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STATEMENTS

1. Raindrop splash anisotropy is a factor affecting splash erosion.
Slope, wind and overland flow velocity are the factors contributing to
that anisotropy.

This thesis, Section 7.4.

2, At the hillslope scale, wind action should be considered in the
modelling of overland flow.

This thesis, Sections 7.1 tc 7.3.

3. The morphological factors affecting overland flow on sleopes are: slope
gradient, slope length, slope shape, and sleope exposure to prevailing
rain-bringing winds.

This thesis, Chapter 6.

4. The procesSes of overland flow and infiltration occur simultaneously
in nature during and after the occurrence of rainfall. What is required
in overland flow modelling is a combined study of these two processes.

R.E. Smith and D.A. Woolhiser, Water Resources Research 7 (1%971):
899-913.
This thesis, Chapter 5.

5. Depression storage as a result of tillage is of considerable impor-
tance in the assessment of water erosion.

This thesis, Chapter 4.

6. Kinematic wave sclutions of the overland flow process have been shown
to give very accurate vresults for most hydrologically relevant
situations.

D.A. Woolhiser and J.A. Liggett, Water Resources Research 3
(1967): 753-771.
This thesis, Chapter 2, 4, 5 and 7.

7. In contrast with the classical approaches in studies on overland
flow, ophysically-based models are presently being used to model the
overland flow process. However, the application of these models to field
situations often fails due to specific processes or conditions generally
not taken into account.

B8, Wind effects on overland flow should be taken into consideration in
the design of roads and highways with respect to aquaplane phenomenon.



9. Widespread agreement exists that water erosion has severely impaired
land productivity in many parts of the world. Yet, reliable data on the
amount of human-induced erosion and its impact on permanent soil
productivity 1s nearly nonexistent. There is a need for standardizing
metodologies to inecrease reliability and accuracy of data on soil
erosion.

10. Nomographs have not lost their usefulness in the computer age. As s
consequence nomography should still be included in the curriculum eof
practical courses such as the agricultural and civil engineering.

11. Better sclentific and techmeological cooperation between universities
and industry could be achieved by a regular interchange of scientific
staff. Further, particular demands for specific profiles of engineers
should be contemplated when defining or reviewing the curricula of both
technical and university courses.

12, Indiscriminate budget cuts at universities may result in a rapid
decline of research potential and quality of those departments that are
mainly relying on the public sector.

13. Begin at the beginning, and go on till you come to the end; then
stop.

Lewis Carrcll, Alice’s Adventure in Wonderland (1865).

J.L.M.P. de Lima

Overland flow under rainfall:

some aspects related to modelling and conditioning facters.
Wageningen, 8™ December 1989




ABSTRACT

Lima, J.L.M.P., de, 1989. Overland flow under rainfall: some aspects
related to modelling and conditioning factors. Doctoral thesis,
Agricultural University Wageningen, Wageningen, The Netherlands,
(XIT) + 160 p., 60 Figures, 8 Photographs and 2 Tables (Summary and
Conclusions in English, Portuguese and Dutch).

This study concerns the theory and some practical aspects of
overland flow under rainfall. COf the conditioning factors and processes
which govern the generation of overland flow, the following were
studied: depressicn storage, infiltration, merpholeogy and wind. Special
attenticon was paid to wind-driven rain and its effect on raindrops,
raindrop splash and wind induced shear stress on the water-air boundary
in relation to overland flow.

The study was carried out by means of laboratory experiments and
mathematical modelling, both numerical and analytical. The laboratory
experiments included the use of two rainfall simulators and a wind
tunnel. Impermeable surfaces (concrete, plastic, plywood and Perspex)
and pervious surfaces (loess from Limburg, the Netherlands, and a clay
leam from Alente jo, Portugal) were used. A photographic set-up was also
used for the assessment of the factors affecting raindrop splash
anisotropy.

In the modelling of the overland flow process, the kinematic wave
appreach (along with linear and nonlinear assumptions) was used, both
for the numerical and analytical solutions. Two numerical models were
developed: model KININF for overland flow on an infiltrating surface,
and model WROF for overland flow under wind-driven rain. An analytical
solution was derived for the rising limb of overland flow over
infiltrating surfaces of parabolic shape. The upper boundary conditions
used on overland flow studies were also discussed, both with and
without wind effects.

Free descriptors: Overland £low; sheet flow; hillslope hydreleogy;
kinematic-wave; finite difference schemes; water erosion; sheet
erosion; splash erosion: depression storage; infiltration; rainfall
simulation; seil flume; wind action.



ACKNOWLEDGEMENTS

The author would like to express his gratitude to Prof. Dr. W.H.
van der Molen {(Wageningen Agricultural University) for giving him the
opportunity to carry out the present studies under his supervision and
guidance. He very much appreciated his continued encouragement and his
valuable criticism and corrections of the text.

The author expresses his gratitude to Dr. R.W.R. Koopmans and Ir.
P.M.M. Warmerdam for the stimulating discussions during the various
stages of this work. He further wishes tou thank the staff of the
Department of Hydrology, Soil Physics and Hydraulics (formerly the
Department of Land and Water Use and Department of Hydraulics and
Catchment Hydrology) for their kind and continued cooperation.

The present study was carried out while on leave from the
University of Coimbra (Portugal) and financially supported by "Comissdo
Permanente INVOTAN" of Portugal. Both are gratefully acknowledged. The
author wants also to express his gratitude to Prof. Dr. V.M, Graveto,
who kindly made the necessary arrangements to temporarily relieve him
of his teaching activities at the University of Coimbra.

The author tried to make acknowledgments as specific as possible
in the body of the text. To all the specific contributions the author
is very grateful. Any omission on his part has been entirely inadvert-
ent. The drawings were made by A. van't Veer whose work was most
worthwhile.

Vi



ABOUT THE AUTHOR

Jode Luis Mendes Pedroso de Lima was born in Coimbra (Portugal) on
October 26%1', 1959. He received his degree in Civil Engineering
(specialization Hydraulies) at the Faculty of Science and Technology of
the University of Coimbra in 1982. In November 1982 he joined the
Department of Civil Engineering of the University of Coimbra were he
taught courses in Hydraulics, Hydrology and Applied Hydraulics.

He undertook several trainings: Delta Works (Ri jkswaterstaat), The
Netherlands in August-September 1982, and Villarino Fall (Iberduero),
Spain in July-August 1983. From August to December 1983 he attended
the 22™ International Course on Land Drainage, held in Wageningen and
organized by the International Institute for Land Reclamation and
Improvement (ILRI) and the International Agricultural Centre (IAC).

He entered the Agricultural University Wageningen in August 1985,
and received the degree of Master of Science in Soil Science and Water
Management, speclalizations Agrohydrology and Drainage, in June 1987.
During the subsequent two and a half years he has been working on the
present research with Prof. Dr. W.H. van der Molen, in joint co-
operation between the Department of Land and Water Use and the
Department of Hydraulics and Catchment Hydrology of the Agricultural
University Wageningen. Since the 15t of October 1989 these two
Departments, together with the Soil Physiecs group {of the Soil Science
Department), merged into the Department of Hydrology, Soil Physics and
Hydraulics.

His present address is: Departamento de Engenharia Civil,
Faculdade de Ciéncias e Tecnologia,
Universidade de Coimbra,
3049 Coimbra Codex,
Portugal .

Vil



CONTENTS

INTRODUGT ION

PART ¥ - IMPORTANCE, PHYSICAL BACKGROUND AND DEFINITIONS

1. OVERLAND FLOW

1.1. What is overland flow ?

1.1.1. Introduction

1.1.2. Types of overland flow

Conditioning factors

Overland flow and {(agro)hydrology

Overland flow and water erosion

Overland flow and water quality

1.5.1. Intreduction

1.5.2. Urban runoff and water pollution

1.5.3. Agricultural runoff and water pollution

. Overland flow as a system of treatment of wastewater

1.7. Overland flow and surface irrigation and drainage
1.7.1. Overland flow and surface irrigation
1.7.2. Overland flow and surface drainage

References

e
w B

—
(2}

FART II - SOME ASPECTS RELATED TO THE MATHEMATICAL MODELLING

2. MATHEMATICAL MODELLING OF THE OVERLAND FLOW PROCESS

2.1. Intreduction
2.2. Kinematic wave modelling
2.3, Numerical solutions of the kinematic wave equations
2.4. An analytical kinematic model for the rising limb of
overland flow on infiltrating parabolic shaped surfaces
Abstract
2.4.1. Introduction
2.4.2. Theory
2.4.3. Example I - Comparisom with the model of
Zarmi et al,.(1983)
2.4 .4 Example II - Application

17

17

18

21

22
22

26




2.4.5. Conclusion
References
References

3. UPPER BOUNDARY CONDITIONS FOR OVERLAND FLOW

Abstract

3.1. Introduction

3.2, Laboratory set-up
3.3. Results

3.4. Conclusions
References

PART IIT1 - SOME ASPECTS RELATED TO CONDITIONING FACTORS

4. A KINEMATIC OVERLAND FLOW MODEL TO DETERMINE DEPRESSION
STORAGE OF TILLED SURFACES

Abstract

4.1. Introduction

4.2. Theory
4.2.1, Basic equations
4,2.2. Approximate analytical method
4.2.3. Application to impermeable surfaces
4,2.4, Flow resistance formulae

4.3. Description of the laboratory experiment
4.3.1. Lahoratory set-up
4,3.2, Tillage models
4.3.3. Hydraulic measurements

4.4 . Results

4.5, Conclusion

References

5. OVERLAND FLOW AND INFILTRATION

5.1. Introduction
5.2. The model KININF
.1. Introduction
2. The infiltration model
3. The overland flow model
4. Depression storage, detention storage and obstacles
.5. Stability conditions
6. The combined model of overland flow and infiltration
7. The computer model
8. Test runs
5.2.8.1. Overland flow and infiltration for a
medium fine sand
5.2.8.2, Comparison of overland flow hydrographs
for different soils

L bhun b
[ =R R G G S )




5.3. Laboratory experiments on soil flume under simulated rain
5.3.1. Introduction
5.3.2. Laboratory set-up
5.3.3. Results

5.4. Conclusion

References

. MORPHCLOGICAL FACTORS AFFECTING CVERLAND FLOW ON SLOPES

Summary

6.1. Introduction

6.2. Results
6.2.1, Slepe gradient
6.2.2. Slope length
6.2.3. Slope shape
6.2.4, Slope exposure

6.3, Conclusion

References

. OVERLAND FLOW UNDER WIND-DRIVEN RAIN

7.1. The influence of the angle of incidence of the rainfall
on the overland flow process

Abstract

7.1.1. Introduction

7.1.2. Descriptioen of the model

7.1.2.1 The angle of incidence of the rainfall
7.1.2.2 Considering the effect of inclined rainfall
7.1.2.3 Considering the effect of the wind in the water-

-air boundary
7. Considering the effect of the splash
7. The computer program
7.1.3. Verification of the model: wind tunnel experiment
7.1.4. Example of application
7.1.5. Conclusion
References
7.2. overland filow under simulated wind-driven rain
Abstract
Résumé
Zusammenfassung
Notation
7.2.1. Introduction
7.2.2. Experimental set-up
7.2.3. Results
7.2.3.1. Experiments with constant wind speed
7
7

1.
1.

wo

b ro

.2.3.2. Experiments with variable wind speed
.2.3.3. Testing the model WROF

7.2.4, Conclusions

References

X1



7.3. The effect of oblique rain on inclined surfaces:
a nomograph for the rain-gauge correction factor
Abstract
7.3.1. Intreduction
7.3.2. The nomograph
7.3.3. Examples of application
7.3.4, Conclusion
Appendix - Equations used to construct the nomcgraph
References
7.4. Rainfall splash anisotropy: slope, wind and
overland flow velocity effects
Summary
Résumé
7.4.1. Introduction
7.4.2. Experimental set-up
7.4.3. Results and discussion
7.4.3.1. The effect of slope
7.4.3.2. The effect of the wind: oblique drop
trajectories
7.4.3.3, The effect of wind: splash droplet
trajectories
7.4.3.4, The effect of overland flow velocity
7.4.4, Conclusion
References

SUMMARY AND CONCLUSIONS
SUMARIO E CONGLUSOES
SAMENVATTING EN CONCLUSIES
NOTATION
AUTHCR INDEX
APPENDIX A - Derivation of some equations presented in Sectiom 7.1
APPENDIX B - Additional information on the model WRCF
B.1. Basic assumptions
B.2. Model inputs and outputs
References
APPENDIX C - The erosion experimental statiom of "Vale Formoso"
C.1. Introduction
C.2. Location and general description

C.3. Egquipment
References

X1l

115
116
116
118
119
119
121
122

123
124
124
124
125
126
126

126
128
128
130
130
133
137
141
145
147
151
153
153
154
156
157
157
157

158
160



INTRODUCTION

Among the planets, Earth is characterized by an abundance of
liquid water. The hydrologic cycie is a major force in reshaping the
surface of the Earth. Within this cycle, overland flow is defined as
the movement of water over the land surface before it concentrates into
recognizable channels. Overland flow is a key process within the
hydrologic cycle and a subject of great importance for people and
their environment. Practical applications are found in the design of
hydraulic structures, in irrigation, drainage, flood contrel, erosion
and sediment control, waste water treatment, environment and wildlife
protection, to mention only some of the wmost important fields of
interest.

The physical system investigated is schematically illustrated in
Fig.1l.

inferception
storage

rainfall

&] evapotranspiration
wind I
% depression

storage

infilfration
overiand

flo\ﬂ'g

Fig. 1 The physical system under investigation.



Not all rain reaching the surface is removed by overland flow
because part of it is involved in other processes such as infiltration
into the seoil, interception by vegetation, accumulation of water im
depression storage and evapotranspiration. As a consequence of these
losses, rainfall often causes no direct surface runoff. Overland flow
can be significant in cases where the rainfall is heavy, the vegetation
sparse, and a major fraction of the surface is relatively impermeable
or nearly saturated with water.

Although many relevant topics like water quality, sediment trans-
port, rainfall-runoff processes in large drainage basins, losses of
water through transpiration and evaporation of both intercepted and
soil water, etc. are closely related to the overland flow process, they
are excluded from discussion here.

The research described in this thesis was mostly phenomenologic.
Overland flow under rainfall was studied from a physical point of view.
The primary motivation was therefore the study of the physical
phencmena and their interrelations.A practical appreach was adopted by
illustrating the theory with examples and laboratory results.

The subject matter of this thesis is divided into three parts. The
first part presents general concepts perceived to be background
information for the understanding of Parts II and III. Overland flow is
defined in Section 1.1 and the conditioning factors are reported in
Section 1.2, Overland flow in relation to (agro)hydrolegy, water
erosion, water quality, wastewater treatment, and surface irrigation
and drainage are dealt with in Sections 1.3 to 1.7, respectively,

Part II deals with the mathematical modelling of overland flow
under rainfall. Using the kinematic wave theory an analytical solution
for the rising limb of overland flow over infiltrating surfaces, with
longitudinal section of parabolic shape (concave and convex surfaces),
is presented in Section 2.4. Chapter 3 discusses the upper boundary
conditions for overland flow under rainfall.

Part TIII concentrates on some aspects related to conditioning
factors, namely depression storage, infiltration, morphelegy and
wind. A method of predicting a spatial average value for depression
storage of tilled surfaces is proposed in Chapter 4. In Chapter 5 a
combined study of infiltration and overland flow is undertaken. A
detailed analysis of the different morphological factors affecting
overland flow under rainfall on slopes is presented in Chapter 6.

Wind effects are generally not considered in overland flow and
rainfall erosion studies. Chapter 7 is devoted to the overland flow
process under wind-driven rain. In Sections 7.1 and 7.2, the effects of
inclined rainfall and the wind induced shear-stress on overland flow
have been investigated in an experimental study. These processes have
been simulated in a wind tumnel with a variable slope. In Section 7.3
the effect of oblique rain on inclined surfaces is studied and a
nomograph is presented for the rain-gauge correction factor. Finally,
Section 7.4 emphasises the importance of raindrop splash anisotropy as
a factor affecting splash ercsion,.

In this work the numbering of figures is done by Sections. The
symbols used are defined throughout the text (see alsc "Notation"}.



1. OVERLAND FLOW

1.1 WHAT IS OVERLAND FLOW ?

1.1.1 Introduction

Many conflicting opinions and numerous terminologies have been
proposed regarding overland flow processes. A simple but precise
definition could be: the flow of water over the land surface before
becoming channelized. Horton (1933) described overland flow as follows:
"Neglecting interception by vegetation, surface runoff is that part of
the rainfall that is not absorbed by the soil by infiltration". Horton
considered overland flow to take the form of a sheet flow. Combined
with overland flow there is depression storage in surface hollows, and
surface detention storage proportional te the depth of the overland
flow itself.

Figure 1 is an attempt to give a hydrologic classification of the
terms concerned. This scheme is solely based on the actual form of
water flow over the surface. Overland flow may be divided into the
relatively frequent, low magnitude sheet flow, and the less frequent
sheet flood of higher magnitude (Hogg, 1982).

Nearly all surface runoff starts as overland flow in the upper
reaches of a catchment, and travels at leaat a short distance before
it reaches a rill or a channel (Emmett, 1%70). On natural surfaces
overland flow may occur with a great variety of flow depths within a
small area. It is both unsteady and spatially varied. Under certain
conditions the flow may become unstable and may give rise to the
formation of roll waves. In that case, the assumptions behind the
analytical or numerical models used shculd be carefully examined. The
actions of raindrop impact and wind on the sheet of flowing water
further complicate the overland flow problem. On vegetated surfaces
these influences are less, but the hydraulic resistance of plants and
plant debris should be taken into account.

The hydraulic characteristics of overland flew are basically
described by its Reynolds and Froude numbers. The Reynolds number is an




index of the turbulence of the flow. However, Reynolds number does not
fully describe the degree of turbulence of overland flow which is also
influenced by raindrop impact and topographic irregularities (i.e.,
obstacles such as grass stems, pebbles and crop ridges) inducing flow
disturbances. The Froude number differentiates a subcritical from a
supercritical flow (Chow, 1959).

RUNOFF

SUBSURFACE FLOW SURFACE FLOW

[DVERLAND me| BLL FLOw| [smem :Loy\j

h ]

mairily mainty
TURBULENT TURBULENT
FLOW FLOW

1

ISHEET FLUWI ISHEET FLOOD

LAMINAR ] | TURBULENT| | TURBULENT
FLOW Flow FLOW

frequency magni kude

Fig. 1 Hydrologic classification of the overland flow process (modified
from Hogg, 1982) ’

1.1.2 Types of overland flow

Four major types of averland flow can be distinguished, as shown
in Fig. 2:

(1) Hortonian overland flow occurs when rainfall intemsity exceeds
the infiltration rate (Dunne and Leopold, 1978). Usually this happens
only in that part of a catchment where the initial soil moisture
content is high or the surface is relatively impermeable. Thus it is
applicable for . impervious surfaces in urban areas, and for mnatural
surfaces with low infiltration capacity.’

(2) Delayed Hortonian overland flow occurs when rainfall intensity
exceeds the infiltration rate only after some delay, during which
changes in the soil occur under the influence of wetting or raindrop



impact. This is typical for swelling clays, where infiltration is very
high in dry conditions <{existence of cracks) but very low in wet
conditions. It also occurs in soils which are liable to form crusts
(Bergsma, 1983).

(3) Topseil saturation overland flow takes place on soils where a
relatively permeable topsoil layer overlies less permeable material.
This is the case of ploughpans, shallow profiles over bedrock, sand and
gravel overlying layers of compact structure, ete (Bergsma, 1983). When
the topography is suitable, there may even be a return flow from the
soil to the surface, thus creating or increasing overland flow.

(4) Saturation overland flow (Kirkby and Chorley, 1967; Dunne and
Black, 1970) is produced when the storage capacity of the soil is
completely filled, so that all subsequent additions of water at the
surface, irrespective of their rate of application, are forced to flow
over the surface (Kirkby, 1988). This frequently occurs when soils
become saturated at the surface, from below, by rising water tables.

The knowledge of these four types of overland flow mechanisms is
an important step in understanding runoff response from hillsiopes and
drainage basins. The incorporation of these concepts into forecasting
models is still in progress (Kirkby, 1988). Of these mechanisms, the
Hortonian mechanism has been most widely used. All these different
types of overland flow can occur concurrently and merge into one
another in a given drainage basin (Singh, 1988).

From a hydraulic point of view, overland flow may be either
laminar, turbulent or transitional. Most researchers agree that all
three forms are encountered. Generally, flow changes from laminar to
turbulent and back to laminar through the rise and recession of a
hydrograph. Many researchers feel that the raindrop impact increases
the hydraulic roughness and results in flow being turbulent at lower
Reynolds numbers (Yoon and Wenzel, 1%971).

1.2 CONDITIONING FACTORS

The generation of overland flow reflects the influence of relief,
geology, climate, soil type, land use and the application of contrel
measures. It is greatly influenced by both natural and human activities
(e.g. morphological factors like shape, length, steepness and exposure
of slopes, type of drainage basins, and others like rainfall frequency
and intensity, resistance tc soil erosion, structure of agricultural
lands, seoil cover of natural vegetation and tilled crops, wind, ete).

During the process of overland flow generation under rainfall the
ma jor factors to consider are: a) surface storage (interception and
depression), b) surface sealing, c¢) infiltration, d) depth of less
permeable layers, e) antecedent so0il moisture conditions, and f)
lateral moisture supply (return flow). Return flow occurs when



subsurface water is constrained to flow out of the soil, overland, in
areas of topographic concavity, or where so0il thickness and/or
permeability are decreasing downslope.

Fig. 3 summarizes the main inputs, conditioning phenomena and
hazards that should be kept in mind when studying the overland flow
phenomena. Some of the conditioning factors mentioned here will be
dealt with in detail in Part II and II1 of this thesis, mnamely
depression storage (Chapter 4), infiltration (Chapter 5), morphological
factors {Chapter 6), and wind (Chapter 7).

PLLEC LR bl e

INTERSECTION OF wWATER DOWNSLOPE OF THIS LINE RAINFALL
TABLE WITH GROUND SURFACE EXCEEDS INFILTRATION RATE

DELAYED
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————— QVERLAND
FLOW

& sRONOATER FLoY

STREAM
FLOW

Fig. 2 Types of overland flow: (1) Hortonian overland flow, (2)
delayed Hortonian overland flow, (3) topsoil saturation overland flow,
and {(4) saturatien overland flow.



INPUT/
CONTRIBUTIONS

RAINFALL - intensity, duration, seasonal distribution
IRRIGATION

MELTING SNOW AND ICE

FROM INTERCEPTION STORAGE - dripping,stem flow
RETURN FLOW

INPUT/
SURFACE PROPERTIES

S0iL TYPE - physical and chemical properties
SOIL CTOVER - vegetation, rock fragments
CONFINING LAYERS - ploughpan , shallow bedrock,
rock outcrops,.....
MCISTURE CONTENT
TOPOGRAPHY - slope gradient, length, shape ahd exposure
MICRO - RELIEF - tillage practices

CONGITIONING
PHENGMENA

EVAPOTRANSPIRATION
INFILTRATION
INTERCEPTION STORAGE
DEPRESSION STORAGE

DETENTION STORAGE
WIiND

flocculation , dispersion .....

SURFACE CHANGES - swelling , shrinking ,crust formation

:

OVERLAND HAZARDS

FLOW WATER EROSION

[, » chemical and sediment depesition
DAMAGE TO CRQPS

POLLUTION OF WATER RESQURCES -

WASHING OF NUTRIENTS, FERTILIZERS....

Fig. 3 Aspects related to overland flow studies.



1.3 OVERLAND FLOW AND (AGRO)HYDROLOGY

Overland flow has attracted considerable attention in the past
because of its (agro)hydrologic significance.

The dynamic relationship between rainfall and overland flow in
natural, yural, and urban areas is a central problem in hydrology. It
is of importance to workers in a wide spectrum of disciplines such as
hydrologists, sedimentclogists, and civil, agricultural and environmen-
tal engineers. Mathematical modelling of this relationship is often
based on & so-called black-box approach. This means that no explicit
assumptions are made regarding the physical structure of the process,
This appreach is understandable due to the complexity of the hydrologic
system. However, there is a continuous interest within the field of
hydrology in the development and application of rainfall-runoff models
with a theoretical structure based on physical laws.

Most quantitative hydrologic models can be classified as deter-
ministic, statistical, or a combination of these. The division between
these types of models is not always clear. Cne can think of models as
being made up of some combination of components, each of which repres-
ents a point on & continuous spectrum of model "types", ranging from
completely deterministic on the one hand to completely stochastic on
the other (Haan, 1977).

According to Fleming (1975), the statistical models can be divided
into three subdivisions: regression and correlation techniques,
probabilistic metheds, and stochastic models. Deterministic models
describe the behaviocur of the hydrologic cycle in terms of mathematical
relationships outlining the interactions of wvarious phases of the
hydrologic c¢ycle. No attempt is made to represent random processes.
Another group of deterministic models are the component models, that
seek to describe each part of the whole hydrologic sequence mathe-
matically by means of appropriate equations {Shaw, 1983). Notable
advances have been made related to component models in the last
decades.

In this thesis, overland flow is treated in a component and
conceptual way, by attempting to represent the time and space variant
interaction between the different processes involved and to give
physical relevance to the parameters used.

1.4 OVERLAND FLOW AND WATER EROSION

S0il erosion has been a major environmental force in all times;
however, because of the inereasing intensity of land use, erosion and
sedimentation pose a world wide threat to sustainable agriculture and
the overall stability and guality of the environment (Lal, 1988).

There are two major types of erosion: natural erosion and
accelerated erosion. As a consequence of the hydroleogic cycle, water
has been acting on the surface of the continents since its beginning.




Such action of water, together with the actions of wind, temperature,
gravity and glaciers, determines natural erosion, which in the broadest
sense is an established process within the enviromment and has been
responsible for the cause of present land surface features, such as
hills, mountains, canyons, plateaus, deltas and stream channels,
Accelerated erosion results, for example, when man uses land for the
production of food, over-exploits forest resources, constructs
buildings, industrial plants and transport facilities. Failure to
distinguish between natural and accelerated erosion has often resulted
in not recognizing the seriousness of man-made erosion damage (Horning
and Reese, 1970). Photographs 1 and 2 give two examples of accelerated
erosion in Alentejo, Portugal (further information on that region is
given in Appendix C).

S50il erosion is a twe-phase process consisting of the detachment
of individual particles from the soil mass and their transport by
erosive agents such as overland flow. When sufficient energy is no
longer available to transport the particles a third phase, depesition,
occurs. The severity of erosion depends upon the quantity of material
supplied by detachment and the capacity of the eroding ageuts to
transport it (Morgan, 1986).

Raindrop splash is the most important detaching agent. As a result
of raindrops striking a bare soil surface, soil particles may be thrown
through the air over distances of more than one meter. Continuous
exposure to intense rainstorms considerably weakens the soil. Flowing
water and wind are further contributors to the detachment of soil
particles. Section 7.4 of this thesis emphasizes the importance of
raindrop splash anisotropy as a factor affecting splash erosioen. Slope,
wind and overland flow velocity were found to be factors contributing
to the anisotropy of the splash.

The transporting agents comprise those which act areally and
contribute to the removal of a relatively uniform soil layer sheets and
those which concentrate their action in chanmnels (Morgan, 1986). The
first group consists of raindrop splash, overland flow, and wind. The
second group covers water flow in rills and in larger features such as
gullies and rivers.

The interrelations between erosion and its harmful effects are
manifold., Most directly affected are so0il and water as natural
resources. The soils are destroyed by water ercsion and reduced in
their wvalue for production in agriculture, animal husbandry and
forestry. In addition, soil fertilizers and pesticides carried away by
water erosion, act as poliutants of water resources. Loss of soil
cover and soil, indirectly affect water resources by increasing floods
and droughts. All these factors have a considerable number of secondary
effects, such as encroachment of deserts, salt water intrusion,
reduction of irrigation, and flooding of agricultural land, to mention
only some of the effects important for agriculture (Horning and Reese,
1970).




Photo 2 Deposition of ercded material after heavy shower in Alentejo
{(By R. Ferreira)
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1.5 OVERLAND FLOW AND WATER QUALITY

1.5.1 Introduction

In the past rainfall water was considered to be clean. Now that we
have learned that precipitation is polluted in many aspects, overland
flow water has fallen under suspicion as well, The precipitation itself
is contaminated by air pollution. Air pellution, originating from
natural sources (like the sea), from industrial and domestic sources
and traffic, appears as solid particles, aerosols and in gaseous form.
The pollutants, present in the air, way reach the Earth again in dry
periocds (dry deposition) and in wet periods (rainfall) (Uunk, 1985).

Following the precipitation on its way to the canals and rivers,
significant water quality changes can be observed, During overland flow
the water can pick up or lose pollutants. The nature of the collected
and lost pollutants depends on the characteristics of both the rainfall
and runoff, and the surfaces involved.

1.5.2 Urban runoff and water pollution

New it is quite clear that runoff is polluted in many ways. Many
of the substances discharged with the runoff can affect the quality of
the aquatic environment.

The quality of the runoff from urban surfaces depends on the type
of surface (roof, street, sidewalks, etc.) and the incoming load of
pollution, its accumulation and removal (Dam et al., 1986). Runoff
from a city motorway is heavily polluted by traffic.

The most important sources of pollution for both covered and
uncovered surfaces are wet and dry depositions, traffic, animal
excrements, corrosion and organic waste from litter, leaves, etc. Some
pollutants will be removed by adsorption to the secil, by street
sweeping and cleaning the gullypots and manholes.

The excess rainfall on an urban area [lows off by way of roofs,
pavements, streets, gullypots, etc. into the sewer system. In case of
separate sewer systems, for rainwater and for wastewater, the rain-sew-
ers convey the runoff directly to the receiving surface water. The
basic idea behind this system is that stormwater is "clean" and direct
discharge into open water allowed. When a combined sewer system is
used, in principle, all water is led to a treatment plant.

1.5.3 Agricultural runoff and water pollution

Crop production practices have changed greatly during this century
with the introduction of large-scale machinery, increased fertilizer
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use, chemical pest control methods, and conversion from pasture and hay
to row crops. These production changes have created new problems
associated with runcff and soil erosion, including pollution of water
resources. Until recently there has been little consideration of the
influence of agricultural chemicals or agricultural mnutrients and
animal waste upon water quality.

Many kinds of land use offer a source or origin for sediments,
although agricultural land and disturbed or denuded lands afford more
opportunity to supply translated sediment than more mnatural areas.
Sediment with respect to water quality is a pollutant (the number one
pellutant on a volume basis in agricultural runoff). Its pollutional
aspect can be conveniently thought of in two categories. Firstly, there
is the direct effect of its presence in water and its negative
interference with the desired water use. Secondly, the sediment will
serve as an electro-chemical carrier for entraining or transporting
other pollutants. The major portion of harmful chemicals is usually
adsorbed to sediments, although the dissolved portion has the most
direct effect on water quality. The large portion carried on sediments
may not be directly important for water quality, but it may furnish a
long-lasting supply of chemicals to the receiving body of water.

1.6 OVERLAND FLOW AS A SYSTEM CF TREATMENT OF WASTEWATER

In some cases the overland flow process is used as a form of
treatment in which wastewater is supplied to the upper parts of
carefully graded, grass-covered slopes usually having soils or subsoils
of low permeability. Wastewater undergoes treatment through a variety
of mechanisms as it flows in a thin film over the slope surface.
Typically, 40 to 80 percent of the applied effluent runs off. The
remainder is lost to percolation and evapotranspiration (Tchcbanoglous,
1979). Renovation is accomplished by physical, chemical, and bioclogical
means (Tchobanoglous, 1979). Treated effluent is collected as surface
runcff in ditches at the bottom of the slope.

Perennial grasses with long growing seasons, high moisture
tolerance and extensive root formation are best suited te overland flow
treatment. Biological oxidation, sedimentation and grass filtration are
the primary removal mechanisms for organic and suspended seolids.
Nitrogen removal is attributed primarily to nitrification/denitrifica-
tion and plant uptake (Vernick and Walker, 1981). Slope gradients must
be steep enough to prevent ponding, yet mild enough to prevent erosion
and provide sufficient detention time for the wastewater on the slope.
Slopes must be free from rills and gullies to prevent channeling and
allow uniform distribution of overland flow over the surface.

Overland flow has been demonstrated to be a reliable method of
treatment for municipal as well as scme industrial wastewaters. In the
past decade the technology of overland flow has been advanced con-
siderably through publication of research studies and design guidelines
(Culp, 1978, Tchobanoglous, 1979, Vernick and Walker, 1981). Rainfall
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affects the performance of an overland flow wastewater treatment system
(Figueiredo et al., 1984).

Derailed studies on the overland flow treatment of wastewater are
excluded frem the present thesis.

1.7 OVERLAND FLOW AND SURFACE IRRIGATION AND DRAINAGE

1.7.1 Overland flow and surface irrigation

Surface irrigation is the irrigation method most widely applied;
it is used on some 200 million ha., representing almost 90% of the
world’s irrigated area. Surface irrigation is accomplished on flat
fields by ponding water on the soil surface (check irrigation) and on
sloping fields by maintaining for some time a flow of water over the
soil surface (flow irrigation). Surface irrigation methods include
basin, border and furrow irrigation.

The physical purpose of irrigation is in case of "wet" crops (e.g.
rice) to maintain or to restore the water layer on the field, and in
case of "dry" crops to increase the moisture content of the soil in the
root zome of the crop. In the latter case, water is supplied tc the
field and flows (eoverland) with flow diminishing as water advances over
the soil surface whilst infiltrating (Rescher, 1988).

The research described in this thesis concerns solely overland
flow under rainfall and overland flow under surface irrigation will mnot
be further dealt with.

1.7.2 Overland flow and surface drainage

Surface drainage is the evacuation of excess water over the ground
surface to an open drainage system with an adequate outlet (Comcaret,
1981}). Surface drainage as a field drainage technique has existed in
one form or another for centuries, For many vears it has been con-
sidered a local art. In flat areas the main problem is the timely
removal of stagnant water and in sloping areas it is wusually the
removal of excess water without causing erosion (Raadsma and Schul:ze,
1980). Surface drainage will bring usually three types of benefits:
direct and indirect yield increase; increased efficiency of machinery;
and increased efficiency in the use of fertilizers (Coote and Zwerman,
1970). Indirect yield increase may result from earlier planting, for
example.

The need for surface drainage is a result of a combination of
certain climatic, hydrologic, and soil conditions, and of topography
and land use (Raadsma and Schulze, 1980). Secil types which may benefit
from surface drainage are slowly permeable soils, or shallow soils over
a restricting layer in combination with an unfavourable topographic
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position.

Another aspect of surface drainage 1is wurban drainage. Human
occupation of a land area causes a change in the nature of the land
surface. The natural permeable soil surface into which rainfall water
is able to infiltrate at varying rates, is replaced by a range of more
or less I1mpervious surfaces. An increase in the impermeable surface
area has two immediate consequences (Colyer and Pethick, 1976).
Firstly, the volume of overland flow is increased; and secondly, runoff
is concentrated. Furthermore flow over a paved impermeable surface is
much more rapid than over natural soil, especially if vegetated.

In the comstruction of roads and highways, surface drainage is one
of the most essential elements to be considered, A sheet of water over
the pavement creates a hazard to driving, which is aggravated if
freezing occurs.

Urban and highway drainage, and field drainage techniques, like
land ferming, grading, levelling and bedding, will not be dealt with in
this thesis, although the mechanics of surface drainage, i.e. of the
removal of rainfall excess water from pervious and paved surfaces by
overland flow, is implicit in many Chapters.

ACKNOWLEDGEMENTS

The author wishes to thank Prof. Dr. W.H. van der Molen and Dr.
R.W.R. Koopmans (Department of Land and Water Use), and Ir. K. Roscher
(Department of Irrigation and Civil Engineering) for their constructive
criticism of the draft of Chapter 1.

REFERENCES
Bergsma, E., 1983. Rainfall erosion surveys for comservation planning.

ITC Journal no, 1983-2, 166-174.

Bergsma, E., 1986, Aspects of mapping units in the rain erosion hazard
catchment survey. ILRI publ. no. 40, 84-104.

Chow, V.T., 1959. Open channel hydraulics. McGraw Hill, New York, 680
D.

Chow, V.T., D.R. Maidment and L.M. Mays, 1988. Applied hydrelogy.
McGraw-Hill, New York, 527 p.

Colyer, P.J. and R.W. Pethick, 1976. Storm drainage design methods: a
literature review. Report nc. INT 154, Hydraulics Research Station,
Wallingford, 85 p.

14




Concaret, J. (Ed.), 198l. Drainage Agricole: Théorie et pratique,
Chambre Régionale d‘Agriculture de Bourgogne, France, 509 p.

Cocte, D.R. and P.J. Zwerman, 1970. Surface drainage of flat lands in
the Eastern United States. New York Gollege of Agriculture, Cornell
University, Extension Bulletin 1224, 48 p.

Culp, R.L., G.M. Wesner and G,L. Culp, 1978, Handbook of advanced
wastewater treatment. Van Nostrand Reinhold Company, New York, 632 p.

Dam, C.H. wvan, M. Scholten and F.H.M. van de Ven, 1986, Urban water
quality in Lelystad: rainfall and runoff from selected surfaces. In:
Urban storm water quality and effects upon receiving waters. Inter-
national Conference, Wageningen, The Netherlands, 25-37.

Dunne, T. and R.D. Black, 1970. An experimental investigation of runoff
prediction in permeable soils. Water Resources Research, 6(2): 478-490.

Emmett, W.W., 1970. The hydraulics of overland flow on hillslopes.
Geological Survey Professional Paper no. 662-a, U.S5. Dep. of the
Interior, 68 p.

Figueiredo, R.F. de, R.G. Smith and E.D. Schroeder, 1884. Rainfall and
overland flow performance, J. of Environmental Engineering, 110(3):

678-694.

Fleming, G., 1973. Computer simulation techniques in hydrelogy.
Eisevier, New York.

Haan, C.T., 1977. Statistical methods in hydrology. Ames: lowa State
University Press, 378 p.

Hogg, 5.E., 1982. Sheetflood, sheetwash, or...? Earth-Sciences Reviews.
18: 59-76,

Horning, H.M. and W.E. Reese, 1970. Water as it affects agriculture.
Proc. ICID International Water Erosion Symposium, Praha.

Horton, R.E., 1933, The role of infiltration in the hydrologic cycle.
Am. Geophys. Union, Transcripts, 446-460,

Kirkby, M. J., 198B. Hillsleope runoff processes and models. J. of
Hydrology, 100: 315-339.

Kirkby, M.J. and R.J. Chorley, 1967. Throughflow, overland flow and
erosion. Bull. Intern. Assoc. Sci. Hydrology, 12: 5-21.

Lai, R. (Ed.), 1988. Soil erosion research methods. Soil and Water
Conservation Society, Wageningen, The Netherlands, 244 p.

15



Menzel, R.G., 1977. Agricultural chemicals/sediment interaction. In:
Agricultural and silvicultural nonpoint source water pollution in
Texas. Proc., 208 Planning for Texas Conference, Texas, 118-125.

Morgan, R.P.C., 1986. Soil erosion and conservation. Longman Scientific
& Technical, 298 p.

Raadsma, 5. and F.E. Schulze, 1980. Surface field drainage systems.
Drainage principles and applications, Internmational Institute for Land
Reclamation and Improvement, Wageningen, The Netherlands, Publ. 1lé
(Vol. IV), 470 p.

Roscher, K., 1988. Surface irrigation, characteristics, design and
performance. Department of Irrigation and Civil Engineering, Agricul-
tural University Wageningen, The Netheriand, 90 p.

Shaw, E.M., 1983, Hydrology imn practice. Van Nostrand Reinhold Co.
(UK), 569 p.

Singh, V.P., 1988, Hydrology systems: Rainfall-runoff modeling (Vol.
1). Prentice Hall, Englewood Cliffs, New Jersey, USA, 480 p.

Tchobanoglous, G., 1979. Wastewater Engineering: treatment, dispesal,
reuse (second Edition} Metcalf & Eddy, Inc, McGraw-Hill Book Company,
New York, 920 p.

Uunk, E.J.B., 19853, Urban stormwater runoff pollution. In: Water in
urban areas., Proc. of technical meeting 42 (proc. and informatiom TNO
committee on hydrological research no.33), The Netherlands, 77-98.

Vernick, A.S, and E.C. Walker, 1981. Handbook of wastewater ptocesses.
Marcel Dekker, Inc., New York, 255 p.

Ven, F.H.M. van de, 1985. From rainfall to sewer inflow: a process with
consequences. In: Water in urban areas. Proc. of technical meeting 42
(proc. and information TNO committee on hydrological research no.33},
The Netherlands, 47-75.

Vittetoe, G.C., 1977, Status of sediment problems in Texas. In:
Agricultural and silvicultural nonpoint source water pollution in
Texas, Proc. 208 Planning for Texas Conference, Texas, USA, 118-125,

Yoon, Y.N. and H.G. Wenzel, 1971. Mechanics of sheet flow under

simulated rainfall. Jourmal of the Hydraulic Division, ASCE, 97: 1367-
1386.

16



2. MATHEMATICAL MODELLING OF THE OVERLAND FLOW PROCESS

2,1. INTRODUCTION

The objective of this Chapter is to give a short introduction on
the possibilities for the mathematical modelling of the overland flow
process, Further applications are presented in part ITI of this thesis.

Overland flow under rainfall is an example of gradually wvaried,
unsteady, nonuniform, free surface fiow and is governed by the laws of
conservation of mass and momentum (Chow, 1959). These laws give rise to
equations of continuity and momentum which are often referred to as
Saint-Venant equations (Barre de Saint-Venant, 1871} or simply
equations of motion. The derivation of the omne-dimensional form of
these equations has appeared in text books and scientific articles
(e.g. Lai, 1986; Stephenson and Meadows, 1986; Chow et al., 1988).

These equations can either be sclved in their full form or, in
many cases, be approximated by the diffusion and kinematic wave
equations. The conditions under which various approximations are valid
are reviewed by, among others, Morris and Woolhiser (1980), Morris
(1981) and Vieira (1983). Many general overland flow modelling problems
do not require the use of the full Saint-Venant equations.

The -models described in this thesis made use of the kinematic wave
theory {Sections 2.2 and 2.3). In Section 2.4, an analytical solution
for the rising limb of overland flow over infiltrating surfaces, with
longitudinal sections of parabolic shape, was derived.

2.2. KINEMATIC WAVE MODELLING

Owing to its simplicity, the kinematic wave approach has been
frequently used to solve unsteady flow problems. The Rational method
and Unit hydrograph methods are easy to apply but limited in accuracy
and versatility. Kinematic wave modelling is the next logical step in
sophistication before the full hydrodynamic equations are resorted to
(Stephenson and Meadows, 1986). Also the kinematic wave equations have
an important advantage over the hydrodynamic equations for describing
overland flow; analytical solutions are possible for simple surface
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geometries. A great insight into the phenomenon of overland flow can be
gained by studying these analytical solutions.

The term kinematic refers to movement where accelerations and
water level slope are negligible and friction slope equals the bed
slope, 1.e. acceleration and pressure terms in the momentum equation
are assumed zero. An explicit mathematical exposition of basic hypo-
theses of kinematic wave formulation was first presented by Lighthill
and Whitham, in 1955, to describe flood movement in long rivers (Singh,
1978). However, for overland flow, this method of calculation is
attributed to Henderson and Wooding (1964) while a more complete
analysis was given by Woolhiser and Liggett (1967). Since then,
analytical solutions have been obtained for overland flow hydrographs
during steady rainfall on surfaces of simple geometric shape. Numerical
models have also been developed for application to wmore complex
surfaces and unsteady rainfall.

Kinematic wave solutions have been shown to give very accurate
results for most hydrologically significant overland flow situations
(Woolhiser and Liggett, 1967; Morris and Woolhiser, 1980; Vieira, 1983;
Hromadka II et al., 1987, and others). In this thesis the kinematic
wave approach was used for both the numerical and analytical models
without any further attempr teo verify its validity. The basic kinematic
equations are presented in several Chapters and will not be repeated
here.

Solutions of the kinematic wave equations have usually been
obtained numerically, using explicit and implicit finite difference
schemes (Brakensiek, 1967; Kibler and Wooclhiser, 1970 and 1972; Singh,
1976; Rovey et al., 1977; Constantinides, 1981; Stephenson and Meadows,
1986; among others). A comparison of numerical models of overland flow
has been made recently by Hromadka et al. (1987}, Hall et al. (1989),
Bell et al. (1989) and Wheater et al. (1989). Also the method of
characteristics has been used frequently (Eagleson, 1970; Kibler and
Woolhiser, 1970; Stephenson and Meadows, 1986). Analytical soluticns
are also available (Parlange et al., 198l; Rose et al., 1983; Zarmi et
al., 1983; Leu and Liu, 1988; and others),

The following recent works give detailed literature surveys on
dynamic and kinematic wave models: Singh (1976, 1978 and 1988), Lai
(1986), Hromadka II et al. (1987), Kirkby (1988), and Chow et al.
(1988).

2.3. NUMERICAL SOLUTIONS OF THE KINEMATIC WAVE EQUATTIONS

The numerical solutions of the kinematic wave equations are more
flexible than the analytical solutions. They can handle more easily
variation in the surface properties, rainfall rates and initial and
boundary conditions. For the numerical solution of the kinematic wave
equations it is necessary to discretisize both in space and time. This
is accomplished by dividing the overland flow surface into elementary
sections and dividing the time into time steps. There are various
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numerical methods available for solving the kinematic wave equations
which include finite difference and finite element techniques.

Two numerical models of overland flow will be described, in
detail, in Part III of this thesis: (a) model KININF for overland flow
on an infiltrating surface (Chapter 53); (b) model WROF for overland
flow under wind-driven rain (Sections 7.1 and 7.2, and Appendices A and
B). Both of these models make use of the kinematic wave approach for
the overland flow process and a second order explicit finite difference
scheme .

Explicit finite difference schemes have been used to solve the
kinematic wave equations, but the size of time step is severely
limited by the Courant condition for stability. The major problems
accompanying these schemes are those of stability and accuracy.
However, they have been found te be economical and efficient by many
researchers (e.g. Woolhiser and Liggett, 1967; Kibler and Woolhiser,
1970; Freeze, 1978; Constantinides, 1981). Stability problems may be
avoided by using implicit approximations.

The explicit finite difference scheme, the second order single
step Lax-Wendroff scheme, used in the numerical models presented in
Chapter 5 and Sections 7.1 and 7.2, was shown to be stable and
accurate, and to produce less numerical distortion in peak discharge
rates than other finite difference schemes (Kibler and Woolhiser,
1970). This finite difference scheme has been used successfully by
Kibler and Woolhiser (1970 and 1972), Lane et al. (1975), Rovey at al.
(1977), Freeze (1978), Wu et al. (1978), Lima (1987), among others.
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2.4 AN ANALYTICAIL KINEMATIC MODEL FOR THE RISING LIMBR OF OVERLAND FLOW
ON INFILTRATING PARABOLIC SHAPED SURFACES

Published in: Journal of Hydrelogy, Elsevier Science Publishers B.V.,
Amsterdam, 104 (1988): 363-370.
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ABSTRACT

De Lima, J.LLM.P. and Van der Molen, W.H_, 1988. An analytical kinematic model for the rising
limb of overland flow on infiltrating parabolic shaped surfaces. J. Hydrol., 104: 363 370.

Using the kinematic wave theory and Zarmi’s hypothesis, an analytical solution for overland
flow over an infiltrating, parabolic shaped surface (concave or convex surfaces, that may be
represented by a quadratic equation) is presented. The velocity of the water flow is assumed to be
independent of time. The analytical solution developed is easier to utilize than numerical
simulation and can be used to calibrate numerical methods devised for more complicated cases. An
illustration 1s presented.

INTRODUCTION

Far a realistic simulation of overland flow it 1s necessary to attempt
simulation on surfaces that are not restricted to a plane of fixed slope. The
overland flow process is strongly affected by the shape of the slopes.

Using the kinematic wave theory in combination with Zarmi’s hypothesis
(Zarmi et al., 1983} for the flow equation, an analytical solution for overland
flow over an infiltrating, parabolic shaped surface (concave or convex surfaces,
that may be represented by a quadratic equation) is presented.

One of the major topics in geomorphology is the evolution of hillslope
profiles through time. The model formulated can be used to analyse the effect
of that evolution on the overland flow processes.

This model is an extension to curved surfaces of the theory of Zarmi et al.,
1983.

THEOQRY
The equation of cantinuity for shallow water flow may be written as:

ohidt + dglox = p — i(t) (1)

0022-1694/88/303.50 i) 1988 Elsevier Science Publishers B.V.
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where: & = flow depth at time ¢, and position x (m); x = space axis along the
directicn of flow (m); ¢ = volumetric water flux per unit plane width (m?s ')
p = rainfall rate, assumed to be a constant (ms '); and i{t) = infiltration rate,
assumed to be a function of time only (ms '),

By assuming that the bed slope equals the friction slope (kinematic wave
assumption) and by using existing open-channel flow friction equations we can
express the discharge at any point and time as a function of the water depth
only, as follows:

g = xh"” (2)
where: m = parameter for the type of flow; and « = hydraulic coefficient.

The shape of the surface is assumed to be represented by 2 quadratic
equation:

¥y = % +bx, +c with:b>04g > —bf2Landa, # 0 (3)

where: x, = space axis along the horizontal direction (m); ¥y = space axis along
the vertical direction (m); a,, b, ¢ = parameters; and L = length of the surface
in the horizontal direction (m).

For gentle slopes x, & x, and consequently, the slope gradient S(x) becomes:

S(x) =dyde = 2a,x + b 4)

For the infiltration process use is made of a Horton type equation (Morin and
Benyamini, 1977}

iy = fo+ - fore® withf <p<fh )

where: e = parameter (s '); f, = initial infiltration rate of the soil (ms™!'); and
f. = final infiltration rate of the soil {ms ').

The parameter x in egqn. (2) is usually given a physical or quasiphysical
interpretation, reflecting the effects of surface slope and hydraulic roughness
on the depth of flow. For example for the Darcy-Weishach equation:

z = 8gS/f. form = 32 )
where: g = acceleration due to gravity (ms *); § = bed slope; and f = Darcy-
Weisbach friction coefficient. For the Manning-Strickler equation:

¥ = S, form = 5/38 "
where: n = Manning-Strickler coefficient. (m " **s).

It has been suggested that runoff can be represented by a linear kinematic
approximation to the momentum equation (Zarmi et al., 1983):

g = zh )

The value of x {the water flow velocity for m = 1) was then considered
constant, independent of time and position. In the formulation of the model for
the curved surface it is assumed that x is independent of time but dependent of
the position along the surface, given by:

w(x) = kS0 (9
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where % can be estimated by measuring the flow velocity and slope or using
egns. like (6) and (7).
With these assumptions:

2wy = JB + Cx
with:
B = b >0C = 2aqk* > — B/L,and C # 0. (10)

Runoff starts when p = i(f,), where i, is the critical time. Let us now define
a new variabie

. 1 — f.
T o= t—{, WItht“:ElnH; f.<psf (11)
and
p-i) = (p-f) - (fi —fle e ™

I

A - Ae ™, withd = p -~/ (12)

Rewriting eqn. (1), and introducing egns. (8), (10) and (12), gives:

3h ah ar

§+m(x)g+(l)(x)h = A —-—Ae (13)
with:

O - da C

dx - /BT Cx (1)

which iz a first order differential equation. It can be solved by using Laplace
transformations, with the boundary conditions:

MO, 1) = O (boundary condition}

o .. (15}
Rz, 0) = 0 {initial condition)
Laplace transformation of eqn. {13) with respect to t, yields:
sP(h) — hix, 0) + alx) 42k + O(x) Lh) = é - A (16}
dx 3 s+ a

where #(h) = Laplace transform of A(x, 1), and s = independent variable.
At time 1t = 0, A(x, 0) = 0 s0:

d#h) s + Olx) _ A _ A
dx * o{x) Lh = sa(x) (s + a)axix)

amn

which is a nonhomogeneous first-order differential equation in x.
If C # 0, then the general solution of egn. (17) is of the form:
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B

+ (18
\/B + Cx IB + Cx e(h\f.ﬁ-vc‘:)f{‘

The constant of integration &’ follows from the boundary condition x = 0,
R(0, t) = 0, and ZP(R) = O

A \/E o2 BIC AC eznﬁnc AJB oI WENE AC PBie
— +
2

k- -
$ 28 t e (s + a) 25s + a) a9
Using the auxiliary variables:
AJB
TG &
AC
U =
2JB - Cx @y
V = —2(/B - JBTCOC 22)

and by substituting eqn. (19) into eqn. (18), and splitting the terms with
1/[s*(s + a)l:

U1 1 1 U 1 1 Ue ™
FR) = - -+ {Aa+ ) - U5+ - A d
() azs+( +raj)sz Usa+a2(s+a) s(s+a)+azs
e—Vs e Vs U e Vs e—Vs
_(Tjr%)—sg U e T 23)

Finally, the inverse transform of eqn. {(23) is of the form:
hix,t) = Dy + Dyt — t) + Dyt — £, + Dye”™ Y ifr gt + V (243)
hix,f) = Dy + Dt — )+ De™ 4w De™ Y iftmn+ V

(24b)
where D, D, . . ., D, are functions of x:
U A
D, = - Pl (25)
U
D, = A+Z2 (26)
a
(¥4
n o= -

3 5 (27)
Dl = - D1 (28)
D5=—£+TV+I+H+E 29)

[d a a 2
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Dy = A~T-UV (30)

D, = - D, 3D
U T

- _ Y _ 2 32

D, Z a (32)

EXAMPLE | — COMPARISON WITH THE MODEL OF ZARMI ET AL. (1983)

The model of Zarmi et al. (1983) for overland flow on an infiltrating plane sets
m = 1and assumes the slope, 8, and consequently a, constant and independent
of time and position, They also assumed constant rainfall rates, and infiltration
to be described by eqn. (5).

For a plane, a;, = 0 in eqn. (3) which leads to o = ﬁ and C = 0, and
consequently, from eqns. (20), (21) and (22):

U =0 Lim T(x) = A; Lim Vix) = x/\/ B (33}
c—0 ¢—=0
From these, the first branch of the solution, egn. (24a), with:
Dl=—p%f“; D, =p-f; Dy =0; D4=‘D%f° (34)
becomes:
1 — e—a(: BN "
e, t) = - 1) |:(t - t) - T]’ ift gt + = (35)
%
which is in agreement with the model of Zarmi et al. (1983).
The second branch of the solution, eqn. {24b), with:
Dsz(p_mx;DB:o; DTZP*fc; Dﬁz_pffc (36
o a a
becomes:
x e — 1 alt 1.} - x
= (v - -5 - f fr=t += 37
W) - @ L)L ——e ] ife >+ 2 @)

which is also in agreement with the model of Zarmi et al. (1983).

EXAMPLE II — APPLICATION

Using Y and I as normalizing constants, the following dimensionless
variables are defined:

= xfL; ¥ = ¥Y (38)
Assuming that at x = 0 when y = 0, the dimensionless shape of the surface is:

y* = (1 - %) oy SS—“x*, with 0 € 8, < 25,, (39)

ay
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Fig. 1. Dimensionless surface profiles.

where: $; = slope at x = 0; S,, = Y/L = average slope; a, = (¥ — bL}L%;
and b = S,

From this equation a range of possible dimensionless curves has been
generated (Fig. 1).
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Fig. 2. (a) x as a function of position for strips of concave, plane and convex surfaces; (b) overland
flow hydrographs.
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Fig. 3. Difference in response at x = 5, 15 and 25m for the convex, concave, and plane surfaces.

The solution for unit strips of concave, convex and plane surfaces (Fig. 1) are
shown in Fig. 2 for: (a) §,, = 1% and L = 25m with very little surface storage;
(b) loess soil with @ = 0.5min™", f;, = 0.583mmmin ', f, = 0.00333 mm min ';
(c) constant rainfall rate of 0.4033mmmin'; and average flow velocity of
6000 mm min ' which gives £ = 60000 mm min~',

It is apparent from this example that, for surfaces with the same characteris-
tics, the shape of the slope is a significant factor in determining the shape of
the rising limb of the overland flow hydrograph. The difference in response in
time, at three locations (x = 5, 15, and 25m) along the slope, for the convex,
concave and plane surfaces is presented in Fig. 3. Notice the relative position
of the three hydrographs in each case.

CONCLUSION

An analytical solution for linearized kinematic flow on an infiltrating,
parabolic shaped, surface is presented for constant rainfall rates. Thus it is
possible to investigate the overland flow on different concave and convex
surfaces that might be represented by a quadratic equation. The analytical
solution developed is easier to utilize than numerical simulation, and can be
used to calibrate numerical methods devised for more complicated cases.

28



ACKNOWLEDGEMENTS

Financial support of “Comissdo Permanente INVOTAN” and of the
University of Coimbra (Portugal) is acknowledged.

REFERENCES

Campbell, 5.Y., Van der Molen, W.H., Rose, C.W. and Parlange, J.-Y., 1985. A new method for
obtaining spatially averaged infiltration rate from rainfall and runoff rates. J. Hydroi., 82:
57-68.

Langford. K.J., 1975. Overland flow. In: T.G. Chapman and F.X. Dunin (Editors}, Prediction in
Catchment Hydrology. Aust. Acad. Sci., pp. 127-147.

Morin, J. and Benyaminj, Y., 1977. Rainfall infiltration into bare soils. Water Rescur. Res., 13(5):
813-817.

Parlange, J.-Y., Rose, C.W. and Sander, G., 1881. Kinematic flow approximation of runoff on a
plane: an exact analytical solution. J. Hydrol., §2: 171-178.

Zarmi, Y., Asher, J.B. and Greengard, T., 1983. Constant velacity kinematic analysis of an infiltrat-
ing microcatchment hydrograph. Water Resour. Res., 19(1): 227-283.

29






