydrological statistics

The monthly records were processed to give the ~long-average
rainfall and runoff statistics shown in Table 3.2, and the mean elevation
of each catchment was calculated from Flood Studies Report data (NERC,
1975). Mean annual floods were calculated as the arithmetic mean of
the series of annual maxima from Welsh Water Authority records, while the
Tow-flow statistics of Minimum Daily Flow and 95 percentile flow were

taken directly from Welsh Water Authority records.

A full summary of hydrological statistics is given in Table 3.2
along with the definition of each variable used. The coefficient of
variation (standard deviation/meén) is given for each hydrologic variable,
from which it can be seen that there is a wide range in all of the

parameters, as is desirable for regression modelling

2. Annual rainfall-runoff statistics

Annual totals of rainfall and runoff were computed for each
catchment, and are tabulated in Table 3.3. It can be seen that runoff
varies widely from station to station, and appears to be strongly Tinked

to rainfall.

It was assumed that the annual water balance may be represented

by the following equation :

Run off = Rainfall - Evapotranspiration

Z Change in groundwater storage

Over a Tong period the groundwater out-flow will be matched by
recharge, and the net change in storage will be zero. Thus the average
runoff (LARO) will be simply the average rainfall (LARF) modified for

€vapotranspiration losses i.e.
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LARO = LARF - Losses

This valuable, albeit, simple hydrologic model could be put to
practical use if a method could be found for predicting the average
evapotranspiration lTosses for a catchment. Since evapotranspiration is
Tinked to land-cover and topography it may be possible to derive a
regression model based on catchment characteristics, which would predict
the lTosses term. Then, knowing average rainfall, it would be simple to

calculate an estimate for long average runoff.

However, it was felt that a model for annual runoff totals would be
more useful, since it could be used to provide a time series of runoff
values as well as the long-average value. Firstly it was assumed that
any change in groundwater storage over one year would be small. This
assumption was made on the basis that there are nc large, uniform,
continuous aquifers in this region, and was supported by an examination
of the Tag-one serial correlation, which was found to be statistically
not significant in anyﬂof the catchments. This implies that the response
of the catchment to rainfall is mostly dissipated within one year, and
hence that groundwater levels return closely to normal within that year.
Secondly, the annual losses were regressed on annual rainfall, and no
significant correlation was found in any catchment i.e the losses term
was found to be independent of rainfall. Thus the water balance equation

could be modified into a simple Tinear relationship :

ARO =-A + B.ARF

Where ARO and ARF are the annual runoff and rainfall, and the constants

Aand B may be found by linear regression. The results of a regression
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analysis are shown in Table 3.4, in which it may be seen that the
correlation between annual rainfall and runoff is very strong and that
the standard error of estimate for annual runoff is low, averaging 67mm.
Thus, if this model were used to predict runoff, a 95% confidence limit
of approximately 130mm could be expected, which is acceptable with

annual runoffs in the region of 1000mm.

It was noticed that the values of the coefficient B were all close
to unity. A statistical test was made which showed that at 95% confidence
level the coefficient B was not significantly different from unity in

any catchment. Thus the model may be simplified to :
ARO =-a + ARF

where a may be thought to represent the average annual losses due to

evapotranspiration. Values of 'a' are given in Table 3.4.

This model has the benefit of being a more acceptable representation
of the physical processes involved, and is less dependent on purely
statistical relationships. The simplification leads to very little change in
the error of estimation, except in the case of the River Mellte, where
a large increase was found (Table 3.4 ). However, the average standard

error increased to only 69.0mm, and so it was decided to use this simpler

model.

In order to use this model in ungauged catchments, it would be
necessary to make an estimate of the value of the Tosses term. Since

losses are linked to the type of vegetation cover and the topography of
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the catchment it appeared that it would be useful to establish a
regression model in which the Tosses term may be estimated from a set
of catchment characferistics. Clearly these should include physical
characteristics, such as height and Tand-cover, but for the reasons
outlined above, it may be helpful to use spectral characteristics,
which may additionally reflect the climatic characteristics of the

catchment.

Turning to monthly models, there is a possibility of constructing
rainfall-runoff models for each month, but it was felt that any model
which required 12 parameters to be estimated from such a short period
of record would be unreliable. If monthly estimates are required it
is recommended that annual data be estimated, and then distributed

according to the magnitude of the monthly averages.

3. PROPERTIES OF THE TIME SERIES

The annual rainfall-runoff model may be thought to work best where
there is a reasonably rapid response-time, and where the groundwater

influence on streamflow is small.

Looking at the hydrographs in Appendix 1 and the typical hydrograph
drawn to larger scale in Fig. 3.3, it can be seen that the base flow
component is quite high for several of the study catchments. This gave
rise to the idea that errors in the rainfall-runoff model may have been
caused by a carry-over of base-flow from one year to the next, in which

case a simple Markov model of the following form would be useful

AROt = r(1) AROt_1 + random component

where r(1) is the lag-one serial correlation coefficient.
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The analysis was restricted to those stations whose record was
thought Tong enough to be used in a time-series analysis, and the
lag-one serial correlation coefficients of the pre-whitened series are
given in Table 3.5, where it can be seen that they are statistically
not significant. Thus the Markov chain was considered not to be an
appropriate model. Longer period correlation coefficients were also
statistically not significant, as can be seen from the typical serial

correlogram shown in Fig. 3.4.

Having found no serial correlation in the time series it seemed

possible that a random noise model of the form

AROt =c, +a(t) +c, a(t-1)

1 2
might be appropriate, where a(t) is a white noise function. Models of
this type were fitted to the data, but their performance was very poor

compared with the simple rainfall-runoff model.

Returning to this model 1i.e.

AROt = a+b ARFt

the residuals from the linear regression were examined, and it appeared
that there was some link between one year's residual and the previous
year's runoff i.e. a large runoff one year would often lead to a large
residual for the next year. Thus an attempt was made to improve the

basic rainfall-runoff model by adding a serial correlation term viz.

AROt +a+b ARFt +C AROt_1

This was tried for the eight catchments with long records, but there

was no consistent improvement in the standard error of estimate for

~annual runoff.
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4. CONCLUSIONS

Values have been found for hydrological variables for which
models would be useful. The values for the 15 study catchments have
a large variance, as is needed for regression modelling. A simple
model for estimating annual runoff from annual rainfall has been
found, whose parameters could be estimated from a regression model.
The time series properties of the longer series have been investigated,
but neither serial correlation nor white noise models work well,

and no improvement can be found over the simple rainfall-runoff model.
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PART 3 CHAPTER 4  CATCHMENT CHARACTERISTICS

4.1 SELECTION QF CATCHMENT CHARACTERISTICS

The choice of catchment characteristics to be used was governed
by the two main aims of the study : to determine whether satellite image
interpretation could provide useful estimates of parameters used in
conventional models, and secondly to investigate whether spectral
features of the scene perform better than conventional map-based

parameters when used in models.

In conventional models catchment characteristics fall into four
basic categories : land cover,.soi1s, climate and geomorphology. The
most important empirical model using land cover is the SCS model for
flood estimation ( SC3, 1972) and it has been determined by Ragan and
Jackson (1980) in a sensitivity analysis that a Level 1 classification
is adequate for urban studies i.e. a classification into 5 basic types
of land cover : forest, grass, highly 1mpervﬁous, residential and bare
ground. In Britain, the Flood Studies Report method for ungauged
catchments gives regression equations which include 'urban' but no other
land cover types, although it is stated that 'forest' was investigated

as a possible parameter.

With regard to soils, it has been recognized that classification of
soil types from satellite imagery is possible in conditions of sparse
vegetation, but is difficult and unreliable in temperate regions where
all soils are densely colonised by vegetation (Campbell, 1987). Thu