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SYNOPSIS

This project aims to estimate mean monthly flows at any given
point on a river in a region of sparce hydrometric data. A conceptual
model of the rainfall/run-off process has been developed which
utilises available mean monthly meteorological data and catchment
characteristics, The essential characteristics of the hydrological
stores and processes and their relationship with catchment morphology
are identified., The physical characteristics are defined in
quantitative termm,and the meteorological characteristics and hydrolo-
gical stores and processes are examined, The development and calibration
of a rainfall/run-off model,based upon a monthly time step and incor-
porating the hydrological components and catchment characteristics is
described,

Two principal modifications were made to the model,firstly to
the overland flow/interflow algorithm and secondly to the natural
recharge/interflow algorithm, The validity of the model and its modified
versions were tested using data from areas of the U.X. lying outside
the original study area., The predicted mean monthly flows compared
very favourably with the historic flows and thereby demonstrated
the value of catchment characteristics for model calibration im areas
of limited hydrometric data. Comparisons are made with the results
obtaiged using a method based upon linear regression equations derived
in a previous project using data from the same study area. The results
show that the new models are far superior to the regression method
when applied to areas outside the area used for calibration,

The development and testing of the models and their calibration
procedures form the bulk of the project,and the use of catchment
characteristics for the calibration of the model is a novel feature
of the study.
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1.1

1.2

THE ESTIMATION OF MEAN MONTHLY RTVER FLOWS USING LIMTTED
METEOROLOGICAL DATA AND CATCHMENT CHARACTERISTICS

CHAPTER 1
INTRODUCTION

GENERAL

Investment in the development of water resources throughout
the world is playing an increasingly major role in economic
development. However, engineers and planners working on the
development of projects, and relying to a large degree upon the
reliability of hydrological data, are finding that available data
is limited and of poor quality. Where data is available it often
relates to sites many miles from the area of interest, and despite
improvement to hydrological networks throughout the world, the
quantity and quality of hydrological data continues to be poor.

The problem, therefore, is how to make the most effective
use of the data which is available. This data can basically be
categorised as historical hydrometeorological data and topo—-
graphic data. Historical hydrometeorological data cannot be
reproduced by experiment or survey, and such data of good quality
is extremely valuable, yet is often scarce, unlike catchment
characteristics including topographic, geologic and geomorphic
characteristics which can be identified by survey and quantified.
It is therefore beneficial to develop techniques which enable the
maximum amount of information to be extracted or extrapolated

from both these data sources.

Former Projects

This project is an extension of an earlier project (El Gusbi
1979) the object of which was to develop a method of estimating

monthly flow data for ungauged catchments using rainfall and flow

data from neighbouring catchments. In any given area there are

1



hydrometeorological data available at given points. If flow
characteristics are required at an ungauged point it should be
possible to pool the data from all other points in the région to
enable reliable estimates to be gained of the flow regime at the
ungauged point. El Gusbi developed such a method, which is
bagically a set of regression lines relating flow statistics for
the region to areal rainfall. His project demonstrated how this
can be done for any region provided hydrometeorological data are
available at sites other than the site of interest. The method
was shown to be reliable within the region and provides the
necessary data for the calibration of simple stochastic models of
riveLT i.e. mean, st. dev., skewness, serial correlation, etc.).

However, regression equations are very much specific to the area

for which they were developed, and this restricts their application.

If only limited hydrometeorological data are available,
especially flow data, El Gusbi's method cannot be applied. Under
these circumstances catchment characteristics must be utilised by
the hydrologist to develop other methods. Unlike hydrometeor-
ological data, catchment characteristics have the advantage that
data can be collected and evaluated at any time. They are a
relatively poor substitute for hydrometeorological data but never-
theless if a reliable method of flow prediction can be developed

which makes use of them it could prove most valuable.

In the United Kingdom both Flood Studies (1975 ) and Low
TFlow (1978) reports provide methods of estimating high and low
flow characteristics of ungauged catchments using basic meteor-
ological data and indices of the geomorphic character of the
catchment. TFlood flow characteristics are important in the

plamming and design of flood protection works, river bridges,

2



spillways and other hydraulic structures and low flow character-
istics are essential to studies of pollution control and the
reliability of water supply schemes. However, the river flow
regime, as represented by the seasonal variation of mean flow is
also important in the design of water storage and supply facilities.
However, very little work has been done on mean flow character-

istics and it is the aim of this project to fill this gap.

Another project being carried out in the Department of Civil
Engineering is closely related to the same aim, but tackles the
problem from a different starting point. In this case remote
sensing techniques are being used to derive quantifiable catch-
ment characteristics for use in prediction equations, algorithms
or models. However, the technique does not appear, at the present
time, to be capable of deriving all the necessary indices to pexmit
the formulation of reliable prediction techniques. It ig for these
reasons that this project concentrates on the development of
methods for the prediction of mean river flow characteristics
and their seasonal variations on the assumption that the catchment
characteristics can be obtained from existing maps or by ground

survey.

The aim of this project has been twofold:

i) to test El Gusbi's method on catchments lying outside
the region used to develop and calibrate the method

ii) +to develop and test a method of predicting monthly flow
data for regions in which only rainfall and evaporation
data are available

Such a method, if proved reliable, could be of immense value

to engineers and hydrologists planning water projects in areas of

sparse data.



This project is based solely on U.X. data, although it is

1.1
L

hoped that the technigue thus developed may be further developed
for use in other countries. The intention is to produce a
conceptual rainfall/run—off model designed to predict annual flow
patterns for ungauged catchments. This is based upon an invest-
igation of the spatial variability of the parameters most commonly
used in model calibration. The model has been designed to use
readily available data such as that provided by the Meteorological
Office and Soil Survey, and parameters rapidly measureable from
Ordnance Survey maps, such as drainage density and slope. The

general nature of the method should permit its application to

other areas, but this needs to be demonstrated.

OQutline of the Thesis

Before commencing on the development of the rainfall/run-off
model it was felt necessary to identify the essential character-
istics of the hydrological stores and processes and their relation-
ship with catchment morphology.

Chapter 2 discusses and evaluates those physical character-
istics of a river catchment considered to be most important in
shaping the rainfall/ run-off response. These include relief,
drainage density, solid geology, soil type and vegetative cover.

As these catchment characteristics were used as a mearsof calibrat-
ing conceptual rainfall/run-off models, they were defined in
quantitative terms so that their influence upon the various
hydrological stores and processes could be analysed and expressed
in mathematical terms. The chapter concludes with a brief summary
of each characteristic, its influence on the hydrological cycle

and the method adopted for its quantification.

Chapter 3 discusses the meteorological characteristics and



hydrological stores and processes acting upon and within the
physical characteristics discussed in the previous chapter. The
chapter identifies the principal componenis to be modelled and

the ways in which they are related to catchment characteristics.

Having identified the essential hydrological and catchment
characteristics, Chapter 4 outlines the development of a rainfall/
run-off model based upon a monthly time step and incorporating
the hydrological components and catchment characteristics. The
calibration of the model using two different data sets drawn
from catchments in the Mid-Wales/Welsh Borders region is
described. The two sets comprise 16 year monthly flow records
and their corresponding seascnal distributions of monthly flow
averaged over the length of the record. Comparisons are made
between the results obtéined from the two sets and possible ways

of improving the models performance are considered.

Chapter 5 describes two substantial modifications to the
basic model which were implemented as a result of insights
gained from Chapter 4. These modifications were:
i) modification of the overland flow/interflow algorithm
ii) modification of the natural recharge/interflow algorithm
Calibration of these new models were achieved by repeated
simulation using the same two data sets as before and the
results of these tests are described together with derived

methods of calibration based upon catchment coefficients.

Chapter 6 examines the validity of the model and the derived
calibration relationships for areas of the U.K. lying outside the
original study area. Six new catchments, each providing reason-

ably reliable data were used to test the efficiency of each of



the models. The results were then compared with predictions
derived using El Gusbi's regression equations determined from an
investigation of rainfall/streamflow relationships in the Mid-
Wales, Welsh border region. The chapter ccncludes with a dis-

cussion of the precision of the various methods of prediction.



2.1

CHAPTER 2

CATCHMENT CHARACTERISTICS

INTRODUCTION

The physical characteristics of a river catchment provide
the framework within which the hydrological processes operate.
This chapter discusses and evaluates those characteristics
considered to be most important in shaping the rainfall/run-off
response. These include relief, slope, drainage density,
solid geology, soil type and vegetative cover. The high degree
of interdependence between these characteristics is similarly
reflected in the hydrological stores and processes. For example,
solid geology is a principal factor governing relief, slope,
drainage density amd soil type, whilst infiltration is closely
dependent ppon slope and soil type and to a lesser degree upon

the other characteristics.

If catchment characteristics are to be used as a means of
calibrating conceptual rainfall/run-off models, they must first
be defined in quantitative terms so that their influence upon
the various hydrological stofea and processes can be analysed
and thereby expressed in mathematical terms. Studies of this
type have been done for the extreme flow conditions of floods
and droughts (N.E.R.C. Flood Studies 1975, Low Flow Studies 1978)
but little research of this kind has been done on normal flow
conditions. The following subsections examine each of the
principal catchment characteristics in terms of their general
effect upon hydrological stores and processes, and reviews
proposed methods of quantification. They conclude by defining
and describing the method used to quantify catchment character-

istics relevant to this study.



RELIEF

General Hydrological Aspects
Biver basins with high relief possess more available

potential energy than the more lowland basins, relief is
therefore a drainage basin characteristic which exercises
influence over both the rainfall/run-off process and sedi-
ment production. Thus relief affects the hydrological
processes occuring within a catchment and is also a major

factor governing the meteorological characteristics.

Precipitation in the form of rainfall is the major
input into the hydrological system. Catchment relief greatly
influences this input since it goverms the production of oro-
graphic rainfall and may influence the production of convective
rainfall. Orographic rainfall only occurs in the proximity of
high ground and its magnitude depends upon the alignment with
respect to prevailing air movements, and the size of the barrier.
The presence of the barrier may either

1) Trigger conditional convective instability by giving an

initial upward motion or by differential heating of

mountain slopes.

2) Increase cyclonic precipitation by retarding the rate of

movement of a depression and its associated fronts.

3) Cause convergence and uplift through the furnmelling
effect of valleys on airstreams.
Rain tends to be more intense on the windward rather than
the leeward slopes of a barrier, consequently a rain shadow effect
is created on the latter. Orographic precipitation lessons across

a mountain barrier because the initial precipitation reduces the



amount of precipitable moisture remaining in the atmosphere
(see Fig. 2.1). In the lower Dee valley the leeward slopes
receive less than 750 mm per year compared with over 2500 mm

in Snowdonia.

In Great Britain orographic rainfall dominates spatial dist-
ribution, and increases the amount of rain in upland regions
associated with frontal depregsions and unstable airstreams.

Even quite low hills such as the Chiltons and South Downs

cause a rise in rainfall receiving 120 - 130 mm per year more
than in the surrounding lowlands. Around the coast of Britain
rainfall is approximately 700 mm and increases to over 2500 mm
in the mountainous regioqa, but superimposed on this is a
tendency for it to be greater in the West than in the East due to
the rainshadow effect upon the prevailing S.W. winds caused by

the Welsh mountains, Pennines and Western Highlands.

In the winter months, the areal distribution of smow also
tends to reflect the pattern of relief. This is due to the fact
that air temperature falls with altitude and, therefore, makes
snowfall more likely on hills and mountains than in lowland
regions. The vertical decrease in temperature on average equals
0.6% per 100 m and this enables the snow to remain longer on
hillsides, particularly where accumulations occur due to drift-
ing. Manley (1952) found an almost linear relationship between
altitude and snowmelt. ILatitudinal effects across a land mass
affect both temperature and atmospheric humidity and consequently
influences the spatial and temporal distribution of snowfall and

snowmelt.

Near sealevel there are approximately 5 days per year with



OROGRAPHIC

FIGURE 2,1 Orographic Precipitation
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snow in S.W. England. This increasesto 15 in the South East and
35 in Scotland. Between the 60 - 300 m contours the frequency
of snowfall increases by about 1 day per 15 m elevation and more
rapidly on higher ground. In Northern Britain there are approx-
imately 60 days with enow lying at 600 m and 90 days at 900 m.

2.2.2 Definition of Catchment Relief
Maximum basin relief (Nash and Shaw 1966) is the most

frequently used descriptor of relief as a catchment charscter-
istic. It measures the difference in height between basin mouth
and the highest point in the basin perimeter. A second method
utilises the hypsometric curve. This is constructed by plani-
metering the area between contours on a topographic map and
plotting the cumulative .a.rea. above and below a range of elevations.
This curve is often expressed in terms of the percentage of area

instead of actual area.

A similar method utilises the maximum and minimum altitudes
of a sample of grid squares on a map. These fighres then
provide a series of average altitudes for the squares, which
can be plotted against the percentage of total drainage basin

area with squares above given heights.

2.2.% Method Adopted

Relief was quantified by the method of grid square sampling
mentioned above. This was incorporated with & procedure devised’
for the quantification of catchment slope, full details of which
are given in section 2.3. In addition the maximum and minimum
altitudes of the grid square samples taken from each catchment
were determined, these figures were averaged and ordered in

terms of megnitude. Hypsometric curves were then used to provide

11



2.3
2.3.1

an indication of the gereral topographic character of the catch-
ment from which each catchment could be viewed as three separate
zones, an upland, mid-land and lowland zone, a concept which

will be expanded in later sections.

SLOPE
General Eydrological Aspects

Several components of the hydrological cycle are gtrongly
affected by slepe. In steeply gloping areas the predominant
movement of water is laterally by means of interflow and over-
1apnd flow. In flatter areas these processes are less dominant
giving way to vertical movement of water by means of infiltra-
tion and percolation. Hillslopes are normally convex-concave
in profile, the top upper convex section and the base of the
lower concave slopes are less steep than other areas of the

hillside.

Rain arriving at the soil surface may either infiltrate
the surface, pond on the surface or flow over it. Ponded
water eventually evaporates or infilirates the surface. The
division between infiltration and overland flow is a complex
one involving many factors including surface slope. Infiltra-
tion is the process by which water enters the soil surface,
and tends to decrease as surface slope increases. In regions
where gentler gradients predominate, gsoils tend to be thicker,
g0 increasing their water storage capacity. In steeply sloping
areas topographic factors, interacting with soil factors are
related to produce complex areal patterns of subsurface and
overland flow. Whipkey and Kirkby (1978) produced a simple

two layered sloping soil plot, subjected to a period of steady

12a



rainfall. This illustrates initially rapid percolation at the
upper end of the plot, continuing until entry into a less
permeable lower layer is restiricted causing saturation in the
upper layers and the onset of overland flow. This model shows
how overland flow results from saturation of soil surface layers.
Similarly, on a concave slope saturation conditions reach the
surface as a result of the slowing of saturated subsurface flow
which causes a thickening of the saturated layer. In both cases
interflow is the factor encouraging downslope saturation.

Despite the slow movement of interflow, Hewlett and Hibbert (1967)
found that interflow could react rapidly to storm events, because
of the displacement of moisture downslope. Further upslope
translatory flow serves to produce a pulse in soil moisture which
forms a part of natural recharge.

Slope also affects the nature, thickness and distribution
of soils since water induced erosion is particularly important
for the movement of slope material and encourages a variation in
soil thickness which is related to gradient. Erosion occurs
when water moves over or through slope material, or when the
slope material itself moves. In most cases moisture is pre-

dominant in determining slope stability.

2:5.2 Definition of Slope

Many methods of drainage basin slope measurement are avail-
able. They fall into three categories, channel slope, valley

slope and overall drainage basin slope.

Strahler (1950) developed an index of valleyside slope
which measures average slope steepness of the catchment. It

is measured at intervals along valley sides and between divides
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and adjacent stream channels. Strahler also showed that there
is a quantitative relationship between valley slopes and the
slope of adjacent stream channels over a wide range of geo-

graphical conditions.

Standard methods of determining stream channel slope
include the average slope of individual channel segments, the
figure determined by dividing the difference between the height
at the source and mouth of the channel by the chamnel length.
The slope of the channel network is determined by the average
gradient of all channels draining at least 10% of the total

drainage area.

Linsley, Kohler and Paulus (1975) determined the distrib-
ution of land surface slope from a regular grid, or altermatively
randomly located points placed over a map of the watershed. At
each grid intersection or random point the slope of a short
section of line normal to the contours is determined. The mean,
median and variance of the resulting distribution can then be
calculated. However, the accuracy of these indices depends upon
the precision of the map which is used. The most frequently
used method employs a topographical map divided into similar
areas according to contour spacing, together with the applic-

ation of a system of slope categories (Raisz & Henry 1937).

The N.E.R.C. Flood Studies Report (1975) used a measure of

stream channel slopes which provided a more precise measure.

They employed the Taylor/Schwarz (1952) indices of mainstream
slope based on the square root of gradients. The velocity in

each reach of a subdivided mainstream is related in the Manning
equation to the square root of slope. The index is equivalent

to the slope of a uniform channel having the same length as the

13



2.3.3

longest watercourse and an equal time of travel.

The Method Adopted

The method of slope measurement chosen for this study was
based upon the 1:50,000 0.S. relief maps. Previously, field
and map based methods have been considered time consuming and
have had the disadvantage that no single quantitative index
could be easily determined. Consequently the method adopted was
designed to provide a single index of catchment slope and to be:

1) accurate within definable limits

2) relatively quick and easy to apply

3) capable of meeting requirements (1) and (2) regardless

of catchment size

An overlay marking the position of a catchment was placed
over the appropriate map. A 1 km x 1 km grid square was then
chosen and used to provide the starting point of a regular grid

of sample grid squares. These sample squares were separated by
several kilometers both vertically and horizontally (see
Fig 2.2). The method was tested on four Welsh subcatchments
where three regular sample grids were marked out, one ninth,
one twenty-fifth and one fiftieth, sample sets. The choice of
sample size was arbitary but three wariations were chosen in
order to establish the sample size neceseary to provide a
representative index regardless of catchment size. Within each
square of a sample set the number of different contour lines
contained within the square were counted (Fig 32 ) and noted.
The sample mean of the number of contour lines per 1 km x 1 km
square was then determined and used as the index of slope. By

this method the slope index not only takes account of upland

or lowland slopes but also of undulations in the landscape.
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204
2.4.1

SOIL

General Hydrological Aspects

Soil is composed of air, water, mineral and organic
matter. The organic portion is derived from decaying matter,
and the air and water are contained within the spaces between
the particles. The mineral portion of the soil is derived from
the parent material by weathering. This component of the soil
is known as fine earth and it is upon this that soil texture
is determined by the size of particles and the size of parts

they form.

Soil texture is influenced by particle sizes which vary
from small clay particles of less than 0.002 mm in diameter
to sand size particles of up to 2 mm diameter (Bridges 1970)
Both the size and shape of particles influences the storage of
water, the larger and more angular a structural unit becomes

the less water they retain

Pore sizes vary from larger than 0.075 mm which are soils
free draining by gravity, to 0.1 - 0.55 mm which are free
draining pores, chamnels and fissures. Capillary poree under
0.075 mm produce the suction pressures by which water is
retained in the soil. Suction pressures cover pore ranges
down to molecular dimensions. Salter and Williams (1965)
related texture to available moisture where particle size
is known (Fig 2.3) This provides a graphical method for deter-
mining available water capacity, based on laboratory tests in
the range 60 mm/m depth of sand to about 200 mm/m depth of silt.
Hawever this method produces an underestimate for soils with a
high organic content. Soil Survey have also produced a diagram

of air capacity and water retention for certain particle size
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classes in both topsoils and subsoils (Fig 2.§4).

Soil structure is determined by the arrangement of
particles, caused by physical forces induced by moisture
changes, freezing and thawing, the effects of root growth and
the activity of earthworms. These agencies form soil particles
into distinct units, the size and shape depending largely on
soil type. In soils with a medium to high clay content the
strains caused by swelling and shrinkage are major factors in
the production of structural units. Frost effects are largely
confined to topsoils but are nonetheless vital, particularly
on heavy soils. The fine and granular structures in the root
zone owe their fineness and porosity to the development of
fibrous roots. These particular agents of structure are more
important in clays than sands.

Different structures visible in the soil profile include
gingle grain simple structures which are loosely arranged,
whilst massive aggregates are in a uniform mass, common in a
soil with small amounts of clay and orgenic matter, such as
sandy loams, loamy sands and silt. Puddled structures are
aggregates deformed by treading or working when wet. Compound
structures include rounded aggregates which are granules or
porous crumbs, the product of root action and the decomposition
of organic matter. Also blocky and peaty structures where the
movement of water is via channels and fissures. Soil com-
paction and surface instability are also factors of soil
structure which have a marked effect upon catchment hydrology,
particularly in areas where intensive cropping is prevalent.

When a soil is at field capacity topsolls are susceptible to
damage, compaction can occur and puddling takes place. In

18
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2.4.2

particular, well drained soils are susceptible to weak structure

especially when worked in too moist a condition.

Evaporation occurs externally from the soil mantle. However
it does affect the movement of soil moisture beneath the soil
gurface. It takes place from the soils after the cessation of
rainfall and it results in a drying out of the surface. 4
gsuction gradient is created, and as it becomes greater than the
opposing gravitational gradient it encourages an upward move-
ment of moisture. Transpiration provides the transport system
for the plant, and roots can extend several metres into the soil
and abstract moisture and essential nutrients. Processes
occuring upon and within the soil which include infiltrationm,
overland flow, interflow and natural recharge are discussed at

length in later sections.

Definitions and Method Adopted
It was necessary to develop an indicator of the moisture

acceptance potential of theé soil throughout the seasons, in
order to provide a measure of the quantity of water expected to
be retained as storage, or released as rapid response run-off

or delayed run-off.

The first method which was considered relied upon a soil
infiltration classification. Such a classification was first
developed in the U.S.A. by G.W. Musgrave (1957) and has since
been extended and now provides the U.S. Conservation Service
with a detailed classification of soil infiltration capacities
for named soil types. These are divided into four major soil
groups, each classified on the basis of their intake of water
during long duration storms, occuring after prior wetting and

opportunity for swelling and without the protective effects of

%



vegetation.,

In 1971 R.B. Painter published a technical note which
attempted to relate the classification system of Musgrave to
British soil types. The result was a system containing eight
groups formed by splitting each of Musgrave's groupings into
two, each with their appropriate infiltration rates (Table 2.1).

For the purpose of this project the 1:1,000,000 soil map
produced by Soil Survey and the Painter classification were
used to determine the weighted mean infiltration capacities for
each sub-catchment. The main disadvantage of this method is
its reliance upon a classification of only eight groups when
the area in question may contain 60 - 70 varied soil types.
Consequently the choice of infiltration group for a particular
soil type becomes, to some extent, an arbitrary decision. In
addition, the groupings took no account of external character-
istics such as slope, vegetation or depth to an impermeable

horizon.

The N.E.R.C. Flood Studies Report (1975) rejected the
Painter/Musgrave classification in favour of a more complex
soil indicator based on the now more widely accepted contribut-
ing area model of catchment hydrology (Hewlett 1967). Con~
sequently, Soil Survey were asked to comstruct an ordinal
clagsification of run-off potential, using not more than five
classes and based upon readily observable soil properties

(Soil Survey 1978).

The Winter Rain Acceptance Potential (WRAP) was thus
developed, the term winter being used to exclude periods when

a g0il moisture deficit is observable. It is assumed that the
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Table 2.1. Painter's Infiltration Classification

Group A
Low run-off potential, high infiltration rates even when
thoroughly wetted. Deep and well to excessively drained
sands or gravels.
A1 9.6 mm/h minimum infiltration

A2 7.9 - 9.6 m/h

Group B
Moderate infiltration rates when thoroughly wetted,
moderately deep, moderately well to well drained sandy
loams to sandy clay loams.
B1 5.8 = 7.8 mm/h
B2 4.1 - 5.7 mm/h

Group C
Slow infiltration rates when thoroughly wetted, either
layer impedes downward movement or are clay loams to
gilty clay loams.
c1 2.8 - 4.0 mm/h
c2 1.5 - 2.7 m/h

Group D
High run-off potential, low infiltration rate when

thoroughly wetted. Clay soils, high swelling potential.

D1 0.8 - 1.4 mm/h

D2 0.0 - 0.7 mm/h

22



soil is already at field capacity and that any additional water
is disposed of either vertically or laterally. Five soil
classifications were distinguished each relating to four
principal soil and site properties.

1) Soil water regime (drainage class in N.E.R.C. 1975)

2) Depth to an impermeable horizon

%) Permeability above an impermable horizon

4) Slope

The relative magnitutude of each of the above parameters
remained a matter of judgement and as this system was designed
to be used in a uniform manner, Table 2.2 was constructed to

overcome this problem.

From the winter rain acceptance potential a numerical soil
index was developed. This was achieved by multiple regression
analysis of catchment characteristics, including the five soil
types against mean annual floods. This produced a progression
of exponents for the five variables consistent with constants
derived in a regression of percentage run-off against the pro-
portion of individual soils within the catchment. The five soil
classifications ranged from WRAP 1, free draining sands, to
WRAP 5, peats, stagnopodzols and stagnogley soils. Consequently
a weighted mean of the soil classifications was adopted as the
goil index where S, to Sg are the areas of soil types
1 - 5 within the catchment.

Soil = (0.155, + 0.35s, + 0.40s; + 0.45s, + 0.5s;)

(s, + S, + 53 + 84 + 55)

The soil index was subsequently determined for 150 British

catchments, including those being used in this study. The index
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2.5

2.5.1

assumed that unclassified and classified soils were similarly
diétributad within the catchment. In a small number of cases
where information was limited and a large proportion of the
catchment was unclassified soils, the index was individually

assessed

Regression analysis of percentage baseflow against the five
soil classifications confirmed suspicions held by Soil Survey
that WRAP classes 4 and 5 should be reversed for low flow
purposes, since the upland peaty soils of class 5 can sustain
low flows better than . the clay soils of class 4. Thus for low
flows the soil index ié modified to:

Soil = (0.1581 + 0.38, + 0.45; + 0.584 + 0.4535)

3
+ 54 + 35)

(51 +5, + 53

In developing a catchment model for this study use was made
of minimum infiltration capacities, and both variations of the
WRAP s0il index. Details of these investigations are given in

Chapter 3.

DRATNAGE DENSITY
General Hydrological Aspects

Drainage density is not only a physical characteristic of
the catchment bLut also a quantifiable description of drainage
networks. The extent of the drainage network reflects topo-
graphical, lithological, pedological and vegetational controls.
It is related to precipitation, the character of the run-off
response, and the topographic characteristics of the catichment.
The water and sediment response to rainfall in a catchment is
influenced by the length of water courses per unit area. Also

in catchments where all other conditions are identical it
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characterises the infiltration capacity of soils forming the
basin surface. For example in adjoining catchments of similar
geological formation, infiltration capacities can be markedly
dissimilar due to variations in the surface soil structure
resulting poseibly from drift deposits in one catchment not
eppearing in neighbouring catchments. These differences may well
be reflected in the drainage demsities of the two catchments, a
high density being found in the catchment with the lowest infil-

tration capacity.

The measurement of drainage density provides a quantifiable
description of a catchment characteristic and is defined as the
length of streams per unit of drainage area. Strahler (1957)
defined four main demsity values (knyﬂnﬂz) related to different

drainage networks (Fig 2.5).

Less than 5.0 - coarse network
5.0 = 13.7 - medium network
13.7 - 155.3 -~ fine network

Greater than 155.3 ultra fine network

Coarse networks are common in Great Britain and are prevalent
in areas of permeable rocks and/or low rainfall intensities.
Medium networks have been measured in humid areas of Eastern
U.S.A. and New Zealand, and fine densities have been recorded
in the Badlands of South Dakota and on weak clays in New Jersey.
Horton (1932) originally provided a range of densities from

1.5 miles per sq. mile (0.93 km per km>) to 2.00 (1.24) for
steep impervious areas in regions of high precipitation, and

nearly 0.0 in permeable basins with high infiltration rates.



-

Ultra Fine Network Fine Network

il 2

Medium Network Coarse Network

Fig 2.5 TFour Principal Drainage Density Classes
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2.5.2

2.5.3

Definitions of Drainage Density

The principal method of drainage density measurement is by
measurement of the blue lines on a map which represent drainage
channels. In the U.S.A. Morisawa (1957) compared results
using the blue line method with a method which measures the
line length, plus drainage channels assumed from contour
crenulations. Morisawa found that although the method incor-
porating contour crenmulations and field survey methods were not
significantly different, they both differed markedly from
results using the blue line method. She therefore concluded
that the blue line method should not be used in the U.S.A. for

2. These methods were also tested in

basins of less than 7 km
South East Devon in the Otter Basin (Gregory 1966). In this
instance the field mapped density measurement compared most
closely with the blue line method. This method appears
particularly appropriate in Britain where maps of many scales
are aveilable, thus removing the necessity of measuring contour

cremulations, and estimating the position of drainage channels.

The Flood Studies team used stream frequency as a des-
cription of channel network due to its high correlation with
drainage density. Stream frequency was measured by counting

junctions on a 1:25,000 map and dividing by basin area.

Method Adopted

The method of drainage density measurement adopted was
that defined by Horton (1945) which reflects the closeness of
chammels. It was expressed as the length of drainage channels

per unit area.
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2.:5.1

D = ZL/A

D ~ Drainage Density
£1 - Sum of the length of drainage channels
A - Area

The disadvantage of the blue line method is its reliance
upon map scale, for whilst it can take account of all three
stream categories (perennial, ephemeral, intermittent) it may
ignore the existence of one or more. However, provided the
same map sScale is used throughout this effect is minimized.
The 1:50,000 Ordnance Survey maps were used in the project as
they provided sufficient accuracy for a project covering large
catchment areas. It was felt that the accuracy of drainage
density taken from a 1:25,000 map was not warranted as it

would have been far too time consumihg.

SOLID GEOLOGY

General Hydrological Aspects

The significance of solid geology to hydrological processes
within the catchment is reflected in the natural recharge,
baseflow processes and the size of the active groundwater

gtore.

Of secondary significance is its interdependence
with catchment characteristics. TFor example, the solid geology
of a catchment dictates its relief, and that affects not only
hydrological processes but also meteorological characteristics
as mentioned earlier. In addition, geology is reflected in the
goil type which subsequently influences infiltration, inter-
flow and natural recharge. However the dfect of solid geology

upon hydrological processes withinthe catchment ultimately
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depends upon the nature of the deposit. Geologic groupings
are normally classified as sedimentary, metamorphic and igneous.
However for catchment studies unconsolidated and indurated

categories provide more useful classificiations.

The grain size distribution and nature of the matrix are
the principal factors controlling porosity and permeability in
sedimentary rocks, which are the principal water bearing rocks.
Porosity controls the volume of water held within the body of
the deposit and is defined as the volume of voids, expressed
as the percentage of total volume.

Porosity = Vol. of voids in a deposit
Bulk volume of the deposit

In the case of granular sediments porosity is not directly:
affected by the size of the grains, but is affected by the
uniformity of size, shape and packing characteristrics of the
grains. Permeability is a measure of the ease with which water
moves through the ground and is affected by the size, shape and

packing of grains and the degree of cementing between them.

Unconsolidated materials do not contain cementing materials
in their pore spaces. They are characterised by relatively
high porosities of 25 - 65%. In coarse poorly sorted muds the
porosities are as low as 20%, and yet in soft muds and organic
materials the porosities can be as high as 90% (Gregory and
Welling 1973). Included in this category are alluvial, aeolian,
colluvial and glacially transported materials. In aeolian
meterials there is a uniformity of grains in the silt and sand
size range, whereas in contrast, glacial moraines are often
poorly sorted. Permeability in unconsolidated materials varies

o]
greatly. The highest permeabilities can be as much as 10

30



greater than for the lowest (Gregory and Walling 1973).

Igneous and metamorphic rocks have low permeabilities and
small porosities. In these rocks fractures provide the major
meens of water movement. Indurated rocks are the less permeable
igneous and metamorphic -formations where the interlocking

nature of the crystalline structure leaves few, if any, voids.

Sedimentary rocks can also be indurated through cement-
ation of the grains by chemical precipitates of iron oxides,
calcium carbonates or some form of silica. One exception is
limestone in which fractures are widened due to solution by

groundwater, so making the rocks highly permeable.

202 Definitions and Method Adopted for Solid Geology

Solid geology is difficult to define in quantitative
terms, but for the purpose of this project it was necessary
to produce some form of quantitative description. As a result
of the interdependence of catchment characteristics, slope,
drainage density and soil indices all reflect some aspect of

solid geology.

The Low Flow Studies Report (1978) indexed solid geology
by estimating the proportion of total flow which drains from
a catchment as baseflow. This index was named the Baseflow
Index (B.F.I.) and is calculated as a ratio of flow under a
separated hydrograph to flow under the total hydrograph. In
ungauged catchments BFI is determined by reference to typical
BFI values for geologic types (Table 25.) contained within the
catchment. Annual values of BFI are stable, since even high

run-off years do not produce significantly higher or lower
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3FI values than average.

BFI values are similar to soil and drainage density
values in that they reflect an aspect of solid geoclogy. It
was thought that solid geology could be used to calculate

BFI using the method described in the Low Flow Studies

Report (1978). However, it was discovered that both BFI and
the baseflow parameters in the model could be better estimated
using other catchment characteristics such as drainage density,
soil ete. This was due to the strong interdependence which
exists between geology and these other characteristics. The
problems of quantifying sclid geology were overcome by simply
calculating the % of each geological formation present in

each cabchment

5T VEGETATION
2.1 General Hydrological Aspects

The importance of vegetation to catchment processes lies
in interception of moisture by the vegetative canopy, the
consequent reduction in overland flow and the abstraction of
moisture by roots and subsequent transpiration through leaves.
Horton (1919) produced the first definitive report on the effect
of vegetation and consequent interception with a study of a
New York hardwood forest. Research has tended to concentrate
upon forest cover since this is the type of vegetation which
affects interception losses and overland flow. Wilm (1956)
wrote that forest cover had the most substantial effect upon

net precipitation.
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The mest important factor controlling interception loss
is total canopy storage. The extent of loss is dependent upon
surface tension and configuration, leaf area, and storm size
and intensity. Leaf surface configuration alters with type
and condition of leaves in the canopy. This may change season
to season with insect activity and growth factors. Surface
tension increases with increased viscosity, viscosity increases
with decreased temperature. A large heavily veined, rough
textured leaf in still, cool air should have a large storage
capacity. Winter interception losses are significantly
greater in forests than in grassland where winter interception
values are normally very low. In deciduous forests in winter,
interception losses are reduced compared with coniferous forest

due to the leafless condition of the trees.

Horizontal interception is principally found in forests
as trees are able to extract moisture from the air which would
not normally fall as precipitation. Delfs (1967) found that
crowns of Norway Spruce are able to precipitate more moisture
from deep clouds than the leafless crowns of beech. Direct
condensation causes the formation of water droplets upon the
vegetation particularly during fog conditions and when wind-
speeds are high. The magnitude of fog drip is difficult to
determine although Nagel (1956) for example has
produced figures for Table Mountain. It will tend to occur on
the windward edge of upstanding vegetation and in foggy
conditions may exceed precipitation by a factor of two or three.

Plant debris and litter are known to be surface

detention stores, yet whereas overland flow has traditionally
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been seen as the major contributor to run-off. Hewlett and
Hibbert (1967) have shown this to be an over-simplification.

A study of rainfall and runoff records from sloping forested
catchments at Coweeta highlighted the importance of vegetation
to hydrological processes. They showed that aily exceptional
storms could produce flows in excess of 25% of gross rainfall,
and the greatest flows on record have rarely exceeded 50% of
the rainfall that produced them. DMost of the flow on forested
catchments was shown to be subsurface, thus substantiating

the theory that infiltration even on a sloping surface is

increased with the existence of vegetation and plant litter.

The water balance at the ground/air interface is not only
affected by water lost in transit between the vegetative canopy
and the ground, but also between the vegetative canopy and the
lower atmosphere. This loss is in the form of evapo-
transpiration and depends on the availability-of water at the
surface and the rate of diffusion of water vapour from the
surface. Compared with short vegetation, a forest constitutes
a rough aerodynamic surface and the resultant atmospheric
turbulence provides an efficient mechanism for the transport
of water vapour away from its surface. The Institute of
Hydrology (1973) found that this effect was shown by data
from their Thetford project which showed that the evaporation
of intercepted rainfall frequently exceeds the net radiational

energy.

Definition and Method Adopted for Vegetation

An index to express the coverage of woodland and grass/

arable was developed from a forestry commission 1:625,000 map
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used by the N.E.R.C. Flcod Studies report (1975) in their
consideration of land use. N.E.R.C. Flood Studies used the
percentage forest cover for each catchment experimentally in
regressions with mean annual floods for North West England,

but this did not prove useful. However, for this project, the
map did provide a means of separating grass/hzable landscape
from a forest landscape. This offered an indication of the
degree of interception which can be expected in a predominantly
rural catchment, given that, as previously mentioned forest lands
intercept significantly greater quantities of moisture than
usually expected from grass/arable lands. Unfortunately,
private woodland was not reprasentéd on the map but the Forestry
Commission believed the acreage of this within the Welsh catch-
ments to be small. The percentage woodland and graaq/hrable
were calculated for each catchment and tabulated.

SUMMARY

This chapter has discussed and evaluated those character-
istics considered to be most important in shaping the rainfall/
run-off response, including relief, slope, drainage density,
solid geology, soil and vegetation. In summarising each of these
characteristics a number of important factors have been noted and
those indices developed to quantify catchment characteristics

have been tabulated.

Relief
i) Drainage basin characteristic exercising influence
over both the rainfall/run-off process and sediment
production.

ii) Influences precipitation by governing the production

of orographic rainfall and possibly convective rainfall
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2.8.2

iii)

iv)

Slope

ii)

iii)

iv)

In winter months the areal distribution of snow
reflects patterns of relief, since air temperature
falls with altitude.

Relief is defined by maximum basin relief (Nash and
Shaw 1966) or hypsometric curves.

The method adopted utilises the maximum and minimum
altitudes of a sample of grid squares on a map, from
which average altitude can be determined and plotted
against percentage of total basin area with squares
above given heights. The average altitudes of each

zone are shown in Chapter 4, Table 4.14.

In steeply sloping areas the predominant movement of
water is laterally via interflow and overland flow.
In flatter areas water tends to move vertically by
means of infiltration and percolation.

Infiltration tends to decrease as sufface slope
increases, where gentler gradients predominate soils
are thicker and their water storage capacity is
increased.

Degree and shape of slope, concave or convex, affects
the degree of saturation which is reflected not only
in infiltration but alse interflow and translatory
flow (Hewlett and Hibbert 1967).

Slope affects the nature and thickness of soils since
water induced erosion is particularly important for
the movement of slope material and encourages a
variation in soil thickness related to gradient.

Slope can be defined by indices of valleyside slope

3T



24843,

vi)

Soil

i)

ii)

iii)

iv)

(Strahler 1950), stream channel slope (N.E.R.C. Flood
Studies Report 1975), or land surface slope (Linsley,
Kohler and Paulus 1949).

The method adopted was based upon the 1:50,000 0.S.
relief maps and provided a single index of catchment
slope based on a regular grid of sample grid squares.

The slope indices are shown in Table 2.4

Soil is composed of air, water, mineral and organic
matter. The organic portion is derived from decaying
matter, and the air and water are contained within
spaces between the particles, and the mineral portion
is derived frﬁm weathering,.

Soil texture is influenced by particle size and shape
which influences the storage of water.

Soil structure is determined by the arrangement of
particles, and includes single grain structures,
massive aggregates, compound structures and puddled
structures.

Soil can be defined in terms of soil infiltration
classifications (Musgrave 1957, Painter 1971), or a
more complex indicator based on an ordinal classification
of run-off potential based upon observable soil
properties.

The method adopted used the winter rain acceptance
potential (WHAP) indices from which a numerical soil
index was developed. The .soil indices as determined by
Soil Survey can be seen for each of the catchments in

Table 2.4
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2.8.4 Drainage Density

i) Drainage density is a physical characteristic of the
catchment and a quantifiable descriptor of drainage
networks.

ii) The extent of the drainage network reflects topo-
graphical, lithological, pedological and vegetational
controls, and is related to precipitation, run-off
response and topographic characteristics of the catch-
ment.

1ii) Measurement of drainage density is defined as the
length of streams per unit of drainage area.

iv) Drainage density is usually measured using the blue
drainage channels on a map, and this method was
adopted for this study. The measured drainage density

values are shown in Table 2.4

2.8.5 Solid Geology
i) The effect of solid geology within a catchment is
reflected in natural recharge, baseflow processes,
and the size of the active groundwater store.

ii) The effect of solid geology upon hydrological processes
within the catchment ultimately depends upon the
nature of the deposit, and for catchment studies these A
are mormally classified as unconsolidated or indurated.

iii) Geologic groupings are normally classified as
sedimentary, metamorphic and igneous.

iv) Porosity controls the volume of water held in the
body of a deposit, whilst permeability is a measure

of the ease with which water moves through the ground.

v) Solid geology was indexed by Lowflow Studies Report
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iv)

Vesatation
i)

ii)

iii)

iv)

vi)

(1978) by estimating the baseflow index (BFI)
calculated as a ratio of flow under a separated
hydreograph to flow under the total hydrograph.

Solid geology was quantified by calculating the per-
centage of each geological formation present in each

catchment as shown in Table 2.5.

The importance of vegetation to catchment processes
lies in the interception of moisture by the vegetative
canopy, the consequent reduction in overland flow, and
the abstraction of moisture by roots and subsequent
transpiration through leaves.

The most important factor controlling interception is
total canopy storage.

Horizontal interception is principally found in forests
as trees are able to extract moisture from the air
which would not normally fall as precipitation.

Plant debris and litter are known to be surface
detention stores and it has been shown that the
existence of vegetation and plant litter increases
infiltration even on a sloping surface and most of

the flow in forested catchments is subsurface.

Water is not only lost in transit between the
vegetative canopy and the ground but also between the
vegetative canopy and the lower atmosphere in the

form of evapotranspiration.

The method adopted to quantify vegetation was based
upon the percentage woodland and grass/arable for

each catchment, as shown in Table 2. 4

a
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3.1

CHAPTER 3

METEOROLOGICAL CHARACTERTSTICS AND
EYDROLOGICAL STORES AND PROCESSES

INTRODUCTION

The previous chapter reviewed those physical character-
istics important to catchment hydrology. This chapter
discusses the meteorological characteristics and hydrological
stores and processes acting upon and within those physical
characteristics. The aim is to identify the principal com-
ponents to be modelled and the weys in which they are related

to catchment characteristics.

The spatial and temporal variation of precipitation and
evaporation, the two primary meteorological processes, to a
large extent govern the spatial and temporal variation of the
hydrological stores and processes ultimately reflected in
streamflow. The temporal variation of precipitation and evapo-
transpiration is quite different, but contains similar elements
since both exhibit periodic and random variation. Anmial and -
diurnal variations exist in both processes, but these are
generally less apparent in precipitation than evapotrans-
piration. On the other hand, the random nature of precipitation
is far more significant than that of evapotranspiration.
Precipitation is more spatially varied than potential evapo-
transpiration, because in most regions rainfall is closely
related to topographical relief and this is in general more
spatially variable than the factors governing evapotranspiration.
Temperature is also a factor which can significantly affect
the spatial and temporal distribution of streamflow because in
regions where snow cover commonly persists for several weeks

or months it is the principal factor governing the accumulation
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and melting of the snowpack.

The variability of precipitation input into the system is
reflected in the state of the hydrological stores which govern
moisture movements via the hydrological processes. Two
principal stores exist which retain water for substantial periods
of time. They are the soil moisture and groundwater stores,
but other stores like the interception and snowpack stores,
although small and intermittent have a significant role to play.
The soil moisture store in particular is seen as a key controller
within the hydrological cycle since its status goverms the
behaviour of several primary processes. TFig 3.1 shows a
schematic representation of the hydrological cycle in which the
system is clearly divided into the principal stores and
processes. The snowpack store and snowmelt processes are some-
what unusual since they, unlike other stores and processes, are

highly temperature dependent.

The input of precipitation is significantly redistributed
in both time and space as it progresses through the system.
Nevertheless, these input characteristics together with the
equivalent characteristics of the potential evapotranspiration
output, provide the essential raw data from which it should be
possible to evaluate the streamflow characteristics. The rate
at which the system reacts to these primary processes can vary
from the rapid response of infiltration and overland flow, to
the relatively stable cycle of baseflow which tends to maintain

& more regular response to catchment conditions.

In the following secticns the mzin points raised here will

be discussed in greater detail. Xach section deals with one of
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the hydro-meteorological stores or processes and examines its
relationship to the catchment characteristics defined in
Chapter 2, its interaction with other stores and processes and

the nature and causes of its spatial and temporal variability.

Precipitation

The term precipitation refers to all forms of deposition
of water on the earth's surface, both liguid and solid. The
liquid forms include rain, drizzle, dew and fog drip which enter
the hydrological cycle immediately. In contrast precipitation
in the solid form occurs as snow, hail and hoar frost in which
there can be a long time lapse before these melt and continue
their passage through the hydrological cycle. By far the most
significant forms of precipitation are rainfall (including

drizzle) and snowfall.

Rainfall

For rainfall to occur warm moist air must be lifted through
the atmosphere. This lifting causes cooling which, in turn,
causes condensation of vapour into minute droplets of liquid
water, thus forming clouds. Provided these droplets remain of
microscopic size, no precipitation occurs. However, in thick
turbulent cloud or freezing temperatures droplets can grow in
size and gain sufficient mass to fall. The rate of lifting is
an important factor governing the rate of formation and ultimate
size of the droplets. Tor rainfall to occur there must be a
lifting mechanism, and it is therefore convenient to classify
rainfall in terms of the lifting mechanism causing its formation.
On this basis there are three forms, cyclonic, orographic and

convective. Each of these forms has its own characteristics in

terms of intensity, duration and spatial distribution.
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Cyclonic precipitation is caused by the horizontal
convergence of cold airstreams in an area of low pressure which
results in warm moist air being forced to rise above the cold
air, as illustrated in Fig 3.2. The gradient of the frontal
surface influences the nature of the precipitation produced.
The shallow warm front gradients tend to produce widespread
moderate rains of low intensity due to gradual lifting and
cooling. The steeper cold front gradients produce more rapid
uplift and cooling over shorter horizontal distances giving
rise to more intense rainfall of shorter duration. Cyclonic
precipitation characteristically lasts between 6 - 12 hrs. at
an éverage rate of about 2.5 mm/hr. (Barry R.G. and Chorley R.J.

1976).

Orographic precipitation occurs as a result of an air mass
being forced to rise over a physical barrier and tends to
increase both the frequency and intensity of rainfall, especially
in midslatitudeg, and generally derives from warm, particularly
cumilus congestus clouds. The intensity of orographic precipit-
ation varies with the depth of the uplifted layer of moist air,
deep layers producing heavier rainfall than a shallow layer,
and with the humidity of the rising air. Two primary sources of
orographic precipitation are firstly, the influence of surface
friction assisting the formation of stratus or stratocumulus
layers causing light precipitation, and secondly, frictional
slowing of an airstream moving inland over the coast (Fig 3.3).
Orographic precipitation rarely occurs independently but more
usually reinforces convective or cyclonic situations.

Convective precipitation derives from three sources and is

the least important form of precipitation in terms of total
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volume in the British Isles. Scattered convective cells
develop from strong heating of the land surface in summer,
and in moist unstable air passing over a warmer surface, also
tropical cyclones produce cumulonimbus clouds particularly
noticeable in the decaying stages of cyclones (Fig 3.4).
Convective precipitation produces a rate of downfall which is
greater than 4 mm/hr. (Barry R.G. and Chorley R.J. 1976) in
the form of showers and downpours which are generally brief

and localised.

In mountainous regions the interception of mist can
provide a significant part of total precipitation. Nagel (1956)
found that conditions on Table Mt., studies of which can provide
the foremost indicator of the effect of fog, are such that
clouds drift over so rapidly that the intensity of fog
precipitation measured and evaluated is twice that of mean
rainfall. This intensity is a function of the liquid water
content of the cloud and the speed with which it moves. How-
ever due to the difficulty of measurement, the importance of
fog precipitation has merely been noted in the event of
discrepancies arising between catchment input and output

which could realistically be due to fog precipitation.

Snow

The hydrological importance of snowfall derives from the
timelag between the occurence of precipitation in the form of
snow and its active participation in the run-off process. ' The

occurence of snow in the United Kingdom although seasonal is

irregular and unpredictable and forms 2 very small proporticn
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of total precipitation, except in the Eastern Highlands of

Scotland.

Wide variations in the frequency of snowfall and the
duration of snow cover exist due to differences in mean monthly
temperatures. Between elevations 60 - 3000 m the frequency of
snowfall (daya/?eara) increases by about one day per 15 metres
elevation. The average figures range from 5 days per year in
S.England and Ireland to between 30 to 50 days in the Pennines,
plus an additional 10 days in the Grampians and Cairngorms.

On Ben Nevis there are several semi-permanent snowbeds at about
1160 m., and it is estimated that the theoretical climatic
snowline, above which there is a net accumulation of snow is
approximately 1620 m over Scotland (Barry R.G. end Chorley R.J.

1976 ed.).

Increase in snowfall with altitude is due to the ambient
lapse rate or vertical temperature gradient. This is the
rate of fall of temperature with height in the free atmos-
phere. Opinion differs as to the mean lapse rate, from
0.6°C per 100 m (Linsley, Kohler & Paulus 1949) to 0.7°C per
100 m (Cole 1975). The greatest variations in lapse rate are
found in the layer'of air just above the land surface because

of the diurnal cycle of heating and cooling of that surface.

Snowmelt is important to the hydrologist primarily
because of the time lapse between snowfall and snowmelt. Snow-
melt occurs unpredictably, possibly within hours, weeks or
months of snow falling. In the U.K. snowpacks are generally
shallow and many catchments relatively small with limited

elevation range, melt commonly occurs similtaneously over
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entire catchments and is often rapid and complete. Consequently
on occasions snowmelt assumes a significant role in a major river
flood. TFor example, the River Severn experienced an extreme
snowmelt river flood in 1947, the highest peak discharge on
record. In the more mountainous regions (e.g. the Cairngorms)
large differences in surface temperatures exist within short
distances because of topographical variations. Consequently,
both snow accumilation and snowmelt are spatially highly variable.
This results in snowmelt run-off being spread over several

weeks or even months.

Evapotranspiration

Evapotranspiration is the process by which liquid water at
the earth/atmosphere boundary is converted to vapour and mixed
with the atmosphere. The term has two components, evaporation
and transpiration. Evaporation occurs from free water surfaces.
such as rivers, streams, lakes, ponds and puddles, and from soil
moisture and intercepted water. Transpiration is the process
by which water vapour escapes from living plants, principally

the leaves, and enters the atmosphere.

Evaporation from free water surfaces and evapotranspiration
are both governed by micro-meteorological conditions such as
radiation, temperature, humidity and wind speed. The rate of
evaporation is directly proportional to the difference between
saturation vapour pressure at the water surface and the vapour
pressure of the air at given temperatures. Wind velocity is a
factor since wind provides the mechanism for the importation of

fresh unsaturated air which will absorb available moisture.

Transpiration occurs when the vapour pressure in leaf cells
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is greater than the atmospheric vapour pressure. It is
controlled by plant and soil factors as well as atmospheric
conditions. Plant factors comprise the stage of growth,
rooting depth, demnsity, spacing, height and orientation, whilst
soil factors comprise the surface and root zone moisture
contents, slope, aspect, colour and surface roughness. Trans-
piration occurs when plant stomata are open in order to reduce
the temperature of plant leaves and follows the diurnal vari-

ation of temperature and intensity of solar radiation.

On bare soil surfaces the finer the soil texture and the
smoother the surface, the closer evaporation will approximate
the potential rate, decreasing rapidly below this as the surface
moisture content falls. However, on a vegetated soil surface
evapotranspiration will take place at a potential rate provided
the root system of the vegetative cover is not short of water.
Opinions differ as to the point at which soil moisture depletion
causes evapotranspiration to fall below the potential rate.
Veihmeyer and Hendrikson (1955) and Gardner and Ehlig (1963)
found that between field capacity and wilting point evapo-
transpiration takes place at the potential rate. However,
Kramer (1952) and Thornthwaite (1954) found that although evapo-
transpiration began at the potential rate, as soil moisture

content reduced so did the rate of evapotranspiration.

Penman (1949) observed that deeper rooted plants can go
on transpiring longer at or near the potential rate than shallow
rooted plants. He assumed that moisture is readily extracted
by different root systems up to a specified limit or 'root

constant'!. The oot constant' is defined as the maximum soil

moisture deficit that can build up without checking transpiration.
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Penman suggested that because moisture tends to move relatively
slowly through the soil body, the available moisture is
restricted to the water in the immediate proximity of the
rooting system, which will be partly limited by the depth of
soil and partly by soil type. Grass generally has a root constant
of about 75 mm, and this would mean that 75 mm of moisture can
be removed by grass before transpiration falls below the
potential, after which transpiration falls to between .1 = .08
of the potential, Other general root constant estimates are
cereals 140 mm and trees 200 mm upwards, Walley and Hussein
(1982) developed a soil-moisture-plant model in which, when

the soil moisture is relatively high, the estimated potential
suction in the leaf is low, Therefore, actual suction is close
to the potential value and transpiration proceeds at close to
potential., When the soil moisture is relatively low, potential
suction is high, but actual suction is reduced and actual trans-

piration falls below potential.

The temporal variation of evapotranspiration is seasonal,
being greatest in summer months, and smallest in winter months,
whilst the spatial variation relates primarily to altitude,
being less at high altitude than at low altitude. El1 Gusbi
(1979) used the MAFF Bulletin No, 34 which contained mean
monthly potential evapotranspiration and altitude data for the
Welsh catchments, to produce a linear regression equation
between monthly mean evapotranspiration and altitude for each
month of the year. This equation was initially only related to
an altitude range of 100 = 350 mm and subsequently extended to
cover high altitude regions. This was done by using

high altitude evapotranspiration data published by the
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Meteorological Office together with the aforementioned data to
derive the monthly evar otranspiration/altitudinal relationship.
A linear regression equation was determined which can be used
to estimate monthly evapotranspiration in éhe Welsh catchments
for any altitude in the range O - 1400 m. Although due to the
shortage of high altitude data this method is only considered
to be reliable in the 0 - 400 m range, the figures calculated
by E1 Gusbi for the rate of change of evapotranspiration with
altitude (Table 4.1) were subsequently used in the estimation

of catchment evapotranspiration in this study.

Interception
The water lost in transit between the lower atmosphere,

Jjust above the vagetatife canopy, and the ground surface
represents the interception loss. Interception is essentially
of two types - vertical and horizontal. Vertical interception
is by far the most significant and represents a reduction in
precipitation input, whereas horizontal interception can result

in a gain in moisture input to the hydrological system.

Vertical interception refers to that amount of preci-
pitation, normally rainfall or drizzle, which is intercepted
in its downward journey by vegetation and subsequently either
evaporates (interception loss), drips to the ground (drip) or
runs down the stem of the plant (stemflow). Interception loss is
that part of total interception which evaporates from the
vegetative canopy and is thereby lost to the hydrological system.
The amount of water, expressed in terms of equivalent rainfall,
which can at any time be held in storage within the vegetative

canopy is called the interception store. It is from the

interception store that the hydrological processes of
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interception loss, drip and stemflow operate. DNormally the
interception store is empty, but during rainfall it accumulates
water and may become full and even overflow by means of the drip
and stemflow processes. These processes cease soon after the
rainfall ceases and the interception store slowly empties by
means of evaporation, thus producing the interception loss.
Meanwhile, transpiration reduces to a low level while the
evaporative power of the atmosphere is utilised to remove the
intercepted water. Once this is removed transpiration returns

to its normal level.

Horizontal interception refers to water which accumulates
on the vegetative canopy as a result of the interception of
drifting fog or mist. When this accumulation is so great as to
cause stemflow and drip it thereby results in a gain of moisture
to the hydrological system, since the drifting fog and mist

would not otherwise result in precipitation.

The significance of interception loss to the catchment
water balance is that firstly, interception losses are
essentially evaporative. Interception loss is closely related
to evapotranspiration loss since evaporation provides the
mechanism by which the loss occurs. Although no different
to the evaporation of rainfall from the ground surface, it canm,
especially in forests, result in a moisture loss over and above
the calculated potential evapotranspiration. This is because
the trees in effect 'hang their leaves out to dry' and thereby
present a larger and better ventilated drying surface than can
be presented by the ground surface. Secondly the water balance

is affected by the loss of intercepted precipitation otherwise

available for direct evaporation, infiltration or overland flow.
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Thirdly the interaction of water loss and gain in vertical and
horizontal interception may result in a net gain of water in the
catchment area. This is most likely to be true in forested

areas of high relief where fogs or low cloud are prevalent.

On a local scale interception affects catchment hydrology
via the areal distribution of precipitation actually reaching
the ground. Thus throughfall and meltwater are concentrated
on the edges of the crowns whilst stemflow and concentrated
drip close to the trunk often results in striking differences

in soil moisture content over very small distances.

The effects of afforestation have highlighted the signi-
ficance of interception loss. On an area of 0.111 acres at
Stocks Reservoir, Slaidburn, a loss of one million gallons
per day resulted for every 1,500 acres afforested (Law 1956).
The total estimated throughfall on the Sitka Spruce plantation
showed 3%8% interception, yet the amount of interception was not
a constant ratio with rainfall, being greater with light rains
of short duration than with heavy or prolonged rains. Therefore
the interception store will form a small proportion of a heavy
rainfall event, but a larger proportion of a light fall.

Heather communities also have large interception losses due to
the thickness of the vegetative canopy, and interception values
of %5% - 66% of total precipitation penetrate the canopy
indicating values similar to pine stands. In Leyton's (1967)
study of heather communities it was found, as might be expected,
that interception loss was governed by the number of wetting and
drying cycles in the vegetation, and these in turn generally

relate to the number, size and distribution of rain showers.
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Snow interception does not rely upon the intensity and
duration of precipitation but on snow accumulation or the
vegetative surfaces. This is prone to large scale mass release
by rainwash and sliding resulting from its own weight, and is
frequently aided by wind induced movement of the vegetation
and the smaller scale release of snow particles and meltwater

drip.

Careful consideration must therefore be given to the effect
which interception, particularly in forested areas, has upon
the real system before deciding how, if at all, it should be

represented when modelling.

Infiltration

Infiltration is the term used to describe the process by
which surface water enters the soil moisture store. The
proportion of total rainfall infiltrating the soil surface is
spatially varied depending upon the distribution of rainfall,
soil type distribution, soil moisture conditions and topography
of the catchment. The infiltration capacity at any point in
time or space represents the ability of the soil to admit water
if supplied to its surface, and is dependent upon three principal
factors.

(a) The physical nature of the soil i.e. porosity, pore

size, distribution, structure, proportion of colloids.

(b) Soil moisture content.

(¢) Surface slope.

Water will only enter the soil body when a water film exists
at the void entrances. Consequently, if the soil surface dries
out due to evaporation it requires wetting before infiltration

begins, except where water is entering macrovoids which allow

5T



easy entry. Infiltration is also slowed where clay mineral
swelling has reduced pore size, particularly near the surface,
and where inwashing of fine materials infto soil surface openings

impedes entry.

The infiltration of water into the soil has two components.
The transmission component represents a steady flow through the
soil in a continuous network of large pores. The diffusion
component represents flow in discrete steps from one small pore
space to the next in an haphazard fashion. When a soil moisture
deficit exists flow into the soil body just replenishes the
deficit and then creates a surplus. The flow is initially rapid.
and then gradually slackens as air in the voids is displaced
and replaced by water. Thus the capacity of the soil to
infiltrate water decreases as the moisture content of the soil
incre#sea, given that water continues to be applied to the
surface at a rate greater than or equal to the current
infiltration capacity. The minimum infiltration rate is reached
when the infiltration capacity has declined until a steady state
level is attained. Its value depends upon the rate at which the
surplus water within the soil can continue draining either
vertically as deep percolation, laterally as interflow or
through land drainage systems. Following the cessation of rain-
fall, wind action and differential temperature close to the soil
surface aids the reopening of soil pores, shrinkage of colloids
takes place and the infiltration capacity of the soil slowly
returns to a higher value. Minimum infiltration rates vary
with soil grain size and ranges from O - 4 mm/hr. for clays to
12 mm/hr. or more for sands. The effects of soil and slope

upon infiltration capacity are discussed more fully in sections
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The effect of vegetation cover can produce long term
changes in the base status of soils, affecting the stability
of aggregates and altering soil pH which consequently affects
the micro-organic population causing structural breakdown and
decreasing infiltration. The surface detention store created
by plant debris on forest floors provides for constant
infiltration during rainfall events, whilst the removal of
vegetation cover followed by heavy rain can reduce infiltration
by causing a surface pan to form as fine particles are displaced

from peds by impact and washed into the voids.

Soil Moisture

The soil moisture store is a key controller within the
hydrological cycle, and within the vertical and lateral
movement of water with the soil mantle. The main factors
affecting the retention of water within thsz soil are the soil
texture and structure. Texture may be defined by the grain size
distribution and this, together with bulk density, governs the
pore size distribution which in turn determines the capillary
characteristics of the soil. It is the system of capillary
channels formed by the interconnection of the pore spaces
between the soil grains which is principally responsible for
the soils ability to retain water against gravitational and
other forces. This retaining force is called the soil moisture

suction or tension.

Soil structure is defined by the size and shape of natural
blocks or peds consisting of a conglomeration of grains. The

ped are separated by a system of cracks which are somewhat wider
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than the pore spaces between grains. When the soil is very wet
these cracks provide important drainage chammels which supple-
ment the system of capillary chammels and enable the soil to
drain down to the moisture content known as field capacity. At
field capacity moisture is retained naturally against gravit-
ational forces, but in excess of field capacity the surplus
moisture cannot be held in the soil and therefore drains away,
some through the peds and some a2long the cracks. The division
between the two depends upon the nature of the soil and the
degree and type of structuring. Drainage along cracks, for
example, being more predominant in clayey soils than sandy soils.
At moisture contents below field capacity the cracks tend to
become filled with air and cease to be of significance to water
movement. TUnder these conditions the movement of moisture
towards root hairs within peds predominates. A comprehensive
soil-moisture plant model which incorporates unsaturated flow
and root abstraction algarithms has been presented by Walley and

Hussein (1982).

The two principal retention forces which exist are
adsorption and capillary. The adsorption of liquid soil water
or vapour upon the surface of soil particles is of an electro-
static nature, where polar water molecules attach to the charged
face of solids. It produces only a thin film, yet where the
total surface area of the particles is large, as is the case with
clays, the amount held overall can be quite significant.
Capillary forces occur in unsaturated granular soils at the
interface between soil-air and sojl-water. The removal of water
from the unsaturated zone by roots or surface evaporation induces

an upward movement of water from the water table which is powered
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by capillary forces. In clays this upward movement is restricted
by the low hydraulic conductivity due to fine pores.

Capillary rise may also become restricted in granular scils if
the moisture content drops to a level where the unsaturated

hydraulic conductivity is very small.

Water enters the soil body as infiltration and the initial
downward movement is generally quite rapid since surface porosity
is often relatively high and during periods of moisture deficit
the suction gradient near the surface is large. As the moisture
content throughout the soil profile increases, the suction
gradient decreases towards the unit gravitational gradient and
the rate of downward movement tends to decline. When the supply
of water at the surface éeases, the movement of moisture within
the soil decreases further and the water content of the upper
zone stabilises within a few days at the field capacity value,
field capacity is the amount of water held in the soil after
excess water has drained away and the rate of downward movement
has effectively ceased. It corresponds to a soil moisture
suction (tension) of about 0.05 to 0.2 bars. Fig 3.5 shows a

typical field capacity profile for a loamy sand overlying clay.

Other standard soil descriptions include wilting point
which may be defined as that moisture content at which permanent
wilting of plants occurs, and which corresponds to a suction of
about 15 bars, and saturation which corresponds to a suction of
O bars. The wilting point and field capacity moisture contents
define the approximate limits to the amount of water available
for plant use, commonly referred to as'available moisture'. In

‘reality the limits to 'available moisture' are not precise

constants because the real soil-moisture-plant system is far more
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complicated than this simple theory assumes. Nevertheless,

the concepts of field capacity, wilting point and available
moisture are sufficiently close to reality fto provide a sound
basis for a working model. Tigs 3.5, 3e¢be1 and 3,6.2 show
retention characteristics of three soil profiles, Fig 3.5 is

a loamy sand overlying clayey keuper marl. The large volume of
unavailable water reflects the high clay content in the lowest
horizon. The fall in available water with depth is a common
feature of soil profiles, and in this instance is accentuated
by a relatively dense clay subsoil. Fig 3.6,1 is a loamy sand
over sand with a large amount of fine sand in all horizons.

The negiigible unavailable water is typical of sandy soils, and
evaluation of the field capacity for such soils can be difficult
as the water content can alter markedly between 1 - 5 days after
saturation. TFig 3.6,2 is a clay loam soil with a clay boundary
at the'A'horizon. The large volume of available water at the
surface is due to the organic matter content. In deeper

horizons there is a typically large volume of unavailable water.

In the case of Fig 3.7 which shows the redistribution of
moisture following the cessation of infiltration downward
percolation is limited and lateral movement depends on local
relief, hydraulic conditions and efficient drainage measures.
Drainage as natural recharge only occurs in significant amounts
when the soil moisture content exceeds field capacity. Divergence
between the water content at 0.05 bar, a commonly used upper
limit of available water, and field capacity at 48 hours after
saturation is likely to be greatest in peaty soils and in
coarse textured soils with shallow water tables. Elsewhere the

difference is likely to be small and most likely within the
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random error inherent in the physical measurements. In general
terms Linsley (1975) found that the total amount of stored
available soil moisture varied with soil type, ranging from
about 4 cm per 100 cm depth in sand, to 17 cm or more for each

100 cm depth in clay loam.

The total amount of water available for transpiration
therefore depends upon the soil type and the effective depth
of the soil. The effective depth being the rooting depth of the
vegetation or the soil thickness, whichever is the lesser. At
some point between field capacity and wilting point the
decreasing moisture content reaches a level at which the roots
cannot maintain abstraction at the potential transpiration rate.
Root abstraction ceasesaltogether at wilting point. Milthorpe
(1960) in summarising evidence from a number of studies con-
cluded that the weight of evidence was for a progressive decline
in the rate of transpiration as the soil water deficit increased.
Opinions differ on the point when potential and actual trans-
piration rates depart from one another and by how much. Penman
(1963) found that transpiration from a crop proceeds at the
potential rate until the root reservoir is depleted, beyond
this point, which is known as the root constant, transpiration
drops below the potential rate. The root constant is principally
a plant characteristic dependent upon the depth of rooting, and
has been described as the maximum soil moisture deficit that can
be built up without checking transpiration. For the purposes
of this project as the deficit proceeds below the root constant
actual transpiration declines linearly until wilting point is
reached. This problem is further discussed in Chapter4

and illustrated in Fig4.2
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3.7

Qverland Flow

Overland flow occurs when rainfall intensity is so great
that all the water caéTEnfiltrate and consequently flows across
the surface. It moves over the ground surface as a thin sheet
of water or as flow anastomosing in small ftrickles or minor
rivulets. Overland flow is intermittent and spatially highly
varied, supplied by rain and depleted by infiltration, neither

of which are constant in time or location.

The temporal distribution of overland flow is related to
gseasonal changes in soil moisture content. Overland flow being
greatest in winter when soils are wetter, evaporation low and
rainfall high. The spatial distribution of overland flow tends
to be related to rainfall distribution and is often common in
areas with no vegetation and a thin soil cover, such as in
steep mountainous areas where rainfall is greatest. Many storms
produce overland flow from limited contributing areas at much
lower rainfall intensities than are required to exceed the
infiltration capacity over the whole basin. The concept of
variable source areas (Hewlett and Hibbert, 1967) attempts to
reconcile the absence of widespread overland flow with the
rapid response of most streams to precipitation by postulating
that over the surface movement of water is restricted to limited
areas of the drainage basin. Areas contributing to overland
flow include the zones at the slope base marginal to the stream
channels, where despite usually thicker soils lateral soil
drainage commonly produces high antecedent moisture conditions
in the upper layers (Kirkby and Chorley 1967). As the storm
continues the zone of saturation extends upslope to an extent

determined by storm intensity and the character of the soil
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profile. Dunne and Black (1971) applied the variable source
area concept to snowmelt produced where frost and subsnow pack
saturated soils may provide the mechanism for the generation of

overland flow from a2 continuocusly varying area.

The direction of overland flow is along the line of
steepest descent. The rate of flow being governed by the
physical character of the catchment, particularly the capability
of the soil to allow re-entry via infiltration, and the topo-

graphic form of the ground surface.

Intexrflow

Interflow is that water which moves transversely through
the soil zone without penetrating to the underlying zone of
saturation. As such it embraces all water discharged from the
unsaturated zone including that from perched water tables. The
conditions favouring interflow are those in which lateral
hydraulic conductivity in the surface horizons of the soil is
substantially greater than the overall vertical hydraulic
conductivity through the soil profile. During prolonged or
heavy rainfall water will enter the upper part of the profile
more rapidly than it can pass vertically through the lower part,
thus forming a perched saturated layer from which water will
escape laterally, i.e. direction of greater hydraulic
conductivity. Hydraulic conductivity is greater in the surface
layers than deeper down the profile. There may be several levels
of interflow below the surface corresponding to textural changes
between horizons and the Jjunction between the weathered mantle

and bedrock.

At the onset of rainfall some water enters the soil and
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percolates downwards, raising the soil moisture content as it

goes. Hewlett and Hibbert (1967) found that translatory flow,

which is flow produced by the displacement of water stored

in the soil mantle, enables rainfall events at times when the
capocity

soil is at or above fieldLﬁo produce a rapid interflow response.

This form of flow is most noticeable on mid or lower slopes and

explains the rapid response of streamflow to rainfall events in

areas where overland flow is not discernmible.

Weyman (1970) in his studies of East Twin Brook found
maximum interflow to be in the 'B' horizon, but concluded that
all soil layers must be saturated before interflow could begin
to contribute to channels. In the conditions illustrated in
Fig 3.8.1 the soil profile is completely saturated and lateral
flow is occuring rapidly, particularly in the highly permeable
surface layers. Flow continues in the less permeable layers of
the profile but is more restricted. A zone of potential lateral
flow in all soils is at the base of the 'C' horizon where it
meets the bedrock. Fig 3.8.2 illustrates a soil profile where
saturation conditions exist in the lower less permeable areas
of the profile, and even though the entire profile is not

saturated interflow is still occuring.

The conifer and grass covered headwaters of the Severn
and Wye at Plynlimon show the existence of 'pipes'! to be the
principal factor to interflow (Inst. of Hydro. 1971). The
hillside peat soils transmit water through a natural network of
pipes, commonly ephemeral and occuring at depths of less than
300 mm with diameters of 20 - 40 mm. They usually run normal
to the contours of the hillslope and have. been traced for several

hundred metres. The location of pipes may be governed by an
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horizon of low stability but animal and rodent burrows may also
initiate piping. Piping tends to occur in soils with a high
silt content and high percentage of swelling clays, and in areas
with periodic high intensity rainfall and a record of

devegetation.

Interflow emanates from the soil moisture store, the rate
of movement being principally determined by the quantity of
precipitation infiltrating the soil, and the antecedent moisture
condition of the soil body. Its significance for the hydro-
logical system relies increasingly upon the view that interflow

is a rapid contributor to stormflow.

Natural Rechar, ep Percolation

The term natural recharge as used in this study is defined
as that water which percolates through the soil body to supplement
the groundwater. Recharge occurs as a result of infiltration at
the ground surface and as groundwater leakage from adjoining
catchments. In arid or semi-arid areas it can also result from
influent seepage from surface water 