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ABSTRACT

This study presents the results from fidd observations and subsequent development and
solution of a process-based, two-dimensona numericad modd capturing surface runoff
processes in the Volta Basn, West Africa The developed modd summarizes the
interactions between tempordly varying ranfal intendgty and interactive infiltration
proceses in oils with spatidly varied soil physcd and hydraulic characteridtics.
Varied catchment geometry, microtopographic (vegetated and soil surface) forms, dope
length and angle were dso examined. The modd aso incorporates the ranfal
interception by mixed vegetation.

The interactive infiltration process is modded with the Philip two-term
equation (PTT), while ponding time is gpproximated with the time compresson
dgorithm. Interception by vegetation is esimated with the modified Gash modd, while
the friction effect of vegetation on surface overland flow is quantified. The deveoped
auface flow equations were solved with a second-order Leapfrog explict finite
difference scheme, with centered time and space derivatives. This scheme was modified
to accommodate the peculiar nature of surface runoff on a complex microtopographica
plane. The modd rdiably reproduces the results from experimentd fidd data on the
bass of parameterized effective soil hydraulic parameters and passed severe numericdl
tests for hydrodynamic equations.

The andyses of results from both fiedd observations and numerica smulations
shows that the dominant runoff generaion mechanism in the dudy aea is the
infiltration excess (Hortonian) process. A condgtent trend of exponentid reduction
runoff coefficient and runoff discharge per unit area with incressng dope length was
observed. The results dso showed that both tempora and spatid variability induced
factors determine runoff response to ranfdl events Spatid variability in infiltration
opportunities, which varies with dope length, and the distribution pattern of saturated
conductivity, leading to differences in tempora dynamics of transmisson losses
potentid during runoff routing downdope, moderated by surface roughness and
vegetation (Microtopography), which determines surface depresson  shgpes and
networks, results in the consstent differences in runoff response. Tempord peatterns of
ranfdl intendty, particularly the didribution in terms of number of pulses, the duration
of pulses, totd event time, length of time for recesson, aso affect runoff response.
Initid moidure datus of the il may adso ggnificantly increese runoff volume
However, a classcd demarcation of the prevadent factor a any ingant could be
defined.Variability in tempora factors dominates the response to high intendty events,
while spatid variadility in the didribution pattern of soil-related factors i.e, hydraulic
properties dominate the response to low intensty events. The prevaence of tempord
factors in the basin is tracegble to the high intengty tropicd storms, which often do not
alow the spatid factorsto become fully manifest.

The devedloped modd will be useful in sudying surface runoff, water eroson,
and nutrient dynamics under complex microtopographic conditions, spatidly varying
0il hydraulic charecteridics and tempordly dynamic ranfdl intendty occurring in
many tropica caichments. It aso provides practicd tool for facilitating decison
processes in soil management techniques amed a managing surface runoff and soil
erosion.



Oberflachenabfluss und I nfiltrationspr ozessim Volta-Becken: Beobachtungen und
Modellierung

KURZFASSUNG

Diese Studie présentiert die Ergebnisse aus Felduntersuchungen sowie die Entwicklung
und LOsung enes prozesshaderten, zweidimensonden numerischen Moddls, das den
Prozess des Oberfléchenabflusses im Voltabecken, Wedtafrika, darstelt. Das Moddll
efast die Wechsdwirkung zwischen zetlich variierender Niederschlagantensté und
Veasdgckerunggprozessen  in Boden mit  raumlich  variierenden  physkaischen  und
hydraulischen ~ Eigenschaften. Eine  unteschiedliche  Oberflachengestat  des
Wassereinzugsgebiets, verschiedene  mikrotopographische Formen  (mit  und  ohne
Vegetationsbedeckung), Hangléngen und —neigungen wurden ebenfals untersucht. Das
Modell berlicksichtigt auch die Interzeption des Niederschlags durch die Vegetation.

Der interaktive Infiltrationsprozess it mit der ,Philip two-teem’ Glechung
(PTT) gekoppdt, wahrend die Wasserakkumulation (ponding) mit dem Algorithmus der
Zatkompresson (Zetverdichtung) ermittdlt wird. Die Interzeption durch den
Niederschlag wird mit dem modifizieten Gash Moddl bestimmt, der Reibungseffekt
der Vegetation durch einen entwickdten Vegetationsfaktor. Die Gleichung wurde mit
dem bekannten Schema 2. Ordnung, Lesgpfrog Explizit-Fnite-Unterschiede (FDM) mit
zentrieten  zeatlichen und réumlichen Differentidquotienten gelést.  Dieses  Schema
wurde modifiziert, um die besondere Natur des Oberflachenabflusses auf  ener
komplexen mikrotopographischen Ebene zu efassen. Das Moddl  reproduziert
zuverléssg die Ergebnise der Fedversuche auf der Bass von parametiserten
wirksamen bodenhydraulischen Parametern und bestand die strengen numerischen Tedts
fUr die hydrodynamischen Gle chungen.

Die Andysen sowohl der Felddaten as auch der numerischen Simulationen
weisen den Prozess des Infiltrationsiberschusses ds den am st&rksten bestimmenden
Mechanismus be der Erzeugung von Obeflachendbfluss im Voltabecken nach. Ein
durchgangiger Trend hingchtlich der exponentidlen Reduktion des
Abfluskoeffizienten und der Menge des Oberfléchenabflusses wurde mit zunehmender
Hanglange beobachtet. Die Ergebnisse zeigen welterhin, dass die sowohl durch zetliche
ads auch raumliche Vaiailitét bedingten Faktoren die Resktion des Abflusses auf das
Niederschlagsereignis  bestimmen.  Eine klasssche Abgrenzung des zum  jewelligen
Zeitpunkt vorherrschenden Faktors konnte jedoch definiert werden. Zeitliche Muster der
Niederschlagantengtét, indbesondere die Vertelung hindchtlich Anzahl und Dauer der
Impulse, Gesamtlange des Ereignisses, Rezesson und durchschnittliche Intensitétswerte
kombiniert mit der zetlichen Vaiation der Wasserbewegung hangabwérts bestimmen
weitgehend die Resktion auf Niederschlagsereignisse von  hoher  Intendgté. Die
raumliche Vaiabilitdt der bodenabhdngigen Fektoren, z. B. hydraulische Eigenschaften
und Hanglange, beanflust Ereignise von geinger Niederschlagsntensté. Das
Vorherschen  der zatlichen Faktoren  im Voltabecken kann auf  die
Niederschlagsereignisse von hoher Intenstét, gleichbedeutend mit tropischen Stiirmen,
zuriickgefuirt werden, die oft die Manifestierung der ré@umlichen Faktoren verhindern.
Ein weterer Bodenfaktor, der die Resktion beeinflusste, is der anfangliche
Bodenfeuchtigkeitsstatus. Dieser Einfluss wird jedoch ebenfals begrenzt, da er schndl



durch die hohe Niederschlagantengté Uberlagert wird. Bel Ereignissen von geringer
Niederschlagsntengtét konnte eine hohe anfangliche Bodenfeuchte die Abflussmenge
sgnifikant erhGhen.

Das entwickdte Moddl wird hilfreich san bea Untersuchungen Uber
Oberflachenabfluss, Eroson durch Wasser sowie Nahrgtoffdynamik unter  komplexen
mikrotopographischen  Bedingungen, mit  ré&umlich  variierenden  bodenhydraulischen
Eigenschaften und be zatlich dynamischer Niederschlagantensté, wie de in viden
tropischen Wassereinzugsgebieten vorkommen. Es gdlt auch en nitzliches Instrument
fir die Untedtitzung von Entschedungsprozesssn im Zusammenhang  mit
Bodenbewirtschaftungstechniken  zur  Kontrolle von  Oberflachenabfluss  und
Bodenerosion zur Verfiigung.
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LIST OF SYMBOLSAND ABBREVIATIONS

Symbol Description Dimension Applied unit
U flow velodity in the x-direction LT ons™t
V flow velodity in the y-direction, m/s LT! oms?
Sox ground dope in the x-direction Lot °

Sy ground dope in the y-direction LL? °

Sy friction dope in the x-direction Lt

Sy friction dopein the y-direction Lot

Ox uh-x-momentum L2t cnst
Oy vh y-momentum L2Tt onst
H height/depth of flow (m) L cm

iJ Timesteps, | = fird and | = last time Seps T S

b vaueof gy at boundaries; L2tt cnst
Oyb vaueof gy at boundaries; L2Tt cnfst
hp vaueof h a boundaries L cm

a filtered variable (gy) L2t cnst
a filtered variable (qy) LTt cnfs?t
h filtered varidble (h) L cm
Fx flux of x-momentum in x-direction; - -

Fyy flux of x-momentum in y-direction; - -

Gyy flux of y-momentum in X -direction -

Gyy flux of y-momentum in y-direction - -

OV flux of height in x-direction L cm

Q flux of height in y-direction L cm
Fyxo Fxx @ boundaries - -

Fxyb Fxy & boundaries - -

Gyyb Gyy & boundaries -

Gyyb Gyy @ boundaries - -

ho initid congant height L cm
hm microtopography height L cm
npy no of point ony axis - -

npx no of point on x axis - -
CFL Courant—Friedrichs—Lewy parameter - -

g™t Flow generic variable L2t?t cnfs?t
a time filtering coefficient - -

Dt time step length T Sec
Ds grid length (dx=dy=Ds) L cm
Kt atificia diffuson coefficent - -

G Gravitational acceleration L2T? ntst
Fra flux for the friction dope in the x-direction L

Frov flux for thefriction dopein y-direction L

Sy ) effective saturation /reduced water content L33 m3nt
o residual volumetric water contents L3L3 m3nt
Os saturated volumetric water contents L3L3 m> e
Vobs observed runoff volume L3 Liter




Symbol Description Dimension Applied unit
Vém smulated runoff volume L° Liters
Ce coefficient of efficiency % %

Q observed runoff discharge & time Lirt Liter s*
_ mean runoff rate of the paticular ranfdl- L3T? Liter s*
Q runoff event

y runoff discharge predicted by the modd a L3T* Liter s*
Q timel

N number of time step in the computation - -
G gravitational acceleration, 9.81 LT? ms >

F Darcy—Weishach friction factor - -

Re Reynolds-number - -

Ko resstance parameter, which relates to the - -

ground surface characterigtics.

n kinematic viscosity of water = 10 ~° MLITY  mst

N Manning’ s roughness coefficient - -
k Dimengonless extinction coefficient - -

R(1),, interception reduced rainfall intensity LT! mmhrt
() ingtantaneous infiltration rate [mV/g LTt mms?
S Sorptivity [m/s”] L T2 mms¥2
C effective hydraulic conductivity [V LT! mmhr?
FEM Finite Element Method - -

FDM Finite Difference Method - -

FVM Finite Volume Method - -
A1 B1, A2 & By Long Plots (LP) L m
Az & Bs Medium plot (MP) L m
Az & By Short Plot (SP) L m

RQ Runoff Coefficient L33 %

uD Runoff Discharge per unit area L3 m? Lit m?
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1 GENERAL INTRODUCTION

11 Surface runoff, infiltration process and rainfall partitioning in the tropics
Surface runoff (flux a a point in gpace), often used interchangesbly with the term
oveland flow (a spaidly didributed phenomenon), resulting from the rainfal-runoff
transformation process plays a dgnificant pat in the hydrologicd cycle (process) in
Wedst Africa as in many other tropical regions. It is recognized as an essentid
component of most erosion and catchment water baance models (van Dijk, 2002) and is
acriticd factor controlling rill eroson and gully development (Hudson, 1995).

Oveland flow dgnificantly influences the amount of water avaladble in the
rivers, streams and ponds, and determines the size and shape of flood pesks (Troch et
a., 1994), and, when properly managed, could be converted into vauable water
resources for agriculturd production in floodplain farming. This could be very usgful in
mogt sub-Saharan African countries, facing a conggtent trend of declining or fluctuating
annud rainfdl totas which is afecting food production under rainfed agriculture (Jodl
et a., 2002; Le Barbé and Lebd, 1997; Rockstrom and Vaentin, 1997; FAO, 1995;).

Surface runoff in the form of long-term water avalability and extreme flows
ae dso veay important in desgning hydraulic dructures in civil engineering works
(Liden and Harlin, 2000). It determines the magnitude of sediment trangport in water
eroson process (Kiepe, 1995; Lane et d., 1997), and resolves the transport and fate of
nutrients and agro-chemicals, which reside on the soil surface (Jolankal and Rast, 1999).
Consequently, adequate understanding and knowledge of its dynamics congtitute one of
the most important and chalenging problems in hydrology and are quintessentid in
understanding several other catchment processes.

Subgtantial  progress has been made in underganding the surface runoff
process and its impact on the globa water cycle in some parts of the world. However,
vey little has been done in sub-Saharan Africa countries (van de Giesen et d., 2000),
paticularly in West Africa, where only few examples exig of detalled hydrologica
dudies tha use sub-daly information on smal experimenta caichments (<10 km?2)
(Chevdllier and Planch, 1993).

There is a generd consensus among researchers that the Hortonian or
‘infiltration excess runoff mechanism, dominates the generation of runoff in tropica
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caichments, while the Dunn€'s or ‘saturation excess mechanism gpplies to the flood
plains and valey bottoms (Esteves and Lapetite, 2003; Masyandima et d., 2003; Joe et
a., 2002, Peugeot et d., 1997, Dunne, 1978). By definition, Hortonian overland flow
occurs at a point on he ground surface when the rate of rainfdl exceeds the infiltration
capacity of the soil and there is a sufficient gradient to facilitate the flow. This process
is well defined and understandable at a point scale, but the model representation of the
process is modly done a a far higher resolution, i.e, the catchment or regiond scde
when done determinigticaly (Fiedler, 1997).

Understanding and modding of surface runoff processes, requires the sdlection
of appropriate Spatid and tempord discretization, to reduce scde discrepancies,
between observation and gpplication. It is dso essentiad in formulating appropriate
hydrologicd modds tha can most effectively smulate water balances for large aress
with the use of avalable computer resources. Such modds are useful tools in flood
forecasting and in improving the atmospheric circulation modes (Schmidt et d., 2000).
However, most large-scde modds cannot incorporate detailed and physically based
descriptions of the processes because of unknown boundary conditions, but with
appropriate scale definition, this problem can be solved.

Surface runoff process, as can be seen from the two widely accepted concepts,
is srongly influenced by the infiltration and percolation characteridics of the soil in a
caichment, implying, that surface infiltration or overland flow processes cannot be
adequately understood if the infiltration behavior of the soil in the catchment is not
properly studied. Infiltration properties among other biophysical factors determine the
amount of ranfdl that flows on the surface as overland flow. In continental United
States, it is generdly hedd that 70% of the annud precipitation infiltrates and the
remaining contributes to the stream flow through surface runoff (Chow, 1964).
Infiltration process in soil has received more atention in hydrological sudies than any
other component, and this has led to the deveopment of severa conceptud and
empiricd modds to describe the process. Commonly used conceptud infiltration
models include models based on the Richards equation, GreenrAmpt modd, Philip two-
term modd, Parlange modd, etc., while the empiricd modes include the Kostyakov
moded, Horton model, Holtan modd, Overton modd, Soil Conservation Service (SCS)
modd, Hydrologic Engineering Center (HEC) modd among many others (Singh, 1988).
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These models have been frequently compared and divergent results on effective modds
have been reported, depending on experiment locations among other factors. Quite
clealy, the cdasscd point scde infiltration theory (eg., GreenrAmpt Smith-Parlange,
and the Philip Two Term modd (PTT) is often used in physcaly based hydrologic
models (Fiedler and Ramirez, 2000).

1.2 Resear ch goals and objectives

Within the context of the GLOWA Volta Project, (http://mww.glowa-voltade), which
was st up to develop a decison support system (DSS), for sudtainable water
management in the Volta Basn, providing a comprehensve monitoring and amulation
framework that will assst decison mekers, to evaduate the impact of managesble
(irrigation, primary water use, land-use change, power generdion, trans-boundary water
dlocation) and less managedble (climate change, rainfadl vaidbility, population
pressure) factors on the socid, economic, and biologica productivity of water
resources, the overall goa of this research work is to provide the details about surface
runoff formation, transmission and dynamics for the decison support system.

Therefore the objectives are:

1. To edablish by the means of fidd dudies, the dominant runoff
formation mechaniam in the basin;

2. Study the effect of the catchment heterogeneous structure (vegetation,
geometric attributes and spetia variation of hydraulic properties) on
surface runoff processes,

3. Determine possible influence of observation scale on the processes,

4. Develop a process based modd capable of representing the observed
surface runoff processes; and consequently

5. Bvduae the influence of tempord factors (varying ranfal intengty,
surface runoff routing) on scale effect.

A combination of scded-plots experiments, detall catchment monitoring and
process-based numerical invedtigations is consdered necessary to understand these
interactions. It is hypothesized that runoff process responds varigbly to spatid and
temporal variation in cachment hydraulic propetties and rainfdl properties The
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influence of these parameters varies a each different scae of obsarvation. This will help
in identifying critica fidd parameters for upscaing.

1.3 Jugtification of the study

From a higtorica perspective, surface runoff and overland flow is often recognized as
one of the key components of the hydrologicd process. However, it has hardly been
sudied and quantified over the Volta Basin. Consequently, a knowledge gap ill exists
concerning the hydrologic behavior of the catchment in spite of the importance of the
basin to the hydrology of the West African sub-region. There is also a generd desire for
efficent regiond mode of the hydrologicad processes around the world, which is
expected to incorporate runoff process. However, surface runoff is nortlinear, making
upscding a difficult task. It is therefore necessary to investigate the runoff process a
various scaesto achieve thisgod. Thisis chalenging but achievable.

This theds is divided into sx chapters. Chapter 2 reviews the date-of-the-
knowledge in rainfdl patitioning and surface runoff process modding. Chapter 3
describes the study area in terms of geography. It dso explains the congruction of the
runoff plot and presents the methods for dl measurements during the fidd sudy.
Chapter 4 presents a review of different method of representing surface runoff process.
It ds0 present the development of the numericad modd used in this sudy and the modd
vdidation methods. Results of the fiedd observation presented in chapter 5, while
chepter 6 discuss the result from the modd smulaion experiments, outlining the effect
of various components A summary of mgor findings and recommendation ae
thereafter presented.



State of Knowledge

2 STATE OF KNOWLEDGE

The surface runoff process is among the most extensvely sudied in the hydrologicd
system, leading to great progress in the understanding of the processes governing the
trandformation of rainfdl to runoff. Comparatively, there are more documented studies
of the process in the temperate climates relative to the tropical zones (van de Giesen et
d. 2000; Chevdlier and Planchon 1993). Runoff volume, timing, and duretion affect
water supply, flood propageation and many other hydrological processes in catchments,
Surface runoff sudies have been gpproached using different methods that could be
broadly classified under three categories:

Fed dudies of the hydrologic processes using runoff plots, watershed

monitoring under naturd rainfal and smulated rainfal conditions;

Phydcdly based mathematicd modeing of surface runoff processes usng ether

fidld observations, synthetic / hypotheticd or smulated data sets or a

combination of the different sets of data; and

Geomorphometric  andlyss and digitd terran  modding gpproaches usng

geometric drainage units and smplified flow equations.

A recent trend in the study of this process is the investigation of the response
a various spaia and tempord scdes with emphasis on understanding the dynamics of
the numerous factors influencing the process a the different scaes This is often
captured under the heading:

Scdeissuein infiltration and runoff sudies.

The review of literature in this sudy was conducted to highlight the State-of-
the-art within the scope of the research objectives under the various headings. A review
of the issues of scde is integrated to maich the goa of underganding the scae
dependency of the rainfdl-runoff response.

2.1 Runoff generation phenomena

As observed by Brown (1995), the earliest process studies in watershed hydrology were
motivated by a need to understand, modd and predict runoff generation phenomena
This has led to the identification of two mgor runoff mechanians anongst severd other
proposed mechanisms, based largely on fied observations in the eastern United States.
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Horton (1933) proposed an infiltration capacity-based modd (infiltration excess) of
runoff generation, which is often refered to as the Horton overland flow. Other
processes of runoff generation were later presented, but another widely accepted
concept was proposed by Dunne (1970). He outlined the importance of a rising water
table in initiating and sudaining surface runoff generation. Thus, Dunne (1978)
proposed the soil saturation-based (saturation excess) runoff process otherwise referred
to as the Dunne overland flow. A third but less popular runoff generation process is that
proposed by Hursh (1936), which enumerates the importance of subsurface flow in the
runoff generaion process. The various runoff generation schemes and their enabling
environmenta conditions areilludrated in Figure 2.1.
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CONCEPT

T e VARIABLE

AydesBodol pue sji05

tormilow v

(adapted from Dunne, 1978)
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Climate, vegelation, and disturbance

Figure2.1 Summary of mgor runoff generation models

2.2 Field studies
The two mgor runoff mechanisms have been invedigated in a number of fidd

experiments. Mot of the dudies are however linked to the understanding of soil
detachment and eroson processes. Some others focus on nutrient dynamics in
agricultural  fidd soils and some on more generd topics like soil  management
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techniques (Littleboy et d., 1996). Deveopments in fidd invedigations of the
Hortonian overland flow between the 1930's and late 1970's have been summarized by
Dunne (1978).

Runoff studies are carried out with ether modd - or datistica-design based
runoff plots measurements or with caichment observation, and sometimes with the
combination of both. One maor interest in the study of the runoff processes at field
level has been that of determining discharge or yidd (volume of water available a the
plot or catchment outlet) over a specified period of time in reation to the tota ranfal.
This fundamenta problem in hydrology largely depends on tota surface runoff and has
been expressed in severd tempord scdes using the rdationship derived from studies on
catchments, runoff plot experiments, or river gauging Sudies combined with different
ample empirical formulae or complex models (Ponce and Shetty, 1995; Ld, 1997).
Results from mogt of the studies have shown a good rdationship between discharge and
plot or cacchment area subject to the trandocation factors. The effect of some
trandocation factors which include dope degree, length and orientation on the runoff
process and discharge has dso been a mgor area of interest in severd fidd dudies.
Sharman et d. (1983) and Ld (1997) concluded that, an increasing dope length induces
a corresponding increase in runoff volume from plots. This is contrary to the conclusion
that runoff volume decreases with increasng dope length made by Poessen e al.
(1984). Mah et d. (1992) however opined that, dope length had no dgnificant effect on
runoff volume in ther plot experiments. These contradictions could possibly emanates
from differences in the study aress. Fitzjohn et d. (1998) dso investigated the effect of
s0il moigure content and its spatid variaion on runoff yidd. They concluded tha,
runoff yield from the plot increases with increasing soil moisture.

Of paticular interest in the present sudy is the effect of changes in land use
pattern on surface runoff, the importance of micro-scae topography (microtopography)
sometimes associated with the effect of tillage practice and soil properties in controlling
the magnitude and digtribution of surface runoff, and the effects of scdes of observation
on the ranfdl-runoff transformation process. The potentid disurbance of the
hydrologic cycle by changing land use is well documented and is now a mgor topic of
interest in severd hydrological forums Changing land use results in changes in canopy

cover, degradation of the vegetative cover, and increased soil disturbance. These were
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found to increase surface runoff and soil eroson (Navar and Synnott, 2000). In a study
in Argenting, Braud et d. (2001) concluded that it is difficult to relate runoff volume to
sample catchment descriptors such as average dope or average vegetation cover. In a
gmulation of the result usng the ANSWER modd, it was shown tha vegetation
gonificatly  affects runoff volumes in  gndl-scde plots when the geology is
homogeneous. From the result of fidd trids under smulated ranfdl, Fede e 4.
(2002) andyzed the effect of grazing on overland flow in a semi - arid grasdand, and
observed that grazing affects the point scale hydraulic conductivity of vegetated soil,
resulting in increased runoff discharge. Under the GLOWA - Volta Project, the effect of
short-term change in vegetation and land use due to bush burning and cropping patterns
and long-term changes due to changing agricultura practices affecting the suface
runoff processes would be investigated.

The latest subject of interest in runoff studies is the understanding of the effect
of scde observation (both tempord and spatid) on the rainfal-runoff dynamics (Yair
and Lavee 1985; La 1997; van de Giesen et d., 2000; Jod et d., 2002, Esteves and
Lapetite, 2003). Mogt attempts at understanding this have been made with a
combination of both field tridds and mode smulation results, and this has shown to be
veay important for the future of runoff studies particularly with the increesng need to
devdop or improve the efficency of regiond hydrologicd modds Such improvement
will enhance the understanding of water resources dynamics. Effect of scde will be
reviewed in detall & alater section of this thess.

2.3 Study by models

As noted by van Loon (2001), before the computer era (till the early 1970'), the
digributed nature of overland flow was a serious impediment, since (mobile) equipment
was not avallable to observe and store the relatively large amount of information. From
the 1970's onwards, the relative appreciaion of modd <udies has margindized the
atention for fidd obsavaions Invedtigaion of the ranfal-runoff transformation
process by modding technigue has been shown to be an excdlent tool in the
underdanding the process a a cost that is very minimd, compared to that for fied

measurements.
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Physcdly based mahematicd modds have been goplied usng both
amplified flow equations and more generd governing equations. Simplified models are
developed from the kinematic wave gpproximation or the diffuson wave goproximation
of the unsteady open channe flow equation, otherwise cdled the full hydrodynamic or
shdlow water equations (Ponce et al., 1978; Parlange et a., 1981). The diffuson wave
modd assumes that the inetia terms in the equation of motion are negligible as
compared with pressure, friction, and gravity terms, while the kinematic wave
goproximation assumes tha the inertia and pressure terms are negligible compared to
the friction and gravity terms thus the discharge is taken as a sngle vaue function of
depth. Both gpproximate modds have been solved andyticdly and numericdly using
different surface resstance formulas in severd sudies (Julien and Moglen, 1990; Dunne
et d., 1991; Ogden and Julien, 1993; Woolhiser et d., 1996). Although approximate,
both the kinemaic and diffuson modes have given farly good descriptions of the
physica phenomenon in a vaiety of cases. They are however limited in ther abilities to
accommodate spatid variation of hilldope attributes, and do not alow the accurate
smulation of spatidly variable hydraulics (Zhang and Cundy, 1939).

Due to its amplicity and good performance in spite of the identified limitation,
the kinemaic wave gpproximation has been used extensvely in severd modeing
dudies of the ranfdl-runoff process (Singh, 1996). Smith and Hebbert (1983)
developed a modd based on kinematic wave approximations for both surface and
subsurface flows. This modd was limited in its ability to handle spatid variability of
s0il properties, especidly aong a hilldope gradient. Beven (1982) andyzed subsurface
gorm flow based on the kinematic wave theory. He remarked that the vdidity of the
modd is limited by severd limiting assumptions, which indude dmplified soil
hydraulic properties, uniform initid moisture conditions, and congtant rainfal used in
the study. Julien and Moglen (1990) used the kinematic wave gpproximation combined
with the Maming's ressance formula to study the influence of gpatid variability in
dope, suface roughness, surface width and excess ranfal on surface runoff
characterigics. They reported that the solution of the mode using the finite dement will
permit quantitative evaduations of the effect of spatid varidbility in terms of physcdly
based dimensonless parameters such as dimensonless discharge and  durdtion.
Following the success of Julien and Moglen (1990), van de Giesen et d. (2000) studied
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the scde effects on the Hortonian flow in a tropicd caichment usng andyss based on
the kinematic wave approximation. Other studies based on this approximation include
the sudy by de Lima and Singh (2002) that investigated the influence of moving
raingtorm patterns on overland flow.

Kinematic wave modding of overland flow is implemented in a one-
dimensond form, thereby limiting the accuracy of its prediction compared with actud
fidd observaions. To characterize actua fiedd observaions of variable dopes in the
kinematic wave models, Kibler and Woolhiser (1970) proposed the kinematic cascade
method, where the rea surface is gpproximated using a series of plane surfaces each
with different gradients. This attempt was later extended in the work of Borah et 4.
(1980) using kinematic shock-fitting techniques and it dgnificantly improve the
accuracy of the kinematic wave modd prediction of overland flow. However, such
cascading techniques gill do not represent the actua field observation and become
complicated as the cascade levels increases, thus introducing shock and discontinuity
problems in the numerica solution. In reducing this complication, the two-dimensond
modeling technique was pursued by Congantinides and Stephenson (1981). This
approach improved the accuracy of predictions from the kinematic wave agpproximeation,
but equaly complicates the numerical solution process. Other common limitations of
the kinematic wave mode include the neglect of backwater effect. Backwater effects
often characterize large ared catchment with low dopes, causng widespread ponding
and dow regiond flow dynamics (Wasantha-Lal, 1998; Zhang and Cundy, 1989). The
kinematic wave agpproximation dso fals for highly sub-critica flows on flat dopes and
when the downstream boundary condition is an important factor (Morris and Woolhiser,
1980).

Diffuson wave models are goplicable over a wider range of flow conditions
and, therefore may be used for highly sub-criticd flows. Hromadka et d. (1987)
developed a two-dimensond diffuson wave modd assuming condant effective rainfal
intengty. Govinradinju et d. (1988) derived an gpproximate andyticd solution to
oveland flow under a gpecified net laerd inflow usng the difftuson wave
goproximation. They adso provide the complete numericd <olutions for the diffusion
wave equation. Todini and Venuteli (1991) adso developed a two-dimensond diffuson
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wave modd in which the governing equations were solved with both finite difference
and finite dement methods.

Although computationdly very intensve, clearer underganding of the surface
runoff processes is obtained from the solution of the full hydrodynamic eguation. A
one-dimensond form of the equation was developed by Ligget and Woolhiser (1967),
to study overland flow on a plane surface. The sudy showed the suitability of the
hydrodynamic modd in dmulating overland flow. Other sudies based on the one-
dimensiond form include the studies by Strelkoff (1969) and Akan and Yen (1981).

A pionegring study with the two-dimensond form of the hydrodynamic mode
is that of Chow and Ben-Zvi (1973), wherein a smple geometry made up of two doping
faces was modded usng a modified Lax-Wendroff finite difference scheme The
sheme dlows the induson of atificdd viscodty tems Ther smulated outflow
hydrograph compares well with laboratory measurements. Katopodes and Strelkoff
(1979) developed a solution based on the method of characterigtics for the two-
dimensona form of the hydrodynamic eguation. This was used to andyze the two-
dimensond dam-bresk flood wave. The study showed the applicability of the method
of characteridics in the solution of the hydrodynamic equation. However, the solution
did not account for infiltration, soil surface roughness and variability in dope, snce
these factors are not tractable in the method of characteriics. The two-dimensond
hydrodynamic equation was solved with a Lax-Wendroff scheme to modd flood flow
resulting from a dam break (Iwasa and Inoue, 1982).

Kawahara and Yokoyama (1980) developed and solved the two-dimensond
solution of the hydrodynamic equation using the finite dement scheme. This solution,
however, faled to represent spatid varigbility in infiltration and soil surface roughness.
A semi-implict finite scheme that utilizes a space-staggered grid system was employed
to solve the shdlow water equation in oceans by Casulli (1998). The solution did not
account for rainfal and infiltration, but condders the wind dress term effect on moving
water. It was tested on a rectangular basn and smulates periodic tidd forcing that
represents the boundary conditions.

Higher-order methods are reported to improve the prediction of rapidly
vaying flow (Wasantha-Ld, 1998). The studies by Garcia and Kahawita (1986) and
Zhang and Cundy (1989) were pat of the pioneering efforts in the gpplication of higher-

11
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order methods for the solution of hydrodynamic models Both studies applied the
MacCormack method, which is a dmple variation of the Lax-Wendroff scheme, for
solving the full hydrodynamic modd. In the study by Zhang and Cundy (1989), runoff
response to a time congtant rainfal and infiltration was modded. This sudy consdered
goatidly variable hilldope features induding surface roughness, infiltration and
microtopography. Since only time condant ranfal was used, and the scde of
microtopography measurements were coarse, there was not much variaion in the output
hydrographs from different surfaces. It was dso reported that the smulation process
becomes ungable at intervals after 500 seconds. Another higher-order method shown to
have peaformed wel in solving the hydrodynamic eguation is the Legpfrog finite
difference scheme. This method was gpplied in developing a smulation tool for basn
irrigation schemes (Playan, 1992) and to invedigate the effect of soil surface
undulations and variable inflow discharge on the performance of an irrigation event on a
level basn with spatidly varying infiltration characteridtics (Playan e d., 1994). Deail
discusson on the gpplication of higher order method is given in the section on modd
development (4.1) sSinceit was gpplied in this study.

Conclusvely, the problem of detemining a solution for fluid flow by
modeling is usudly divided into two sages. The fird of these is concerned with a
decription of the flow of the fluid in such generd terms that this description will hold
a each and every point in the domain of the solution at al times. Such a description is
sad to be generic to the class of flows concerned. The result is ether a so - caled ‘point
decription’ (i.e. the partid differentid equation), or an ‘interva description’ (i.e the
integrd equation). The second stage of the problem is concerned with transforming this
‘point’ or ‘interval’ descriptor into a representation that is distributed over the entire
domain of the solution at dl times, such as is, for example, redized by the process of
integrating a patid differentid equation. The difficulties experienced in integrating
over complicated domains has led to the widespread and now admost universa use of
numerical methods in which point and integral descriptions are extended to finite spatia
destriptions that are maintained over finite time intervas, thus providing solution
procedures of finite cardindity (Dibike, 2002). Solving this paradigm has led the
devdopment of different methods of defining effective grid points to determine
dependent vaiables The way in which the computation proceeds from vaues of



State of Knowledge

dependent variables at grid points a one time leve to their vaues a the next time leved
depends on the computational scheme considered (Abbott and Basco, 1989).

2.4 Geomor phometric analysis and digital terrain modeling

The various processes in surface runoff formation and movement have aso been sudied
with the geomorphometric properties of the caichment including loca dope angle,
convergencies and drain densty (Schmidt e a., 2000). A dasic example is the
TOPMODEL (Beven et d., 1988; Wood et a., 1990), which is a topographically based
hydrologicd mode that ams to reproduce the hydrologicad behavior of the catchment in
a smi - digributed way (Campling et a., 2002) and has produced good results in
svead dimae zones. The GUH (geomorphic unit hydrogrgph) modd (Rodriguez-
Iturbe and Vades, 1979) is dso based on this method. This modd is admired for the
scae independence in its methods of solution and it is conddered useful in studying
microtopography  effects. The advent of more precise and high-resolution digita
elevation data over the last two decades and the avalability of powerful geographica
information system (GIS) packages have enhanced the use of this method. Specificaly,
the gpplication of these techniques has shown that the hilldope - scae observation of
runoff production mechanisms is influenced by soil properties, while the basn - scde
observation is influenced by basin morphometry. Basn morphometry can be expressed
by representative atributes for catchment height digtribution (relief indices), length and
form of the basn (form indices), and parameters describing the drainage network
(Schmidt and Dikau, 1999).

2.5 Infiltration process

Infiltration is a key component that dgnificantly influences the ranfal-runoff process.
It must be well understood and represented before a reasonable prediction of overland
flow in caichments can be made. Infiltration during a runoff-generating ranfdl event is
regulated by the hydraulic properties of the various soil layers the antecedent soil
moisure conditions. Such hydraulic  properties include unsaturated conductivity,
saturated conductivity and soil water retention (holding) capacity. These hydraulic
properties depend on the granular compostion (texture) of the soil and on the spdtid
arangement of the patides and voids in the soil (Structure). In ranfdl-runoff
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processes, oil texture is a datic propety while the soil dructure is dynamic.
Consequently soil structure may vary in space as wdl as in time, depending on soil type
and soil management (Dunne et d., 1991; Mallants et d., 1996; Stolte et dl., 1996)

Spatid and tempord heterogenaity of infiliration and other hydraulic
properties have recelved consderable atention in severa hydrological sudies. These
observed variabilities have been dtributed to severd factors, prompting investigations
into severd processes conddered to influence the infiltration behavior of soil in spatid
and tempord dimensons. In dudies rdaing spatid varigbility of infiltration properties
to changes in soil dructure as a result of tillage activities, Sharma et d. (1983) and
Casd and Ndson (1985) found dgnificant differences in bulk dendty, cone index and
soil water characteristics due to tillage, with the greatest spatid variation in the 314 cm
layer. This changes influence the saturated conductivity and therefore infiltration.
However a linear relationship with tillage trestment could not be established. In another
sudy focused on the influence of repested tillage treatments in the same locdity on
infiltration and hydraulic conductivity in a reaivey homogeneous soil profile Maula
(2003) observed that conventiona ploughing techniques (widely practiced in the Volta
basn adso) did not result in any dgnificant change in hydraulic conductivity values after
three years. However, reduced till treatment and no-till trestment results in Sgnificant
decrease in the infiltration rate after three years. Hydraulic conductivity vaue decreased
goproximatdy three times for reduced till and sx times for no-till trestment. It was
concluded that such decresse associated with the treatment on soil could lead to
negative results in surface soil hydrology and agriculture. This result from the incresse
in surface runoff, decrease in water storage and yield, increase in the compaction of soil
surface layer and increased soil erosion. In another study on tillage and crop effects on
ponded and tenson infiltration rates in a ‘Kenyon' loam, it was observed that the effect
of tillage and crop rotation on infiltration patterns is not consstent. This observation
was attributed to possible intra-season dynamics of the soil surface sed. The study aso
showed that tempord changes in infiltration were grester than tillage or rotation
differences. It was, therefore, concluded that, evauaing the effect of management
prectice on soil hydraulic properties require severd wel-documented measurements
(Logsdon et al., 1993).

14
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In severd cachments of the Volta basn, there is generd trend of change of
vegetation types (eg., from woodland to cashew plantation or grasdand). It was thus of
interest to review the effect of land use change on soil hydraulic properties. In a study
characterizing and comparing hydraulic properties of fine-textured soils on ndive
grasdand, a recently tilled cropland, and a re-established grasdand, Schwartz et 4.
(2003) observed that long-term gtructurd development on native grasdands was
principaly confined to effective pore radii greater than 300 mm, suggedting that land-
use practices had a greater effect on water movement than on the soil series This
indicates that the modifying effects of tillage, reconsolidation, and pore gructure
evolution on hydraulic properties are important processes governing water movement in
fine-textured soils. Mapa et a. (1986) showed that four soil-water properties i.e,
sorptivity with pogtive heed, sorptivity with negative heed, soil hydraulic conductivity
and the soil-water retention characteristic undergo significant tempora changes due to
wetting and subsequent drying during tillage, with the fird wetting and drying cycle
being responsble for most of the tempora variability. The sudy by Diamond and
Shanley (1998) with the am of deriving soil properties from infiltration measurements
in the summer and winter period in Irdand showed that infiltration tests are a poor
discriminate of soil properties, paticulaly in the winter period. This is because
infiltration rates are influenced more by the hydrologic regime than by soil properties.
The method is however quite useful in dassfying soil during the summer period and as
such would perform well on tropical condition.

Soil surface characterigtics (SSCs) have adso been reported to influence the
infiltration properties a the surface of the soil and could explan spatid varidion in the
infiltration properties observed under naturad rainfal in uniform soil. In a sudy by
Madet et d. (2003), the digribution of hydraulic conductivity curves near saturation for
eech SSCs type was developed and was hdpful in digributing loca hydraulic
conductivity vaues on hilldopes. The study showed that it is possble to link SSCs in a
cachment to hydrodynamic properties and will assg in identification and delineation of
hydrologicd and geomorphologica response units, based on the SSCs didribution of
the catchment.

Both Hortonian and Dunn€s runoff generation processes ae srongly
influenced and regulated by the infiltration property and saturated conductivity of the
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s0il layers. There is a consensus, though not unanimous on the spato - tempora changes
in the magnitude of infiltration within a season and dso in a during a rainfdl event. This
trangent behavior of infiltration should be quantified and integrated in developed
models, to represent field condition reasonably. This has led to the concept of
interactive infiltration. Interactive infiltration assumes a smdl-scde dynamic interaction
between the overland flow and infiltration process caused by spatidly variable soil,
ground surface characterigtics, depth of overland flow and rainfdl intengty (Fiedler and
Ramirez, 2000). In this study, the concept was agpplied in the modding technique by
defining sorptivity value, which varies depending on the initid moisture conditions, and
s0il state before the runoff events.

2.6 Scaleissuesin runoff and infiltration processes

Modding surface runoff and infiltration process over large area is dways chalenging
particularly when such modes are for predictive purposes. This is often the case
because measurement of infiltration, hydraulic conductivity, rainfdl, surface festure,
etc., which sarve as input for many rainfal - runoff modes, are made at point or a the
most on plot scae, whereas the developed models are required for application at basin
or catcchment scale. Consequently, great discrepancies exist in the results as most of the
modds do not explicitly account for spatid variability of soil hydraulic properties and
the temporal dynamics associated with the processes. For example, the computationa
edements of kinemaic wave overland models of large areas do not explicitly account for
gpatidly varigble infiltration characterisics or smdl-scale ground surface unevenness
(microtopography). Effective or apparent parameters are assumed such that the mode
can fit observed data, but these parameters may not be valid a other input levels or
gpplication scales.

There have been severd research efforts to understand these discrepancies,
commonly refered to as scde dependency or scde effect. Ealy numerica
investigations indude the works of Julien and Moglen (1990), usng kinematic wave
goproximation of the hydrodynamic equation. The study concludes that varigbility in
runoff discharge depends primarily on the raio of ranfdl duration t, to the time to
equilibrium te defined as
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where w and L ae width and the length of plot; b and a are the kinematic wave
parameters, and i istheinfiltration excess.

This gudy further defined a length scde factor that incorporates spatialy
averaged vaues of surface parameter, rainfdl intendty and duration factors, to ddineste
gmilarity conditions for spatidly varied runoff. In a follow-up study, Ogden and Julien
(1993) patitioned the zone of effectiveness of both spatid and tempora variability
factors in rainfdl-runoff response sysems as a function of the rainfal duration and the
time to equilibrium. A sSmilar sudy by Dunne e d. (1991) showed that apparent and
effective infiltration rates depend on hilldope length, and consequently the Steady date
discharge will increase linearly with digance downdope thus initiing scde
dependency. An andyticd study on the effect of tempora variation of ranfdl intengty
on overland flow by Hjemfdt (1981) showed that the pesk discharge from an overland
flow could be influenced by the rainfdl intendty pattern. Recent contributions to the
numerical invedtigation incude those of Fedler et d. (2002), who investigated the
effect of grazing activities on scde response, concluding that grazing dters the
microtopographic formation of the field. Fiddler and Ramirez (2000), Esteves e 4.
(2000), and van Loon and Keesman (2000) in their studies solved the full hydrodynamic
equations usng different methods, and showed that ranfal-runoff response depends on
the combination of various factors, which include microtopography, Spatid
characterigtic of hydraulic properties, etc. Wainright and Parson (2002), in ther
numerical invedtigation of scale dependency, showed that tempord characteristics of
ranfdl intengty might be an dtenative explanation to the commonly assumed spatia
vaiability of soil properties in explaning scae dependency. In a dudy focused on
andyss of scde dependency of a lumped hydrologicd modd, Koren et d. (1999)
showed that the Hortonian overland flow process is more scae dependent than the
Dunnes flow and that dl the modds tested produced less surface and total runoff with
increesing scae Size.

In other sudies, De Roo and Riezebos (1992) suggested the combination of
dochastic methods with distributed hydrologicd models in evauatiing the consegquences
of the large gspatid varidbility of infiltration on scade dependency in  ranfdl-runoff
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trandformation. Jetten e d. (1999) concluded from ther evauation of runoff and
eroson modds tha the spatid variability of infiltration-related varidbles is difficult to
handle, due to differences in scde between observations (on smdl soil samples) and
goplication (on entire watersheds). Scale dependency is aso dtributed to variability in
s0il conditions. Auzet et d. (1995) opined that the use of quditative typologies of soil
condition and rough empiricd modds of its evolution will conditute a consderable
improvement over gpproaches ignoring the variability of soil surface date in space and
time in scale dependency studies.

There have dso been some efforts to investigate scde dependency in the
ranfdl-runoff process by fidd trids under naturd ranfdl or smulated ranfdl. Edeves
and Lapetite (2003) observed a decrease in the runoff coefficient with increesng plot
aea in thar fidd expeiment a four different scaes under natura rainfdl conditions in
Niger. Jod et d. (2002) equaly observed in thelr experiments under natura ranfal that
large plots with an area of 50 nf only produced 40% of runoff quantities from 0.25 nf
plots per unit area discharge, when compared even in periods of continuous ranfal.
Van de Giesen et a. (2000) dso observed a clear reduction in runoff coefficients with
incressing dope length. Their result showed that between 30 to 50% of rainfal, is lost
as runoff on a square meter plot as compared to 4% on a 130 Ha watershed. La (1997),
Yar and Kossovsky (2002), and Wilcox et a. (1997) dl concurred with the observation
of areduced runoff coefficient with increasing size of plots, a varying factors.

Summaily, scde dependency in the rainfdl-runoff response sysem in Al
types of invedigaions has been attributed to severd spatid and tempora factors.
Spatid vaidbility of seved factors such as soil hydraulic  conductivity, surface
depression, initid soil water content, dope length, crack development, crust and sed
formation, and rainfal has been given as source of scde dependency of rainfal-runoff
response from catchments (Jod et al., 2003; Arnaud et d., 2002; Gomez et d., 2002;
Julien and Moglen, 1990). Schmidt et d. (2000) showed that effective geomorphometric
parameters such as landform structure, topology, local dope angle, convergence, and
drain densty influence scae dependency. They dso noted that in smdl sub-region
cachments, paticulaly those having low dope angles the low flow lengths
concavities and gpatid didribution of the soil types ae dl important in scde
dependency of the ranfdl-runoff response sysem. Some authors, including de Lima
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and Singh (2002), Wainright and Parson (2002), Ogden and Julien (1993), Dunne et 4.
(1991) and Julien and Moglen (1990), have cited tempord dynamics with speciad focus
on rainfal dynamics. Lapatite and Esteves (2003) and van de Giesen et d. (2000)
suppose that tempord dynamics in infiltration excess play a dgnificant role in scae
dependency.

Usng a combination of fidd trid results and numericd smulation, this study
will answer the following questions:

1. Wha ae the princpa factors that influence runoff formation in the

Voltabasn?

2. What is the rdationship between runoff and catchment hydraulic
properties a different scales?

3. Which are the effective parameters that influence scale response a
each scae of amulation?

4. What role is played by the surface propertties and the tempord
dynamics of the rainfdl in runoff response at the different scales?
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3 MATERIALSAND METHODS

31 Study area description: location, geography and topogr aphy.
In investigating and understanding the hydrologic behavior of the Volta Basn, three
pilot sStes were sdected for intendve observation of severd hydro-ecologica processes
in the Ghana dde of the caichment. The sdected areas are Ejura in the middle belt,
Tamde and Navorongo in the northern part. Among the three Stes sdected, Ejura has
the highest annud ranfal average, and is characterized by undulating landforms that
fecilitate runoff process. Extensve flat terrans characterize Tamae and Navorongo
gtes. Plots and catchment investigation of the runoff process was consequently studied
a a catchment in the Ejura study area. The research catchment is located about 14 Km
north of Ejura and is localy named Kotokosu (latitude 07° 20' N and longitude 01° 16
W). The catchment is in the foret—savannah trangtion zone of Ghana and the study
aea has been chrigened the “food basket of Ghana’. That implies very intense
cultivation and other humen activities tha have Sgnificantly influenced changes in
vegetation paterns and degradation of soil quaity. Owing to centuries of human
activities and high rurd population dengty, virtudly dl naturd vegetation in the study
area has been destroyed and replaced by secondary re-growth vegetation, cashew and
cocoa fams, and fams with field crops such as maize, cowpea, guinea corn, cassava
and yams.

The dimae is wet semi-equatorid with a long wet season laging from April
to mid-November. This dternates with a rdativey short dry spel that lasts from mid-
November to March. The mgor rainfal season begins in April and ends in July, and the
minor season begins in September and ends mid-November, displaying large inter-and
intra-season heterogeneity with regard to totd rainfal as well as the occurrence of dry
godls. Long-teem mean annud ranfal is 1445 mm (Osa-Bonsu and Asibuo, 1998).
The storms are mostly determined by the mesoscadle convective sysem (MCS), which is
a unique, wdl-organized convective cloud cluster that is well known for its production
of extreme weather conditions and abundant rainfal. A MCS usudly originates as a
locdized region of convection and subsequently spreads out like a ripple on a pond.
However, unlike water waves, the convective wave rardy spreads in a symmetric
fashion, and convection may be entirdy dbosent from certain sectors. Therefore, an
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expanding arc of convection is more often observed on satdlite images than a full
circle. This arc is usudly referred to as a squdl line (SL) (Raymond, 1976; Friesen,
2002; Abiodun, 2003). A front with high intendgties and a tal of longer duration and
lower intensties characterize the typicad hyetogrgph generated by a sgudl line. Rainfall
digribution in the sudy area is spatidly varidble with the intendty ranging between
2mmhr! to 240 mmhr! and a median intensity of about 70 mmhr 1. Rainfdl duration
is generdly short with an average of about 30 to 50 minutes, but some events ae longer
egpecidly the monsoonad rans aso common in the sudy aea Average annud
temperature in the sudy area is about 28°C with no marked seasond or monthly
departure from the annuad average. The area lies in the Voltaian sandstone basn and is
characterized by gently dipping or flat-bedded sandstones, shades, and mudstones,
which are easly eroded. This has resulted in an dmogt flat and extensve plain, which is
between 60 and 300 meters above sea level (Dickson and Benneh, 1995). The drainage
network is composed of well-formed channels that developed from rills and concentrate
the runoff water away from the shdlow soil profile. Schig and granite are the mgor
rock materids found in the catchment. The nature of soils in this landscape is largey
associated with the parent materid. The dominant soil types in the area are Luvisdl,
Phinthosols, Acrisol and Leptosols. The caichment condsts of a large area of rock
outcrops and soil depth is shdlow. There are about four shdlow ponds formed in the
valey area that trgp runoff water, and 3 other seasond streams, which discharge into the
one man stream used to monitor catchment discharge. Detall soil characterization for
the study Site is presented by Agyare (2004).

During the dry season preceding the 2002 rainfdl season, a detaled
topographical survey was conducted. Elevations data a severd points were
kinematicdly collected usng ASHTEC Differentid Globd Pogtioning Sysem
(DGPS). The obtained data was used to generate a digita eevation node (DEM) of the
dudy Ste. The study sSte can be classfied as a medium to low land with éevation
varying between 165 meter and 260 meter above the sealeve (figure 3.1).
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Figure3.1  Digitd devation map of the sudy Ste indicating the location of runoff
plots.
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the entire catchments, which was interpolated by Kriging. The firgd sep involved
modeling the spatid dructure of the eevation data usng the semi-variogram. The semi-
vaiogram is a function of digance (lag) separating data points. With a st on n

observation, there are (n_21)n unique data pars. The empiricd variogram is computed

as hdf the average of the squared difference of dl data pairs (Chilés et d., 1999). The
experimentaly derived variogram was used to fit alinear modd of the form:;
j (h)=45+0.32h (321
where | isthe sami variogram and h isthe distance in meters,

Kringing was used for interpolation, because it has been shown to be the best
linear unbiased estimator (BLUE).

3.2 Siteinstrumentation

The study area as mentioned is one of the test Stes sdected for intensve observation
and monitoring of agro-eco-hydrological varigbles within the scope of the overdl
project objectives. Instruments a the dte include an automatic weather sation, which
records dl westher varidbles (ranfdl, minimum and maximum temperature, net
radiation, relative air humidity, barometric pressure, wind speed and direction, and soil
heat flux). These paameters ae logged every 10minutes by a Campbel CRI10
datadogger. The ste is dso equipped with a set scintilometer to cgpture the heet flux in
the catchment transects. Networks of plastic access-tube were inddled a drategicaly
selected 16 locations to a depth of 100cm. Soil moisture a depths of 10cm, 20cm,
30cm, 40cm, 60cm, and 100cm were monitored with a DdtaT TDR profile moisture
probe type PR1/6 during the sudy period. Profile soil moisture monitoring is aso
supplemented by another network of 15 duminum tubes indaled to a depth each of
120cm, which were monitored concurrently at depths 10cm, 20cm, 30cm, 40cm, 60cm,
100cm and 120cm with a neutron probe. Surface soil moisture in the firg 10cm layer
was monitored using the DdtaT TDR moisture probe regularly throughout the period
of observation. At two locations, each close to one duminum access tube, one plagtic
access tube and the runoff plots, soil moisture tenson were monitored a the depths
30cm, 60cm, and 100cm from June to November of the 2002 rainfall season with 6 sets
of tensometers. Within the study period, vegetation development was monitored in a
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sies of biomass edimation experiments a various locaions in the caichment and
within the plots with Sunscan probe.

3.3 Design of runoff plots, construction materials and process
To capture the surface runoff process at a local scale, two sets of runoff plots were cited
within the caichment to adlow discharge measurement. They were composed of naturd
s0il demarcated with duminum sheets on three sdes, which were driven 20cm into the
s0il and protruded 30cm. With this border, upsiream flow from both surface and
subsurface flowing into the runoff plots was effectivdly cut off. The downdream section
of each plot was fitted with an duminum gutter that discharged into a trough. Each
trough housed a tipping bucket runoff meter desgned basicdly for this fidd sudy. A
mercury switch was atached to the base of each tipping bucket and connected to a
HOBO date logger, which logged the date and time (to the nearest second) of each tip
of the bucket as ether open or closed state. The site sdlection for the plots was based on
a reconnaissance survey of the catchment in the later part of the 2001 rainfal season.
The two sets of plots were located close to the valey bottom on transects of discharge
into the main stream which flows through the catchment, and oriented aong the dope
direction. Plate 3.1 shows the runoff plots layoui.

Each st of plots conssted of a twin plot measuring 2m x 18 m (long plat,
LP), one 2m x 6 m plot (medium plot, MP) and one 2°m x 2°m square plot (short plot,
SP). The plots were placed close enough to each other to avoid the influence of soil
gpatid variability on ranfdl-runoff response monitoring. This implies that the soil in dl
the plots a each dte was uniform and the soil physcd characterigtics of al the plots on
both stes were gmilar. Table 3.1 shows the summary of the physicd characteristics of
the soil a each dte. The Stes were named A and B. The location of the plots within the
cachment is shown in figure 3.1. All the plots were constructed a the end of the rainy
season in 2001, so that al the plots would have sufficient time to stabilize, and return to
natural conditions before the onset of the rainfall season in 2002, used for observation.
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Table 3.1: Physicd properties of soil ingte A and B

Plots Bulk Density CEC % Sand %St % Clay Soil Class*

SteA 1475 4.21 56.76 40.52 3.28 Sitloam
SteB 1.366 2.17 67.96 2552 6.52 Sandy clay loam

*Based on van Genuchten parameter classfication

The records of total discharge from each runoff plot during runoff events were
manualy measured a the end of each event with cdibrated buckets combined with
measuring cylinders. The HOBO event loggers ensured the automated measurement of
totd number of tips and frequency (time of tip to nearest seconds) during the runoff
events. From the record of the cumulative tips, the totd volumes were dso obtained,
and compare very wdl with the manualy measured runoff volume. Between the plots
on each dte, a tipping bucket-ran gauge was placed to monitor the ranfdl intengty at
the plot level. Each gauge was connected to a HOBO event logger that registered date,
cumulative tip number, and time of tip to the nearest second. The standard amount of
ranfal per tip was between 0.1 and 0.2 mm, but the buckets were cdibrated for the
actua amount of discharge per tip that was estimated to be 0.17ml. Three other tipping -
bucket rain gauges dso fitted with HOBO event loggers were dso distributed aong
defined transect within the catchment. This facilitated the comparison of ranfdl
intendty digtribution on the catchment. The HOBO event and dtae loggers are normdly
read out with the Boxcar software provided with the loggers.

34 Hydraulic conductivity and infiltration measurement

In characterizing the hydraulic properties within each runoff plot, cumuletive infiltration
curves were obtained from the severa-scded points within the plots. The Decagon's
0.5cm suction minidisk infiltrometers were used for the infiltration experiment. The
0.5cm suction represents the suction at which raindrop infiltrete into the soil under
naturd fidd conditions. For each messurement, the initid and find moisture content at
the point and its immediate environs were taken with the handhedd TDR. These vaues
were later related to the initid moisture content value,

This sudy dso am to examine the godid vaiability of infiltration and
hydraulic conductivity over the caichment in reaion to the spatid didribution of the
s0il type and landscape postion; consequently infiltration curves were obtained at
sdlected grid points used to characterize the soil physio-chemica properties, usng the
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min-disc infiltrometers. Measurements were taken a about 200 points within the
cachment and the Philip two-term eguation was used to obtan the cumulaive
infiltration curve. Usng the polynomid fitting techniques of the cumulative infiltration
curve, the van Genuchten parameters were obtained, which were then subgtituted in
gopropriate equations to compute the hydraulic conductivity vaues a dl the measured
points. These values were then andyzed for trend and didribution usng detistical and
geo-datiticd methods. A summary of routine messurements of the parameters
monitored during the field experiment, their frequency, spatid and tempord resolutions

aegveninTable3.2

Table 3.2: Outline of measured parameters and equipment used during the field

experimen.
Par ameter No of points Instrument used  Temporal resolution
Ranfal tota 3 Totdingran Each ranfdl event
gauge
Ranfal intengty 6 Ranfdl tipping Intendty to the nearest
buckets seconds
Runoff intengty 8 Runoff tipping Each event
buckets
Plot discharge 8 Mesasuring Each event
cylinder
Catchment discharge 1 Barrow Divers 2002 rainfall season
Infiltration & Severd within
hydraulic Runoff plotsand ~ Mini disk
conductivity catchment Area  infiltrometers 2002 rainfall season
Surface soil moisture Severd point ML2 Dec. 2001 to Dec.
2002
Profile soil moigture 16 PR1 profileprobe  Dec. 2001 to Dec.
2002
Soil tenson 2 TL2 Tensiometer June 2002 to Nov.
2002
Leaf areaindex Within Plot and
8 other
experimenta
location. Sunscan probe 2002 rainfall season
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4 MODEL DEVELOPMENT

4.1 Background

The various mechanisms involved in most hydrologica processes could be investigated
and clearly understood, if adequate relationships that characterize the physics of the
process is derived and applied. Consequently, most studies often rely on such numerical
or datigicd model(s) to ducidate on fidd trid results. In the study of surface runoff or
overland flow processes and in many other environmental problems involving unsteady
flow in waterways, mathematicd modes based on the shdlow water wave equation
have become and an accepted efficient tool for representation (Chow and Ben - Zvi,
1973; Zhang and Cundy, 1989; Fiedler, 1997; Singh and Bhalamudi, 1998; Zoppou and
Roberts, 2003). This equation is ether used in its complee form as the full
hydrodynamic equation or in its goproximate form as a kinematic or diffuson wave
model as ealier discussed (section 2.2). Since this study amed a improving the
understanding of surface runoff processes & varying scale (spatid and tempord) of
obsarvations, the full hydrodynamic modd was sdected for gpplication after a review of
the different moddl. A detailed description of the development of the modd and the
solution for this sudy is given in the following sections.

4.2 Modd outline

The two-dimendond ungteady flow equations commonly referred to as the Sant
Venant equation is widdy used to describe overland flow and surface runoff process. In
deriving the Sant Venant equation, the four origind Navier - Stokes hydrodynamic
equations are verticdly averaged over the flow depth usng the following kinematic

boundary conditions:
At the freesurfaceh = h, (X, Y, t)
@ — ﬂhsur +ug, ﬂhsur +v, ﬂhsuf =W, - R(X,y’ t) (41)
d Tt x
Atthebed surfaceh = h (X Y, t)
oh T, The ., The_
—=—2+u +V, =W HI(X Yt 4.2
dt ﬂt bed Tb( bed w bed ( y ) ( )
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where hg, and h, are the free surface and bed surface devations above the datum
respectively; ug,,v,, ahd w,, ae the velocity components in the x, y, and z directions

respectively at the free surface; u,,, 4, and w,, are the velocity components in the X,
y, and z direction a the bed surface; R(X,y,t) is the spatidly and tempordly varigble
ranfdl rae and 1(x,y,t) is the spdidly and tempordly varidble infiltration rate. The
folowing assumptions are dso used (1) velocity is congant across the various depths,
(2) for a shdlow water flow of long waves, the vertica veocity and acceleration of the
flud paticles ae sndl compared to the accderation due to gravity; (3) pressure
digribution is hydrogtatic, and, (4) horizontd shear dresses components are small
compared to the verticd shear stress components (Zhang and Cundy, 1989; Fiedler and
Ramirez, 2000). The derived equations (by neglecting dl smal terms) comprise of the
equation of continuity and two equaions of motion, one for each of the planar
coordinate directions x and y. These equations in Cartesan coordinates may be stated as
(Zhang and Cundy, 1989; Esteves et d., 2000).

fh, fh_ 1h

—+u—+v—=R(@{)- | (X,y,t 4.3
iV Ve (t)- 1 (x.y.t) (4.3)
u fu u e‘ﬂh u

— +Uu— o= 4.4
‘Ht+u‘ﬂx V + gﬂ +Sfx SoxH O ( )
v v

E+U—X+V—+geﬂ_+sfy Oyu =0 (45)
where

h= depth; u= loca depth-averaged velocity in the x - direction; v = loca depth
- averaged velocity in they - direction; g = gravitationd acceleration; S« = bed dope in
the x - direction; Sy = bed dope in the y-direction; Sx = friction dope in the x -
direction; Sy = friction dope in the y-direction; R(t) = ranfdl intensty assumed to be
uniform in space but varied in time and | (X,y,t) = rae of infiltration which could be
spatidly varied and time dependent.

The equation could be re - written in terms of the dependent variables, depth, h
and unit discharges (gx=uh), (gx=Vv h) in the x and y planar directions, by multiplying
the two eguations of motion (4.4, and 4.5) by the depth of flow ) for surface runoff
problems resulting in:
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ALAS R t)=0 46
i w Ty q&y.t)=0 (4.6)

ﬂqx lwx gh2 O ﬂ wqu —
TR T : "y T E;+ gh(S, - S, ) =0 4.7)

'ﬂqy ‘H&H gh2 1 a9.9
L - ~+0h(S. - S )=0 4.8
e 2 I e LGS, - S,) (48)

g (XY t) represents the net laera inflow i.e, the rate a which water is

verticaly added to or removed from the control volume [R(t) - | (x AY; ,t)], and it could

be spatidly and tempordly varied. Equaion (4.6) results from conservation of mass
over a control volume, and its firs term connote the variation of depth over time in an
ungeady flow condition. The various differentid terms in the momentum eguations
represent  different quantities related to consarvation of momentum. Comparing the
equation in this form to the dasscd . Venant equation, the locad acceeration,
convective acceeration and pressure force terms in both x and y directions could be
extracted asfollows:

&, & Locd accderationin x- and y - directions
it

T a0 128,40, 0 &g, ¢
WEngWE h & WEn 5
Tagh’o T amh’o

ﬂX 2 ﬂ ﬂy 2 g

Convective accderdionin x - y directions,

Pressureforcein x - y directions

Some of the tems of the surface runoff equations must be derived or
gpproximated from other equations and reationships. These rdationships are based
gther on fidd measurements, empiricd modds or published data The following
sections describe in detall, the method of estimation or derivation of the parameters used
for the surface runoff equation in the study.

4.3 Bed and friction dopes
The bed dope, which connotes the ground surface topography and variaion of locd
dope gradient in the x - y planar directions, Sy and Sy, were estimated from the relative
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ground surface eevation in the zplane. Data for the computation can were obtained
from the digitd devation modd (DEM) data Mahematicdly, the bed dope is

computed from the expressons.

= T

S . (4.9)
S, =- ™ (4.10)
Ty

where h., is the bed devation from an arbitrary datum (m). In the numerica

code developed for the solution, point éevations a regular grids were defined, which
enable the computation of loca bed dope at each grid cdll.

The friction dopes depict the dope of the energy grade line and can be
cdculated from a number of equations. It conditutes the resstance to overland flow by
s0il and vegetation and is an important factor included in the modd. The friction factor
varies depending on the type of flow under consderation as it is related to the shear
dress a the bed. It is moderated by severd factors including soil texture, soil surface
roughness (microtopography), vegetation type, didribution and densty among other
factors. For any prevaling flow condition, there is interplay of sgnificance between the
viscous dress and the Reynolds dress. For example, in laminar flow condition, viscous
dress dominates, and consequently, the Reynolds stress effect can be ignored and vice-
versa

The amples form of the Darcy — Weishach equation is the one derived for a
Seedy and uniform flow and isgiven as

S =f 411

X 8gh ( )
V2

S, =f 4,12

fy 8gh ( )

where f is the Darcy — Weishach factor and u and v are the velocity in the two
direction. This is a very smple form of representation, which however rarely occurs in
fidld observation, snce surface runoff can hardly be uniform because of the various
disturbances in the process. This gpproach was used by Esteves et d. (2000) to represent
the friction dope factor in their solution developed for the surface runoff equation.
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Another form of the Darcy-Wesbach equation for two-dimensond laminar

flow (i.e, viscous dress dominates and Reynold stress can be ignored) Stuation is given

as.
f oo, (q+0q2)Y?
2 + 2\1/2
s =t d,(ax +dy) (4.14)

fy @ h?
where gy and gy are the fluxes of the velocities in both x and y directions, h is the flow
depth; g is gravitaiond acceeration and f is the flow resstance factor. In the laminar
flow regime, in which viscous dresses are much larger than Reynolds dresses, f is
computed as a function of the Reynolds-number, Re, captured in the relaionship

K

f=—2 4.15
s (4.15)

The parameter K, is a resistance parameter, which relates to the ground surface
characteristics. It has been estimated for some surface characteristics and other biotic
factors including vegetation type and dendgty, root volume. Table 4.1 shows the
estimated range of K, for different surfaces from the study by Woolhiser, (1975).

Table 4.1 Egimated vaues of K, for different surfaces

Surfacetype Ko (range)
Bare sand 30-120
Sparse vegetation 1000-4000
Short grass 3000-10000

The Reynolds number for two-dimensond flow is computed from the
equation:

Y@ +a?)

n

R, = (4.16)

where n = 10 ~° mis is the kinematic viscosity of water. When the expression for K, and
R. are subdituted in equations 4.13 and 4.14, the reationship for the friction dope

factor in laminar flow conditions takes the form:

_ Kqg,
fx 89h3

(4.17)
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_ Kqq,
v gght

(4.18)

Fledler and Ramirez (2000) applied equations 4.17 and 4.18 in their study, by
assuming laminar flow dominate surface runoff processes.

The friction dope factor for tubulent flow (i.e. where Reynolds dress
dominate and viscous dress can be ignored) is mainly caculated from the Manning

equation using the rdationship:
12
n*{gz+a;
Sy = % (4.19)
12
n* (g +aqy
Sy ( I ) (4.20)

where n is the Maming's roughness coefficient. This form was goplied in surface
irrigetion modedling by Playan et d. (1994).

Another form of the Darcy — Weishach equation, which accounts for the effect
of ranfdl resgance on the frictiond resstance, is given by the reationship (Sngh and
Bhalamudi, 1998):

_ . G

S, =f, S (4.21)
_e W

Sy = d8g:13 (4.22)

where fq is the frictiona resstance, whose evaduation depends on the ingtantaneous State
of flow. It is caculated for laminar flow from the rdaionship:
=S (4.23)
R,
where C; factor is proportiond to rainfal intengty.

In this sudy, dl the above-described methods of computing the friction dope
were evauated and the numerical code for the solution is developed in a way that any of
the described methods can be activated. To account for the interaction of both tempora
nature of rainfal (which was not consdered by Fiddler and Ramirez (2000) since time
congant rainfal was used) and soil surface feature (which was not considered by Singh
and Bhdlamudi (1998) since one dimensona form of the egquation was solved and this
neglect surface feature), the equation by Zhang and Cundy (1989) was revisited.
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According to Zhang and Cundy (1989), the friction dope factor is the
difference between the shear stresses at the free surface and at the bed i.e.

Sy = (Sfxm, - Sfxbed) and Sfy = (Sym, - Sfybed) (4.24)
2 + 2\1/2 2+ 2\1/2
where S, =LM Sy =LM; accounts for the
= 8¢9 h = 8¢9 h

friction factor a the bed and is often used aone by ignoring the friction factor a the
surface. The friction dope a the surface in the x and y directions, which takes into
account, the effect of rainfall is Sated given as.

Sy, =- Rq—r: ad S, =- R%. Combining the surface and bed shear stress,

and subgtituting for f, the friction factor, the friction dopein both directions becomes:

2 + 2\1/2
- fa(@*a) RO (4.25)
8g h° gh?
2 2\1/2
S A C Rl A (426
8g h° gh?

The induson of ranfdl effect is necessary in view of the shdlow nature of
overland flow and the peculiar high intendty associated with tropica rain. As raindrops
fdl into flowing water, they generate splashing craters on the water surface, and
turbulence in the flow. These can cause energy loss and increase flow resstance (Zhang
and Cundy, 1989). Laminar flow rdaionship was used for smplicity and any
turbulence that might develop is accounted for in the ingtantaneous rainfdl factor (R).

4.4 Net lateral inflow

Net laed inflow is literaily the difference between rainfdl and infiltration, thus the
vdue of laerd inflow a any point in time and space varies depending on severd
factors, including the time snce the beginning of the ranfdl, the intengty of the rainfdl
event and its didribution, initid moisture condition and hydraulic characteristics of the
soil. Soil hydraulic behavior depends on the type of soil and the landscape postion. A
negative net inflov will imply thet the ranfdl intendty is lower than the infiltration
capacity of the soil; consequently, al the rainwater infiltrates into the soil. To compute
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net laterd inflow, the effect of vegetation on ranfal and the interactive process of

infiltration were consdered as discussed be ow.

441 Rainfall and vegetation

Ranfdl intendty vaues used as an input in this dudy ae directly computed from
records obtained from the tipping-bucket rainfdl gauges inddled a the experimenta
dte. These data are prepared in the frequency format, i.e, cumulaive number of tips
and the corresponding time in seconds since the onset of the particular rainfall event.

Average Ledaf Area index (LAI) defined as the cumulative one-sided area of
(hedthy) leaves per unit area (Watson, 1947) per plot was monitored during the
experiment. The andyss of these record was used to account for rainfal interception by
introducing a reduction factor on the volume of ranfal per tip of the tipping bucket
ranfdl gauge as a function of the canopy cover fraction c. Van Dijk and Bruijnzed
(20013, b) gave a detalled review of the various andyticad modd of rainfal interception
for use with vegetation of varisble dengty. A modified equation relating canopy cover
fraction and Leaf Arealndex (LAI) was proposed in that study and is expressed as:

c=1-e" (4.27)
where k is a dimensonless extinction coefficient. The vadue of k depends on lesf
digribution and inclination angle and usudly ranges between 0.6 and 0.8 in foreds
(Ross, 1975). For a number of agriculturad crops, van Heemst (1988) reported values
between 0.2 and 0.8, with values of 0.5 to 0.7 being the most common. The canopy
cover fraction was later used to edtimate interception loses from a mixed cropping
system, very smilar to the cropping practice in the Volta Basin. This was achieved by
relaing the canopy cover fraction to the relative evaporation rate and a range of 5% to
14% of the gross rainfal was found to be lost to vegetation interception. However, the
edimation does not incdude semflow. Stemflow may however have no sgnificant effect
on the range, dnce dem losses ae modly edimated from through fal and not from
grossranfal.

Cdculated ranfdl intengty from the tipping bucket is therefore reduced by
the canopy cover fraction to obtan the “effective’ ranfdl intendty. The characteridtic
greph of the average LAl representing the mgor vegetation covers in the catchment
agang the week(s) since the beginning of the rainfdl season was used to sdect an
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appropriate factor for use in the amulation. This enhance large scde goplication of the
model over the basin, since vegetation development in the basin has a predictable trend
moderated by the widdy practiced bush burning during the dry season, which destroys
most of the undergrowth that dominates the basn vegetad cover. The interception
reduced rainfal intengty R(t),; could then be defined as.

R(t), =R(t) ¢ (4.28)

4.4.2  Infiltration

The representations of temporal and spatid dynamics of the infiltration process during
an event need to maich observaion in fidd Sudies Infiltration components can be
incorporated by the use of empiricd modd including the Greenr Ampt equation, Philip
two-term equations, Smith-Parlange, etc. Another approach is the Richards equation for
unsturated flow in the sub-surface, in one or two dimensions. Both methods have been
aoplied in different studies (Wainright and Parson, 2002, Fiedler and Ramirez, 2000,
Egteveset d., 2000; Singh and Bhallamudi, 1997).

The study by Fiedler and Ramirez (2000) and Esteves et d. (2000) outline the
importance of incorporating an infiltration modd, if the Smulation results are to be used
for explaining prectica fiedd observation. The use of a spatidly and tempordly dynamic
infiltration model creates a scenario of interactive infiltration. Based on the outlined
ggnificance, the infiltration and movement of water through the soil as described by the
Philip-Two-Term  (PTT) infiltration equation (Philip, 1957) was adopted for the
developed modd. Thisisgiven as.

()= 72+C (4.29)
where I(t) is the indantaneous infiltration rate [m/s] as a function of time t [g]; Sis
sorptivity [m/s?], and C is the effective hydraulic conductivity [m/s]. The physicd
properties of the soil influences the van Genuchten parameters used for the estimation
of effective hydraulic conductivity from fidd deta The choice of the PTT is influenced
by severd factors including: adequate representation of the infiltration process in most
tropicd soils, the ease and smplicity of estimation of its modd parameters from short-

time fiddld messurements. In this sudy, infiltration curves were obtained for most of the
nodes within the plots and the catchment from fidd measurements with the Decagon
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05cm  mini-disc  infiltrometers  (Zhang, 1997). Spatid  interpolation  technique
(Kringing) was used to estimate vaues a grid point that were not measured using the
interpolation procedure in ‘Surfer’ software (Golden software, Inc. 2000). With the
interpolation, the PTT hydraulic parameters at dl the computationad grid points were
obtained.

Infiltretion values according to the PTT are time dependent; its computation
begins with the onsst of ran and interactively changes with ranfal duration. This
interactive behavior of the infiltration rate and ranfal intendty results in the three
possble scenarios of rainfal-runoff response. In the firg few seconds or minutes since
the onset of a ranfdl event, dl the ran waer tends to infiltrate depending on ranfal
intendty and hydraulic conductivity of the soil. At this time actud infiltration is
equivdent to the amount of rainfal. When the infiltration cagpacity of the soil is ataned
or when the ranfdl intendty becomes grester than the infiltration rate, point runoff
begins to forms. In computing the time interva for this to occur, the Time Compresson
Approximation (TCA) approach is used (Revees and Miller 1975). The TCA method
assumes that the infiltration cgpacity is a function of the cumuldive infiltration, since
the onset of a typicd ranfdl event. TCA diminaes vaidions in ranfdl by
theoreticdly condensing time. All other re-distributional processes of infiltrating water
are ignored. This assumption has been shown to be properly suited for West African
storm patterns (van de Giesen et d., 2000). The TCA has been shown to be very rdigble
in its esimations (Parlange et da., 2000; Gomez et d., 2001). From this phase and
subsequently, mogt rainfal are converted to surface runoff. Infiltration vaues in a fidd
can vay spatidly depending on the vaue of the hydraulic conductivity defined a the
grids. The latera inflow equation for the developed solution can be given as:

6 (xy,1) =[R®), |- & 2+ Cx, ) (4.30)
e u

The developed flow equations for used in this study after dl the subgtitution
could be summarily given as:

ﬂqy+ 2
— +3 2+C(x,y)- R(t), =0, 4.31
i w Yy (X y)- R() (4.31)
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45 Numerical methodsfor solution of surface runoff equation

Numericd schemes ae gill the mogt vdid method of solving the surface runoff
equaion, dnce no andyticd <olution exids for this sysem of patid differentid
equations (Dibike, 2002). The schemes are, however, much easer to apply in deep-
water flows such as occur in lakes and estuaries, where the shock and discontinuities
often encountered in shadlow water equations are not present. The observed shock and
discontinuities are difficult to accommodate in numericd schemes. Shocks capable of
truncating the numerica process can result from any of the following processes and
they represent amaor chalenge in the process:

(1) At the onset of rainfdl, i.e, before ponding occurs in the runoff process,
the depth of overland flow is zero, dnce dl randrops infiltrate into the soil. This
implies that the flow depth ) will be equa to zero (dry bed). This condition cannot be
accommodated by any known numericd scheme, for solving the hydrodynamic
equation, because depth is a denominator in severd terms.

(2 In fidd condition, surfaces are ponded differentidly and ponding is not
ingantaneous and often not uniform. It varies spdtialy depending on the spatidly varied
initidd moigture condition, hydraulic properties and rainfal properties. These conditions
lead to discontinuity in the flow regime and consequently introduce large gradients in
the dependent variables, and thus, affecting the stability of the numerica solution.

(3) At the onset of ponding, and even for severa flow Stuations observed in
the surface runoff process, the depth of overland flow is very shdlow (sometimes in the
millimeter and & the mogt in the centimeters range). This is because overland flows
develop and move towards the discharge outlet, thus the build-up is gradua, except
during very intense gorms, which often result in flood problems. This shdlow depth
demands a smdl magnitude of computational oscillation, which will lead to truncation
of the solution as negatives depth is computed (negative depth is imposshble in fidd
conditions). The computationa ingtability and collapse is due to the oscillatory nature of
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the hydrodynamic equation (Zoppou and Roberts, 2003). Even in flood Stuations, depth
change is unstable and such sudden changes will lead to ingability of the solution.

(4) The effect of ground surface roughness and microtopographicd forms that
characterize most runoff plots, cultivated fields, tilled surfaces, rill channd and other
oveland flow surfaces. This surface roughness and the corresponding loca dope
gradients dgnificantly regulate overland flow depth and verticd amplitude, particularly
in regions of rapidy vaying sufaces This trigges oscillaion in the numerica
solution; consequently the solution becomes ungtable.

In view of the above problems associated with the solution of the
hydrodynamic equation, most numericad schemes commonly used in the solution of the
shdlow water equation or its overland flow form (surface runoff equation) may not
adequately handle the problem at hand. It was then expedient to criticaly assess mogt of
these schemes and modify the selected scheme to achieve the god of this study.

4.6 Selection of method
The fird dep in obtaning the solution of the hydrodynamic eguation is the re-
presentation of the partid differentia equation in a Cartesan matrix form as:

WUV E=0 (4.34)

it &% Ty
where H, U, V and E are the cartesan components of the flux vectors. The vectors H, U,
V and E ae then presented in the matrix formulation of the unit discharge q,, ¢, and

flow depth h as
é u
€ u ¢ u é a
) € q U e ¢ u é R(t), - 1(t) a
ehu é, hzu ng hzu éaeKu y q U
H=gg o U=k, 900, &b 010 e, g0 0. gh M 4 (4.35)
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Four mgor methods are gpplied to obtain the solution to the matrices that result from
this transformation. These are (1) method of characterigics (2) finite dement method
(FEM); (3) finite difference method (FDM); and (4) finite volume method (FVM).

The method of characterisics (MOC) is an andyss-based method, which
involves the trandformation of the patid differentid equations (PDE) to ordinary
differentid equations (ODE) dong the characterigtics. These transformed ODE are then
solved numericaly usng explicit or implicit schemes. The gpplication of this method is
limted to generd overland flow cases, snce pdid vaiadility, dope, surface
roughness, and infiltration pattern cannot be adequately characterized. MOC can be
used to define the appropriate boundary conditions for use in numerica methods and to
account for the dtability conditions. Katgpode and Strelkoff (1979) used the method of
characterigtics to solve the two-dimensiona flow resulting from a dam breek.

Mogt practicd applications of the hydrodynamic equation especidly (from the
two-dimenson) do not have andytica solutions, therefore, andyss-based methods, like
the MOCs, cannot be applied. Consequently, the governing eguations, which are in
continuous forms, are transformed into discrete forms, which then result in series of
agebraic equations that can be solved with the computer. The solution of these discrete
agebraic eguations represents an approximation of the continuous problem, and severa
methods have been developed to find the most appropriate discrete representation of the
actua continuous equation. Such numerical techniques are the basis of other methods
described in the following paragraphs.

The Finite Element Method (FEM) involves the discretization of the system
into a series of sub-domans (triangular or quadrilaterds), cdled finite eements,
connected a a discrete number of noda points. Theresfter, each of the dependent
vaiables (eg., h, v and u) is approximated in terms of the unknown vaues and the
known shape function a the noda points. Subsequently, an appropriate measure of error
from the st of dmultaneous eguations a& each nodd point is minimized and the
resulting set of equations is solved for the unknowns a the nodd points. The Gaerkin
form of the FEM has been used in some sudies on the runoff process. Taylor et d.
(1974) used this form to solve the two-dimensonad shdlow water equations for
modeding watershed runoff. He reported the occurrence of shocks at points where there
are sudden changes in the bed dope. This could be attributed to the method of solution
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in which the entire flow domain was represented and solved as a set of matrix equations.
Al-Mashidani and Taylor (1974) dso used this foom of FEM to solve the one-
dimensond form of the shdlow water wave equation for surface runoff. Kawahara and
Yokoyama (1980) used a regular triangular grid discretization of the FEM method to
solve the two-dimensiona modd of overland flow. Akanbi and Katapodes (1988) used
a Petro-Gderkin foom of FEM to modd two-dimensond overland flow on a deforming
moving-grid sysem. The coordinates of these moving grids were transformed in
gmulating the flooding of an impervious square plan from one of its corners. This
method produced a very good output when compared to the field data from the border
irrigation system used for the vdidation. Improvements were made on the FEM method
to accommodate sudden changes in bed dope resulting from changes in surface dope
and soil surface roughness, so that the problem of shock in the solution is removed
(Vieux et ., 1990).

Julien and Moglen (1990) used the FEM method to solve a one-dimensond
hydrodynamic equation for investigating overland flow generated under spaialy varied
surface dope, width roughness, and excess rainfal intengty. Ogden and Julien (1993)
adso goplied the method to study surface runoff sengtivity to spatid and tempord
vaiability of ranfadl. Both dudies atet to the ussfulness of the method in numerica
invedtigations. Other posshilities with the FEM methods include the integration with
digitad eevation modds of catchments to ddineate watersheds and consequently route
the surface runoff paths (Goodrich et d., 1991). The FEM method is often credited with
flexibility and a wide range application, and its consstency in the numeric solutions. A
common limitation of the method is that every improvement in the predictive ability
implies a corresponding increase in number of nodd points to be handled, which
consequently increases number of points for solution. This dways reults in increased
time for efficent computations, particularly when the variable surface properties and
time-varying rainfal intended in this study are used.

The most frequently used method of solution of the hydrodynamic equation is
the finite difference method (FDM). There are three basc steps in the application of this
method to differentid equations (Singh, 1996). In the firsg dep, the continuous solution
domain is discretized and replaced by a grid point cdled the finite-difference mesh.
Secondly, the continuous derivatives of the differentid equation are replaced by finite

M
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differences on the grid points, thus the solution equations, ther variables and
coefficients are established at al grid points (nodes). In the find step, for each node, dl
the equations are solved uding the vaues of the dependent variable given by the initid
and boundary conditions. This set of solutions is used as initid and boundary conditions
when the solution at the next time step is desired.

Finite difference methods can be solved implicitly or explicitly, depending on
the number of points a which the solutions are obtained in a time sep. In implicit
schemes, the sets of difference equations for a complete row of points are solved
amultaneoudy in a time gep, while in the explicit scheme, the difference equations are
solved point by point from one time level to the next. Both schemes have been gpplied
in numerical solutions of the hydrodynamic equations and have been shown to have
compadive advantages and limitations. Implicit schemes are best gpplied when the
computer resource is large and a time accurate solution is not O important in the
process under study. The number of points for iterations in each time step necesstates
an increase in time sep (lag), for stability purposes. Such increase in time step could
cloud some important processes, particulaly in problems that require high time
reolution to agppreciae like the one under sudy in which high-resolution ranfal
intengty data is used. Implicit schemes are unconditiondly sable and the accuracy
depends on the grid ratio of distance Ox) to time lag Ot). On the other hand, explicit
schemes could accommodate smaler time step, such that the processes could be
understood a very fine time resolutions. These schemes are aways preferred when time
accuracy is dedred. Explicit schemes (particularly from the second-order schemes) are
generdly noted for efficiency in handling shocks and discontinuity. Such discontinuities
originate from sudden changes in depth of flow, which characterize mogt tropica runoff
proceses egpecidly where spatid  vaiability of soil physcd and hydrologica
properties can be observed even in centimeter ranges, and high rainfdl intensty leads to
aabrupt increase in the depth of overland flow.

The finite volume method (FVM) involves the discretizetion of the continuous
equaion into number of finite volumes In each of these finite volumes, the integra
equations are gpplied to obtain the exact conservation within each cel. It is particulaly
useful in hydrodynamic modds, snce most of the equation is solved based on the
principle of consarvation of momentum. By the discretization of the integral form of the
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consarvation equation, the mass and momentum reman conserved. The resulting
expresson in the FVM solution gppears dmilar to finite difference agpproximation
depending on the techniques applied. As such, it is often conddered as a finite
difference method gpplied to the differentid conservative form of the conservation law
in arbitrary coordinates. The method can be applied aso usng an undructured grid
system as FEM, but will generaly require less computationd effort than FEM. The key
problem in FVM s the edimation of the normd flux through each cdl interface. Vdiani
et d. (2002) developed a FVM that was tested in predicting dam bresk problems in the
Mapasset dam in Italy. The FVM was dso used by Bdlos et d. (1991) in computation
of two-dimensond dam bresk induced flow and was found to perform very wdl with
respect to prediction. The FVM was dso applied to capture hydraulic shock commonly
encountered in river modeing; the devdoped scheme worked well in its ability to
represent shock without a collapse of the solution (Zhao et a., 1996). A maor Imitation
of the FVM is the inability to handle flow over rough surfaces (Vdiani et a. 2002), thus
limiting its gpplication in this Sudy.

In sdecting a numericad scheme that could handle the overland flow under
varying surface and hydraulic conditions Smilar to the one under condderation in this
sudy, Fiedler (1997) extensvely reviewed and in some cases tested the performance of
severd higher order schemes i.e, third- and fourth-order schemes. He concluded that
most of the higher order schemes could not correct the dispersive errors and numerical
oxtillations observed in lower-order schemes. There was, therefore, no incentive to
sect them for solution. He aso examined a new generation of high-resolution FDM,
but noted that the scope of development of the modd could gill not metch the
requirement in overland flow Stuaions. A form of the high-resolution scheme, the tota
vaiaion diminishing (TVD), was used by Vdiani & d. (2003) in predicting flood
events in the Toce river in Italy; and their findings confirm the concluson of Fedler
(1997) concerning the scope of application and the suitability of the scheme for
oveland flow gtuations. Consequently, the search for the solution in this sudy was
limited to the second-order finite difference scheme.

Recent dudies on the solution of the full hydrodynamic equation in surface
runoff and overland flow processes with the second-order finite difference scheme have
basicdly used the MacCormack scheme (Zhang and Cundy, 1989; Edteves et d, 2000;
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Fedler and Ramirez, 2000), because of its amplicity and robustness. It is dso second-
order accurate in space and time. It was observed during the review of the various
dudies that the origind form of the MacCormack scheme could not handle flow on
rough terrain. It requires some modification to accommodate this physcd redity. A
vaiant is the application of the Legpfrog scheme by Playan et a. (1994, 1999). They
goplied the Legpfrog scheme to the smulation of overland flow in basn irrigation
schemes on both smple and complex terains. This scheme was shown to be
numericdly dable in solution, but was criticized for being inflexible with respect to
dability a odd grid points and the requirements of artificia viscosty terms due limited
disspative properties. To correct the problem of sability a odd grid points, a Legpfrog
scheme with centered time and space derivatives was used for this study; the scheme is
described below. A mgor incentive for the use of the scheme is its ability to accuratdy
handle very complex terrain and the ease of extenson of the smulation area under study
without loss of prediction accuracy. The computationa process ensures the efficiency of

computer resources, since the solutions are in staggered form.

4.7 L eapfrog scheme

The Leapfrog scheme is a second-order method for solving differentia equations. It is a
three-ime-level scheme that is second-order accurate in both space and time as depicted
graphicdly in Figure 4.1b. It present an attractive dternative for solution of numericd
proolem in severd fidds of dudy, incuding meteorology, engineering physcs,
adronautics, environment and economics efc, where sysematic observations ae
normaly made.

The Legpfrog scheme has been successfully applied for computationd
purposes in hydrology and its efficiency has been evauated in comparison with other
schemes (Foreman, 1984; Akanbi, 1986; Playan, 1994). A mgor advantage of the
scheme is the staggered approach to the solution of equations (figure 4.2). Staggering of
the numericd solution, ensures that the numerica fluxes are not calculated the grid cell
interfaces, where jump and discontinuities occur, but rather a the gridedl centers
(figure 4.1a), where the variable varies smoothly (Erbes, 1994). When applied to the
surface runoff equation, the estimation of flow depth and discharges are staggered in
time by a hdf-time sep, enhancing the stability of the scheme. A detalled description of
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the Legpfrog scheme as gpplied to shdlow water equations in a basn irrigation scheme
is found in Playan (1992). However, there is no documented record of the gpplication of
the scheme to surface runoff or oveland flow modding despite the itemized
advantages.
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Figured4.la: Gridcdl dructure for daggered and nonstaggered method  using
piecewise linear recongtructions.

Adapted from Erbes, 1994
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Figure4.1b:  Schematization of a staggered grid (leapfrog method).

4.8 Adaptation of L eapfrog scheme

The generd form of solution in the Legpfrog scheme is centered in time, but not in
goace. Hdtiner and William (1980) have, however, shown that centered differencing in
gpace is more accurate than forward or backward differencing, and it is used for the
derivative in equations 4.28 — 4.30. Using the legpfrog centered time and space
differencing scheme; the derived surface runoff equation in finite form could be saed

as.

n+l n-1 n - " n - "
i j +q’9+1.j q)h_j +in,j+1 q)’i,j-l
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where i and | are the gpatia indices and n is the time indices. The scheme is neutrd and
is conditionaly dable for problems involving nontlinear advection terms, but may be
ungtable for disspative terms, because a short wave component of the solution emerges.
In this case, the profiles of the solution become uncontrollable (Cunge et d., 1980),
implying that two solutions will exig for the problem, whereas the differentiad equation
that is supposed to be gpproximated has one solution only. The fdse solution is Smply
an atifact of the numerica scheme and has no bearing with redlity.

Various methods have been proposed to handle this undesired condition. An
atificid viscous disspation term may be introduced in the reationships This damped
the numericd noise by ensuring smooth results in space (i.e. consecutive grid point),
while ill mantaining the dability of the scheme Another way of solving this problem
is to cary out grid refinement, in which the grid spacing and combination are carefully
sdlected. This often leads to increase in computationd effort.

In this study, the second order turbulent viscosity used to account for turbulent
momentum transfer (Reynolds Stresses) in shdlow water equation was applied (Erbes,
1994; Fiddler and Ramirez, 2000). This method involves the introduction of two terms
in second partid derivatives, which are added to the three equations developed for
surface runoff (4.31 — 4.33), thus we have:

5 2
kdiff ;[-[XI} + ﬂﬂyr:y %: 1—;1

2 kdiﬁ ghim ) 2hu‘ + hm.j H

+i2kdm ¢h -2h +h U (4.39)
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for the three equations respectively. h = haght difference dong x-axis over a
steggered  grid;  h T h L= height difference dong y-axis over a staggered grid;

a, -d = diffeence in g, dong x-axis over a staggered grid; g, -0, =

i+ i-1j i+l ii-1

difference in g, dong y-axis in a sngle staggered grid; g, -, = difference in

i-1j

g,dong x - axis over a saggered grid; g, -q, = difference in g, dong y-axis

+1 ihj-1

over a staggered grid; g, ;q, ; and hii are the middle grids values of qy, gy, and h,

while kg is the coefficient of diffuson. The vaue of this coefficient depends on the
type of problem being handled and must be adjusted until the stability of the solution is
achieved. Vdues of the diffuson factor tried with this model range between 0.5 and 5,
but the Kgiffc =1 is used in dl computation processes in the numerica tests reported in
this thess snce it effectivdy smears these discontinuities. The introduction of this
coefficient did not in any way affect the accuracy of the scheme.

4.9 Computational process
Numericad computationa process in the Legpfrog scheme follows a saggered
implementation process, in which computation proceeds in hdf-time intervas (Figure
4.3). At the gart of the computation process, the fluxes of the discharge momentum, and
that of the height at the nodes (i.e. i = 1, npx and j = 1,npy) in the x and y direction are
esimated from the equations (4.31 - 4.33). The fluxes for the friction dope in the two
directions are d o calculated from equetion (4.25 - 4.27).

At the whole-time geps the continuity equation is solved to evauate flow
depth at necessary nodes. The equation is discretized as.

t+ 0t t
h - h + ﬂqx + ﬂqy +
oDt 2Dx 2Dy

q =0 (4.42)
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where the spatid patid derivatives of the fluxes and the net laterd inflow are evduated
a the time t+Dt/2 and the discretized equation alows for the solution of h'*™ explicitly

+q gll (4.43)
(%]

The centered-in-time formulation isimplemented in the numericd scheme as
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where hyae is
hratﬁ‘j = R(t)ri - | (t)i‘i (445)

Infiltration rate is averaged over the discretized time, and the maximum hyge IS
used.

To obtain the trangent vaue for the flux gy and gy inboth x - andy - directions
a the rodd pointsi= 2 to npx-1, onthe x - axis, and j = 2, to npy - 1 onthey - axis.
The finite differencing process, i.e, centered — in - time Sep, is discretized in the

scheme as;
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Define Experiment Parameters: 1. NPX, NPY; 2. Type of simulations; 3. Kq@

grids; 4. Sorptivity; 5. Surfacetype; 6. DX , DY, Dt : 7. Ky ; 8. Sopeangle9.
Final computation step 10. Timeto writedata11. Open or close boundary definition
12. Initial and final velocity 13. Friction factor

i1
Import experiment parameters
Write in afile (.par)

41

Open parametersfile

npXi=npx Stop
I's Ky grid Stop
Consistent

Compute instantaneous Rainfall
Intensity; Infiltration rate

il
Open Output
datafile
41

Defineterrain Typei.e., Rough or Flat
or Inclined

il
Compute Lateral inflow rate
(based on terrain type)

41
Define initial flow depth, velocity, lateral inflow
rate and reference initial conditions

il
Write data into info file giving summary of setup
choices
J1
Define boundary relaxation coefficients; conservative
variable in the interior
il
Write initial vaues at boundary into data files;
Initialize Time Counters (Kcount)

103
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Start Leapfrog Scheme
>

Define Flux functions
Bed and Friction Slope

b
Solve the Differential equation

b
Update new variable at new timei.e.
uhi; vhi; uho; vho; etc
il
Increment
Time=time + Dt
Kcount =Kcount +1
il
Set Latera Inflow rate

il
Write into file

Yes Check Time
Kcount = Kfind
No
Main Time Loop for the L eapfrog Scheme
Define Flux function
Perform Time Step
Step forward in time
Set Lateral inflow rate
ik
Perform Asselin Time Filtering
b
Update new variable and write to file
No
Check Time
Kcount = Kfinal
Yes
P| Solve primitive variables, u; v; h
ik

Write Find Result/Close dl files

END

Figure 4.2 How chart of the sequence of computations in the developed modd
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Figure4.3 A grid with three dependent variables that are computed at dternate grid
points.

It should be noted in each stage of the legpfrog scheme, both space and time
differencing are implemented. The computation of the same variables a each node is
separated by an entire time step.

4.10 Initial and boundary conditions
The numericd computationd procedure in the developed mode required the
specification of appropriate initid and boundary conditions. For the purpose of Sability
in the solution, a practical dtuaion of zero initid flow depth, which holds before the
onst of a ranfdl event till ponding, could not be agpplied. This necesstates the
definition of an initid oveland flow depth, which should be smdl and inggnificant in
the computational procedure. This technique has been gpplied in severd numericd
dudies on the overland flow process (Chow and Ben-Zvi, 1967; Zhang and Cundy,
1989; Tayfur et d., 1993; Edteves et d., 2000 and Fiedler and Ramirez, 2000). In this
dudy, a conggent vaue of initid depths was used s0 tha the effect on the output will
be uniform and could be corrected.

The modd is a limited aea modd (LAM), implying that it can only describe
or predict variables over the applied domain, not outsde the domain. However, it dso

requires the variables from this outsde domain (i.e, boundaries) to predict those in the
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goplied domain. A boundary relaxation coefficient and a boundary relaxation zone is
defined appropriately. The boundary relaxation zone provide space to handle efficiently,
the error that might have occurred due to recondruction of the oscillatory behavior by
the finite process. Consequently, in the experimentd plot smulations, the closed
boundaries on the three sides of the plots are set such tha there is no flow through them.

The fluxes of gx and g, perpendicular to these boundaries (q,, d,,) are set to zero.

Depths a close boundaries (h,) ae defined usng inward differences in both the

continuity and momentum equations. For example, when the south boundary is opened,

the following condition is gpplied from i=1, to i=npx

Oo =G, =4,
Oy =0, =0, (4.47)
n=h =,

and when it isfixed or closed:

Qv =0, =0

dp =0, =0 (4.48)
h=h =h,

The vaues of dl the fluxes a the boundary rdaxaion zones, in each time step

is corrected with the boundary relaxation coefficient from the expresson:

()" =g )(a)" +9 (aw), (4.49)
(qy):l = (- gi,i ) (qy)in,:l +gi,j (qyb)in,j (4.50)
"= (- g g (R (4.5)

whereg, ; isthe boundary relaxation coefficient. 0£ g, ; £1, anditisgiven by

g °1- tanh%#
* 1 ndamp - 4

where ndampis the width of the relaxaion zone, k is the current gridpoint,

w-gg;k31 (452

and k-1 isthe number of grid pointsto the nearest boundary from the current grid point.
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411 Computational time optimization

The maximum dlowable time step and horizonta resolution of the Legpfrog scheme as
in dl other finite difference schemes are condrained by the Courant-Friedrichs-Lewy
(CFL) condition. The CFL condition provides a framework for the sability of the
numerica scheme, and basicdly implies that the flow must not progress farther than the
grid dze during a time sep. The CFL condition used for one-dimendon flow is
generaly expressed as.

CN _cx (4.53)
Dx

where ¢ is the cderity (the phase speed) or an advection velocity of a smdl flow
disturbance (cm/s), Dt is the time increment (s), and Dx is the grid spacing in the x-
directionand O£ CN £1.

For the two-dimenson solution goplied in this sudy, the maximum admissble
time step is defined according to Bellos et . (1988) as:.

ebDx Dyo

Dt=CN — =
Su+c’ vty

(4.54)

min

where Dx and Dy are the grid spacing in both directions, u and v are the initid veocity
a a point in time, in both directions, and CNy, indicates the minimum of the two
possble vdues the CN number. However, the source terms introduces further
redrictions on the admissble time gep for smulation. This extent of redriction is
dependent on the rainfdl intengty, inclination angle, microtopography, and the defined
atificd diffuson coefficent. Consequently rigorous dability andyss for  the
developed equation is difficult. Fedler, (1997) adso reports the same limitation in the
aoplication of MacCormack scheme, implying that the difficulty is not peculiar to the

Leapfrog scheme.

412 Timefiltering

To reduce the amplitude of the computationd mode, ensure smooth results in time (i.e,
consecutive time steps) and avoid a decoupling of the solutions & odd and even time
deps (time solitting of the solution), an Assdin time-filter is gpplied a each time sep
(AsHin 1972) to the computed values. The variables (qx, qy,) being time stepped is

operated on asfollows
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(@) =(a),*aa) - 2(a), +(a)' (4.54)
(@) =(a), raga) - 2a) () (4.59)
and

R =(h) +a§h) - 2(h)" +(h)"Y (4.56)
(h),, =(n), +agh) - 2(h); +(n)

where a is the time filtering coefficent. q,, g, and hare the filtered variables, which
isthe modd output.

At the firg time sep and after each time tha an Assdin time filter has been
gpplied, aforward in time step is performed as.

Dt «_,

= . € Y =Y -F" U
qxl,] qx|] 2DX SFXXH-LJ FXXI»LJ 0 2Dy gFquﬂ FXyl,J-l 0
Dt . N
o n q,]n _ n u_ n
2Dx ghi,j e Mg hm\-Li O DtFrsui,J

Dt & n n no
+Wkdiff gqxlﬂll - 2qu +q>‘.-1.13

Dt 5 n n n
+§kdiff glxim - qu” +qxi,j—1H (4.57)
n+l _ n_&'n _ N u_ﬂ'n _Cn u
qyi,j B qyi,j 2Dx ngyi“ G i O 2Dy SGWLH GWu—lO
Dt
Rt 2y n 0 U n
2Dy gh‘ ie mt, i+l hmtl.l-l 0 DtFrsvm
Dt A n n n
+ykdlﬁ gqy“lw i qul * qx\ 1] H
Dt A n n nooU
e §1,, 20, 4 (459
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Dt . Do .
n+l _ n n n n n
5= o € T it o &V T Y

+E2kdiff ' -2h" +h" U
Dx € i, i i-1j U

2D

+W kdiff ghlnj a 2th] + hile 8+ (hrate)in,j (459)

The second-order finite-difference gpproximetion for the numerica process for

gpace and time derivatives is represented asin the following the expressons:

2 n-1 n-l+ n-1+ n-1
ﬂ g » q)ﬁ+1 q)ﬁ—l 2q)?

4.60
w DxDx (4.60)
2 n-1 n-l+ n-l+2 n-1
ﬂﬂgz sy i g;w B, (4.61)
2 n-1 n-1 n-1 n-1
Fo, M + I+ (4.62)
Y% DxDy

where g"! is a generic vaiable describing the flow a each and every point in the
domain of the solution at dl times. Figure 4.2 shows the flow chart of the computationa
process in the developed solution gpplied in this study. Detalled descriptions of other
differentiation processes are provided in the numericad code The solution of the
differential equations a the various boundaries is discussed in the section on boundary
and initid condition.

4.13 End of smulation

The end of the Smulaion processes in this modd is determined by the defined
maximum time geps dlowed and the computationd time interval Dt. During amulation
run with actud ranfal data, the maximum time step is determined by dividing the
duraion in seconds of the ranfdl event by the time intervd. During smulaion with
constant rainfdl intendty, the end of the smulation is determined by the time defined in
theinitidizing file
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4.14 Numerical test for the developed solution

No andyticd solution exigs for the full hydrodynamic equation. However, there are
some andyticd solutions for the approximate form of the equation, which could be used
to veify the vdidity of the developed modd. In testing the possbility of a mass baance
problem in the solution, the modd output was compared with andyticd solution of the
steady state kinematic wave solution for a plane of length 30.48m, with condant latera
inflow rate of 254 mmh* developed by Woolhiser et a, 1996, which was adso applied
by Fede et a. (2000) in vdidating the developed MacCormack scheme. The bed
dope for the test was 0.05 and the Darcy-Weisbach friction factor is 0.265. Table 4.2
present the result and a mass bdance problenm would have resulted in marked
discrepancies in computed discharge and flow depth.

Table4.2 Comparison of output with the steady state kinematic wave test

Analytical solution MacCormack L eapfrog Solution

(Woolhiser et al., Solution (Ajayi 2004)
1976) (Fieldler and
Ramir ez, 2000)
Depth (cm) 0.1462 0.1471 0.1470
Discharge (cn’s?)  2.1505 2.1418 2.1420

Ancther example, which is generally accepted as a benchmark test problem for
the hydrodynamic equation, is the dam-break problem (Fennema and Chaudhry, 1990;
Jha et a, 1995; Fiedler and Ramirez, 2000; Zoppou and Roberts, 2003). The problem is
based on a scenario in which a shock wave develops a the moment of falure of a dam
wal messuring 1000 m with upstream water depth of the dam remaning condant at
10 m. The downstream water depth is 5m. This problem has a known andytica solution
given by Stoker (1957) and Wu et d. (1999). In amulating the dam bresk problem in
this mode, the channd bed is assumed to be horizontd and frictionless The time
interval for computation Dt is =0.2s and the horizontal and vertical distance, Dx and
Dy were kept a 25cm. The result compared very well with both the andytica solution

and the solution of Fedler and Ramirez (2000) produced with the MacCormack scheme
(Figure 4.4). The dam bresk problem is a measure of the ability of any developed
solution to adequatdy sSmulate the surface water component of the hydrodynamic
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model and capture non-physicd rarefaction or and expanson shock. The performance
of the developed solution is quite interesting and shows the ability to handle such shock.

The study by Alcurdo and Garcia-Navarro (1994), which was also confirmed
by study by Zoppou and Roberts (2003), noted that at a downstream water depth of 5m,
sub-critical flow dill exigs, which could easly cdoud the problems in numericd
schemes, by providing a buffer for shocks. They therefore suggested the use of a
downstream water depth of 0.1 m, which they argue is a severe tet case (trandtion
between subcriticd and  supercritical flows). This has been successfully used to
highlight problems with a number of numerical schemes that passed the firg ted.
Zoppou and Robert (2003) gpplied this verson of the dam bresk test in anayzing the
peformance of twenty explicit numericd schemes that solve the shdlow water
equation. In trying out the second test, the parameters used for the firs test were
adopted, but the downstream water depth level was reduced to 0.1 m. The developed
solution successfully captured even the shock initiated by such level of supercritica
flow, a condition in which a number of second-and higher-order schemes including
MacCormack falled to handle. This clearly shows that the developed solution is a good
shock-fitting numerical scheme, which is efficient, accurate and robust and would be
auitable for solving the full hydrodynamic equations when discontinuities ae
encountered in the problem.
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Figure4.4 Modd solution for dam bresk problem where ho=5m and
ho=0.1m compared with anayticd solutions.
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5 FIELD RESULTSAND DISCUSSION

51 Rainfall and runoff distribution

Figure 5.1 presents the digribution of rainfal within the catchment in the 2002 season.
A totd of 96 rainstorm events were observed, out of which 17 were trace events,
therefore, the totd number of effective events were 79. The average rainfal depth for
the season was 17.5mm, and the totd rainfdl for the season was 1684mm. Mean rainfall
intensity for the sesson ranged between 49.2mmh? — 90mmh?! and the maximum
intensity range between 115 mmh* and 180 mmht. Higher intensity (up to 240 mmh™)
was obsarved in some events. There were no sgnificant differences in the totd seasond
ranfal recorded with the different ran gauges, but a measure of spatid varidion in
ranfal depth were observed in mogt high intensity sorms.

120
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=
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Figure5.1 Rainfal digtributions in Kotokosu catchment in 2002 season

A linear relaionship, with a coefficient of determination of 0.60, (> = 0.60)
defines the rddionship between the number of ranfdl events per month and the
monthly rainfdl total (Figure 5.2ab). The period is characterized by high inter-seasond
ranfdl variability (cv. = 0.87), synonymous with mogt tropicd aress. Figure 5.2b
compares the cumulated monthly rainfdl and number of events per month. With fewer
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numbers of events, in comparison to October, the cumulative depth of rainfal in August
was higher, indicating thet the rainfal in the month of August has longer duration.

The runoff producing events for the season were sdected for further andyss.
The maximum and mean rainfdl intendties of the separae events were related to the
ranfdl depth, to appraise any possble effect of intendty on rainfadl depth. Exponentia
equations produce the best fit for the varigbles (figure 5.3). Both curves have low
coefficent of determination, but the maximum ranfdl intendty is better corrdated to
rainfal depth (°=0.43), compared to the mean rainfal intensity (*=0.18) for the season.
This suggests thet, the maximum rainfal intendty will be expected to play a more
ggnificant role in the hydrologicd processes over the caichment. Van Dijk (2002)
obtained a smilar result (*=0.30) while determining the relationships between depth-
averaged ranfdl intendgty (R) vadues deived from both origind (R -orig) and
resampled (Rresampl.) tipping bucket data and the respective storm rainfdl depth (P)
vaues in West Java, Indonesa. The smple exponentia relaionship formed the basis for
an andyticd expresson used to derive the modd parameters, for characterizing the
(R)USLE and GUEST models used in his study.

During the study period, there were in dl about 40 runoff events a both Stes.
Thirty-three events were sdlected, based on the criteria that, at least two plots per sStes
(A & B) generate measurable runoff volume. Twenty-three joint events were further
sdected in which dl the eght runoff plots, smultaneoudy produced measurable runoff.
Some events could not be monitored a dte A due to flash flooding, which submerged
the plots and the messuring equipmert in June. Also, subdantid contributions from
subsurface flow were noted in some events in the season, i.e., mostly prolonged events
with low intengty.
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Figure5.3

Rainfall Intensity (mmhr™)

o Mean Rain Int
250 o Max. Rain Int
— Max Int. = 44.636Rainvdepth®%
r’=0.43
- - Min int. = 20.3997 Rain Depth®#7%
200 r’=0.18
o [0} [0} (@]
150 o o o ©
(eYe)
) o
100 L] o
o ° ° o °
° ® . ....._-—--"'"-'-'
° ® e
50 Hf © S ST °
8.5 ('Y o9
4’.0 ) [ ]
o © )
0 1 T T T T T
0 20 40 60 80 100 120

Rainfall Depth (mm)

The rdationship between mean and maximum ranfdl intensty and
ranfal depth

20
O No of Rainfall Events
O No of Runoff Events
15
j2}
& 10 —
0
B
o
z
5 - || || || - || ||
o H L, . . . . . . . . . ,
' & )
o & &@@KO&@&%

Month

Fig5.4 Comparison of number of rainfdl and runoff events per month for the season

A breskdown of totd number of runoff events compared with the number of
ranfdl events on a monthly bads is shown in Figure 54. The graph shows that there
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iSTt a drict linear reaionship between the frequency of ranfdl and runoff events In
goite of recoding the highest number of rainfal events, there is no difference in the
number of runoff events in September and October. This indicates that the observation
of a rainsgorm event, do not linearly trandate to the occurrence of runoff in the months

compared.
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Figures 55a and 5.5b present the volume of runoff per event in each of the
four plots, in the two dStes (Ste A and Ste B) used for observation. The tota depth of
ranfdl during the period of occurrence of the runoff events amounted to 747.6 mm in
gte A and 995.6 in gte B. These figures reved some differences in the hydrologica
behavior of the two stes used for investigation. The following sdient points, which can
be interpreted form the graphs deserves mention.

Conggently, the runoff volumes recorded in most events from dte (A) ae
higher than those from dte (B). The causdtive factor(s) of this observation will be
discussed at alater section in thisthess,

Except on one occason in dte B, the runoff volume generdly decreased as the
season progresses, and only picked up towards the end of the season. The declining
trend of runoff volume could among other factors be associated with the change in the
vegetation canopy on dl the plots, which apparently reduce the impact of rainfdl. The
difference in the type of vegetation that developed from the two dtes is aso reflected in
the amount of runoff observed. Whereas narrow leave grasses developed at ste (A),
wide lesf shrubs developed on the plots a Ste B.

Vegetation devdopment reduces subgtantidly the flow veocity of surface
runoff and Smultaneoudy increases the friction resstance to the overland flow, and the
time required for initiation of a runoff process With increesng period snce the
beginning of the season, the canopy covers fraction and the vegetation density on dl the
plots increases, thereby increesng the effect of vegetative microtopography (mostly for
low intengty events), and frictiond resstance to overland flow. The combinaion of
these processes sgnificantly reduces the discharge volume.

The period during which, the decreasing trend of runoff volume changed,
coincided with the period the whole vegetation on dl the plots were carefully removed
to plant maize. The obsarvation show that vegetation cover sgnificantly impact surface
runoff and infiltration process in the catchment.
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Figure5.6a  Comparison of runoff volume from the twin long plots at Ste A

In both stes, the highest runoff volumes were recorded early in the season i.e.
April and May. These could be explaned by the impact of vegeta cover aready
described above. In evduating the possble effect of random noise in the runoff
responses, the volumes of runoff from the twin long plots A; vs. A, and B vs. B a
each dtes were compared. To agppreciate inter-gte vaiability in response and random
noise from the two gtes, the runoff volume from one sdected long plots from each ste
i.e. Ay vs. B, and the short plotsi.e. A4 and B4 were compared.

The high coefficent of determination of the linear eguations between the
runoff volume, and the narrow dispersion of the data from the twin-runoff plots a ste A
(r* = 0.89) and site B (r? = 0.75) indicate reasonable smilarity in the response from the
runoff plots at each dte and that the measurement did not present large random noise.
The samdl difference in the response, not captured by the linear equations could result
from the naturd differences in plot characteristics and the characteristic non-lineaity in

Hortonian runoff process.
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For the runoff volume for the long plots and short plots from the two different
gtes (i.e. A1 vs. B, and A4 and B,), the coefficients of determination were 0.75 and
0.58 respectively. These figure show that there is a reasonable smilaity in the response
from the two dtes particularly from the response from the long plots. As will be seen
later, the variaion in response of the two-dte revolved around the difference in the in-
gtu hydraulic characterigtics of the soil and other soil feature at the Stes.

100
vol (B,) = 0.6149 vol (A,) - 2.6049
¥=0.58 °
e VvolA,vsvolB,
80 -

vol B,

Figure5.6d  Comparison of runoff volume from the short plots (SP) at Ste A and B

52 Unit runoff discharge

To enhance a clearer understanding of the response of the different runoff plots vis-a-vis
the plot size, the unit runoff discharge (runoff volume per unit area of plot) for each plot
was cdculated for dl the runoff events. The unit runoff discharge is cdculated by
dividing the volume in Liters of recorded runoff per event by the area bordered by the
respective plot (figures 5.7a, b).

The figures dealy show that unit runoff discharge reduces with increasng
plot sze in both Stes. There is a condgtent trend of higher runoff per unit area fom the
amal plots (SP) rdative to the medium (MP) and long plots (LP). This underscores the
effect of the scde of observation on results from runoff experiment and will be further
explained under the section on scde effect and scale dependency. It is noteworthy that
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the twin runoff plots in both Stes, records comparable unit runoff for most of the events.
This obsarvation shows the condstency in the effect of runoff plot sze in rainfal-runoff

response and confirm that the observation is not accidentd, but rather, a reflection of the
effect of dope length.
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Figure5.7a  Unit runoff discharge (UD) per event for the different plot Szesa dte A

70



Fdd Resaults and Discussion

25 -
—e— UDB,
v —o— UDB,
‘\TE“ 20 —w— UDA,
g v —~— UD B,
= v
g
© 15
o
@
=
3 v
:D: 10 v
g
S v
g v v v
[ 5 A\v4
o v v (o) v v < \v4 A
v ¥ SR o Yve Y v
v
vl oo 0 T Zooe ¥ oo g 3 goo°
& g g ssv g ¥
(9@ @V¢ %VQ‘@@@Q Ry Q@:} W &\ && g&& opg' ﬁ N b‘é&

Date of Event

Figure5.7b  Unit runoff discharge (UD) per event for the different plot Szes at Ste B
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Figure5.8b  Relationship between the unit runoff discharge amongst plotsin Ste B

Other plots (i.e. MP and SP), with identicd dimenson a both dtes, dso
regpond smilaly in most the runoff events. To further explain this observation, the
relationship between unit runoff in the runoff plots on each sde was investigated in a
regresson modd. Table 51 gives a summay of liner modds reating the runoff
discharges to one long plot (LP) in ste A and B. The high coefficient of determination
(r?) between the twin long plots on sites A and A atest to the uniformity of hydraulic
conditions between the pair of plots Even in comparison with the medium and long
plot, the r’ vaues are dtill commensurate. Since dope, vegetation density, soil hydro-
physo-chemicd properties and rainfal digtribution amongst the plots are uniform, it is
imperative that the observed differences in response by the plots, particulaly those
located in the same dte, is influenced by the heterogeneous factor of dope length (plot
gze). This concluson becomes more clears, conddering the fact that the soils in the
plots are comparably smilar in hydraulic properties. The low vaue of the coefficient of
determination of the linear relationship between the twin-plot B and B results from the
vaied effect of macro-pores caused by the activities of earthworms, which are common
on the Ste. These obsarvations concur with the results from severa sudies including
Esteves and Lapetite (2003), Joel et d. (2002) Gomez et al. (2001) and van de Giesen et
a. (2000). A wide of intraevent variability was obsarved in the vaue of unit runoff
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discharge in the season. Differences are more pronounced for short duration high
intengty events and low intengty events For raingorm with long duration, and high
depth, the unit runoff discharge differs only dightly.

Higher unit runoff discharge in smdl plots is more often associated with the
goatid variability of the hydrologicd properties. This is equaly observed in this study,
but as will be better discussed in the section on scae effect, spatia variability of soil
properties could not wholly explain the observation. Rainfal duration and directions are
equaly uniform; consequently, the tempora dynamics associated with different
opportunities for overland flow reduction or increse in trangt, which vary depending on
dope lengths, would be necessary to make the explicit, the difference in unit discharge.
In the andyss of time before onset of runoff and duraion of runoff, the time lag
between the onset and cessation of runoff event in different plot Sze are very close.

Table5.1 Rdationship between unit runoff on dl plotsat Ste A and B

Variables Equations re

UDA; vs UDA; y=0.2000+0.8425x 0.90
UDA;vs UDA; y=10920+16082x 0.77
UDA; vs. UDA4 y = 3.3419 + 4.1456 X 0.78
UDB; vs. UDB; y=0.2312+0.9973x 0.75
UDB; vs. UDB3 y=0.5550+1.8628x  0.69
UDB;vs. UDB; y=4.2143+47704x 0.43

5.3 Runoff coefficient

Runoff coefficient in percentages or as ratios is a widdy accepted datistic in explaining
ranfdl-runoff response (van de Giesen e d., 2000; Esteves and Lapetite, 2003;
Wainwright and Parsons, 2003). In this sudy, the runoff coefficient for dl the runoff
events were computed to further ducidate on the response of each of the scaled-plot to
the ranfdl events Ranfdl depth for the individud events was converted to volume of
ranfdl (per event) over the area enclosed by each runoff plot. The obtained rainfal
volume per plot is then divided by the volume of runoff collected from the
corresponding plots for the event. This vaue gives an idea of the proportion of ranfal
that is converted to runoff during an event for each runoff plot. Figures 5.9 a and b show
the tempord pattern of the runoff coefficient in the rainfal season under study. It is very
clear from the figures that the runoff coefficient is strongly influenced by the scde of
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obsarvation and the rainfal depth (amount). The smal runoff plots A4 and B, has higher
coefficient for al the events, in comparison to the long and medium runoff plots.
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Figure5.9a  Runoff coefficient per event in gte A

During rainfdl events with high rainfdl depth, the smal plots records close to
unity in runoff coefficent (Figures 5.10a and b). This implies a large proportion of the
ranfdl is converted to runoff. This can be smply explaned by two posshle
developments during such events. In the fird ingance, high ranfdl depth may result
from very high intengty event that lagt a short time. Such events often lead to clogging
and surface seding, which reduces infiltration ggnificantly and increese runoff. In a
short plot, the effect of surface sedling is more pronounced due to a short dope length.
Short dope lengths trandate to reduced time for infiltration downdope and faster
opportunity to reach the gutter. This results in the very high runoff volume for the short
plot and consequently, a high runoff coefficient. Secondly, high ranfdl intendty and
the associated surface sedling in a short plot stimulate ponding of the plot in a short
time. Subsequent raindrop after ponding directly contributes to runoff. The volume of
runoff discharged & moments after rain had stopped dso enhances the high vaue of
runoff coefficient.
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High depth ranfall events could dso aise from low intendty events with
prolonged duration. Low intendty prevents surface seding and will therefore increasse
infiltration rate, and may dlow pseudo-saurdtion in short time intervd. Such ol
saturation dtate is very exdly atained in a short plot in comparison to a long plot, due to
the differences in area be covered. From the moment of saturation, any additiona
ranfal directly contributes to runoff and such scenarios result in a condition in which
the proportion of runoff volume may be increased in the short plot.
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Figure5.9b  Runoff coefficient per event in Ste B

For some low depth ranfdl event, the difference in runoff coefficient between
the long and short is minimad. Such observation probably occurs with events coming
after a period of dry spdl, which would have incresse, the infiltration potentid of the
s0il. In such events, the soil is not saturated, and the low intensity nature of the rain
prevents surface seding of the soil. Surface seding would have increased the runoff
volume differentidly. It is dso evident that the set of twin plots (A1-A2, Bi-By) exhibits
marked smilarity in response to the rainfal event.
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Some sudies have reported a strong relationship between runoff coefficient
and ranfdl intendty (Kang et d., 2001; Chegplot and Le Bissonnais, 2003). In this
dudy, the posshility of such reationship between the runoff coefficients from the
differet plot 9zes and maximum ranfdl intengty for the event was explored.
However, there was no sSgnificant reationship between the maximum ranfdl intensty
and rainfdl coefficient vaues from the different plot Sze a both gtes (figure 5.11a and
b). The apparent lack of corrdation has aso be smilarly reported by Kirdon and Yair
(1997) in a fidd study conducted in Western Negev, Isael and Jod et d. (2002) from
the field work in centra region of Chile.

Table5.2: Average vaue of runoff coefficient from the different plot.

Plot Plot Runoff Runoff
dimension coefficient  coefficient (%)

A1 18mx2m 0.053 5.3

Az 18mx2m 0.052 52

As 6mx2m 0.129 12.9

Ay 2mx2m 0.327 32.7

B:1 18mx2m 0.048 4.8

B> 18mx2m 0.063 6.3

Bs 6mx2m 0.156 15.6

By 2mx2m 0.212 21.2

The average vaue of the runoff coefficient for the different plots szes for the
joint rainfdl-runoff events for the 2002 rainfal season is presented in Table 5.2. Similar
to the findings in a number of previous sudies, the average runoff coefficient of reduces
with increesing dope length. Sope length (area of runoff plot) was observed to be
important in determining the proportion of rainfal in an event that is converted to
runoff. For the long runoff plot a dte A, aout 5% of the rainfal is converted into
runoff, whereas in ste B, the proportion varied between 5% and 6%. On the short runoff
plot a dte A, 33% of the rainfal is converted to runoff, while a dte B, only 21.2% is
converted to runoff. The differences in this response as earlier mentioned showed that,
goat from the dope length, difference in the in the vaue of saturaied hydraulic
conductivity may influence flow paths and in generd affect the rainfdl-runoff response.
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ingteB
Conseguent upon the dependence of both the unit runoff discharge and runoff
coefficient on dope length, an empirical power equation between plot (hilldope) length
and runoff coefficient was derived based on the averages of the measured vaue during
the field trid was derived for gpplication in the catchment. With an ¢ value of 0.89, the
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modd explains the strong reationship exiding between quantity of runoff discharge in
response to rainfal event and the length of travel of the overland flow. Wanwright and
Parsons (2003) in a model study of surface runoff processes smilarly obtained power
equations, relating runoff coefficient and dope length, adthough the effect of dope
length will change with the dope angle and the microtopographic form. The digita
elevation modd of the sudy Ste show that the average dope angle in al part of the
catchment ranges between 4° and 7°, thus the derived eguation could be which was
based on 5° dope could be applied in most part of the catchment.
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To further tex the posshility of predicting runoff volume from eedsly
measured parameters like rainfal depth per event, the rdationship between rainfal
depth and runoff volume was investigated in both linear and nontlinear andysis, for a
selected long plot and a short plot a& each ste. The result (figure 5.13a and b) shows a
very low r? vaue in dl the casss This further outlines the difficulty of predicting runoff
volume without an appropriate processed based modd. The difference in the vaue of
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the r* from one plot size to the other further confirms the significant influence of the
scale of obsarvation on therainfdl - runoff response system.

54 Hydraulic characteristics of runoff plots

A number of andyses from the previous sections showed the influence of infiltretion
properties and hydraulic conductivity in rainfdl-runoff response. Therefore, an adequate
charecterization of the hydrodynamic properties of soil is very important for
underganding rainfdl-runoff sysems, ad in generd caichment hydrology. Among
vaious hydrodynamic variables, the saurated hydraulic conductivity play Sgnificant
role. It determines the maximum capecity of soil to transmit water, thus determining
infiltration potentid. The effect is important in this dudy, consdering the previous
concluson that, the timing and magnitude of flow from smdler caichments depends on
the processes in the landscape, more than processes in the siream channels (Schmidt et
al., 2000). These processes are controlled by soil hydraulic properties and topography;
thus the decison was taken in this study to determine by fidd measurement, the
hydraulic conductivity and microtopography of al study plots.

It is apparent that the vadue of hydraulic conductivity cannot be determined at
every point in the plots or catchment; therefore, representative points were sdlected
within each plot. The measured saturated hydraulic conductivity were geodtdidticaly
interpolated. The use of geodaidticad techniques (measuring the corrdation between
neighboring points) has been shown to be very efficient for hydrologica purposes
(Mallant et. a, 1997).
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Figures 5.14a-d present the saturated hydraulic conductivity maps for one long
plot each, and for the short plots, a both dtes. The hydraulic conductivity vaues are
overlad on the plot's DEM. These figures show the uniformity and condstency in the
ranges of vaue of saurated hydraulic conductivity in plots & the same dte, while
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reveding the wide vaidion in the vaues between the two dtes. The intra-dte variaions
is mog likdy influenced by the difference in the class of soil a the two Stes, and the
effect of macropores prevdent in dte B. Site A is made up of dlt loam while dte B is a
sandy clay loam. The difference in the proportions of sand and clay in the two soil types
influence the movement of water. Site A conssts of lower proportion of both sand and
clay compared to Site B.

Examination of the four figures shows the extent of spatid variability over
vay short digance in the didribution of hydraulic conductivity. This is conggent with
the description of the hydrologic behavior of tropica soil, thus placing an extra demand
in the sdection of a representative modd, when there is a need to characterize
infiltration behavior. There is dso a patern of the prevaence of lower saturated
conductivity vaues a the dope bottom close to the gutter. Upon te examination of the
digribution of saturated hydraulic conductivity over the whole caichment, it was
obsarved that hydraulic properties vary largely with the landscgpe pogtion. An
undersanding of this interrdaionship between <ol hydraulic conductivity and
landscape features is a key to understanding soil hydrologic environment (Mohanty and
Moudi, 2000; Sobierg a d., 2004). The high vaues of hydraulic conductivity a sSte B
dtet to the dgnificant influence of macropores resulting from the activities of
eathworms in the dte. Eathworms creste macropores in form of permanent burrows
deep into the soil, which conditute a mgor conduit for drainage, particularly under low
intengty ranfdl. The increased infiltration capability due to the macropores reduces the
magnitude of overland flow. Moreover, eathworms fragment the organic métter,
thereby increasng soil porosty and aggregation. This sgnificantly increases the water-
holding capacity of soils, thereby reducing runoff volume. Therefore, it can be inferred
that the discrepancies in hydraulic conductivity vaues to a large extent account for the
consddent difference in runoff volume from the two gStes despite subgtantid Spatia
uniformity in the rainfal distribution within the catchment.

Table 53 presents the datidtical properties of the saturated hydraulic
conductivity within the plots used in the fidd dudy. The vaues dso outline the
consgtency of Kg a the two selected stes and the clear difference between one ste and
the other.
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Table 5.3: Summary gatistics of measured and interpolated unsaturated hydraulic

conductivity per runoff plot
Plot Maximum Minimum Average Sandard Coefficient
Name (mmhr?)  (mmhrl) (mmhr?) deviation  of variation
Ay 39.1 2.7 23.7 10.1 0.42
A, 33.7 2.6 17.7 6.6 0.37
As 49.5 5.8 23.8 8.4 0.35
Ay 37.8 11.5 21.7 7.5 0.35
B 188.4 30.0 95.8 30.1 0.31
B> 204.9 259 68.4 315 0.46
Bs 160.9 42.8 87.3 20.2 0.23
Ba 187.2 29.6 75.2 29.3 0.39

In spite of the obvious spatid variation in the saturated hydraulic conductivity
within the catchment, there is a need to derive effective (pseudo average) hydraulic
properties for the varied (veticd and horizontd) soil hydraulic parameters. The
effective parameters will be used in the developed numeric mode for smulaing the
hydrologic response of the catchment. This is necessary because the smulated response
is quite sendtive to soil hydraulic parameters (dhorar et d. 2004), and hydraulic
parameters are Site specific.

In trandaing the measured saturated hydraulic conductivity from the different
dtes into effective hydraulic conductivity (Keg); representative of dl the plots a a
particular dte, the van Genuchten (1980) model was used to parameterize the soil-water
and tenson characteristics data obtained from the field measurement. Soil moisture and
tenson properties in the 1000mm profile were monitored at locations cited within the
set of runoff plots a each dte used for the fidd campaign. Soil tenson was monitored
with sats of tensometers indaled a three depths, while a TDR profile probe measure
the corresponding soil water a those depth (detailed description dready given in
Chapter three). The van Genuchten modd is presented as.

Se@ ) — q@’ )' q(r) — , 1 ‘l-}/ (51)
ds- q; g]_+(_ay )nH n

where & is the fective water saturation, aso called the reduced water content
(0=% =1), and g and s are the resdua and saturated volumetric water contents
respectively. The effective saturation describes the rate of flow of water through a
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porous medium that contans more than one fluid, such as waer and ar in the
unsaturated zone, and which should be specified in terms of both the fluid type and
content and the exising pressure. The representative soil water parameters were
obtained by iteration of the field data with RETC optimization software (van Genuchten
et d., 1991) for the two Sites are presented in Table 5.4. In applying the van Genuchten
modd in this study, the resdud and saturated weter content selected by examination of
the 1 - year data, of soil moisture (0-1000mm) collected as part of the sudy, and the ‘n’
parameter were obtained from the neurd network fitting of soil physica properties a
both sites using DISC (USDA) software.

Table5.4 Summary data of soil water characteritics and hydrauic function for Ste

A & B.
Ste Soltype gsm"m g, m°m° a /mm> n S Ks gt mmh™
A Silt loam 0.51 0.10 0.0633 1.8322 053 158
B Sandy 0.57 0.07 0.0610 15716 0.68 53.6
clay loam

Figure 516 and Figure 5.17 present the fitted hydraulic characteristics curves
for stes A and B. The coefficient of determination (r?) for the regression of observed
againg fitted vduesfor dte A is0 .71, whilefor Ste B it is0.43.
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To dexribe the hydraulic conductivity function of each dte, the effective
sauration vaue was then subdituted into the Mudem - van Genuchten (1980)
relationship defined as

K(@) = KK, @)= K8 g- - &™)y (52)
where Ks and K, are the saturated and relative conductivity function, respectively. The
parameter m=1-1/n is obtaned from the retention characteristic, and determines the
shape of the conductivity function. Zhu and Mohanty (2003) observed that the Gardner
and van Genuchten functions resulted in the mogt effective parameters amongst the
models they compared. To cdculate effective hydraulic conductivityK (q) , at least one
measured value is needed as a matching point for Ks  (Kasted et d., 2000). The
aithmetic average of the saturated hydraulic conductivity from measurements on the
plot a the different site was used. This resulted in vaues of 15.8 mmiy ~! for site A and
53.6 mmir ! for ste B, thus the hydraulic conductivity ratio between site A and site B
is 34. This literarily implies that, there should be a scde factor of 34 in the difference

89



Fdd Results and Discussion

of the runoff response to ranfdl events from the two gtes if gpatid vaiaility of
hydraulic properties aone, could explain the observed differences. However, from the
result of fiedld observation did not show such scde of difference, and this further
necesstates a better understanding of the effect of other factors on hydrologicd

response.

55 Soil moisture dynamics

Soil moisture is another state variable for a range of hydrological processes and act over
a variety of spatia and tempora scaes (Hupet and Vanclooster, 2002). It is key among
the factors that influence the patitioning of ranfal into infiltration and runoff. As has
been shown in the previous sections, it is criticd in the determination of effective
parameters that describe the hydrologicad behavior of various catchments. The measured
vaues of soil moigure, in the firds 1000mm depth of soil; where the process of
patitioning of ranfdl into surface runoff, infiltration and deep percolation takes place
is used for this anadlyss. Figure 5.16a and b presents the fluctuations in soil moisture at
the various depths, compared with the rainfdl depth in the mgor rainfal season of year
2002.
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Figure5.17a Profile soil moisture and rainfal dynamicsfor Ste A

The linear vaidaion of moisure a the soil surface and a 100mm depth with
the rainfal depth trend is clearly displayed a both sites. However, the degper portion of
the sail, i.e, depth 600mm to 1000mm, did not respond linearly to rainfal events until a
aufficient build up of soil moidure around the beginning of June. The consgent
fluctugtion of moisture content from the surface to the 300mm layer is an indication of
the impact of the soil evaporation process on soil water flux in the catchment. Despite
the presence of macropores in dte B, which have been seen to influence hydrologic
behavior in the dte, the response of the 600mm to 1000mm layer of soil to input from
ranfal event is dower than the response in dte A. Also the amount of water held in the
top layers of dte B is lower rdative to the corresponding layers in gte A. The moisture
regime in the deeper layer are however very close. These observations clearly show that
the macropores from eathworms activities in the dte are concentrated in the top
horizon. It adso suggests the secondary effect of macropores enhancing evaporation
losses from soil. Reaults from saturated hydraulic conductivity mapping of the different
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gtes ds0 show that water movement in the topsoil layer in Ste B, is enhanced by the
effect of macropores.
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Figure5.17b  Profile soil moisture and rainfal dynamicsfor Ste B

Attempts to reate the surface moisture contents to surface runoff volume and
the possbility of runoff events did not produce any sgnificant results on both dtes. This
implies the dominance of the Hortonian rainfal process in the catchment. The initigtion
of such surface runoff depends more on the rainfal intendty, rather than soil infiltration
capability. Fitzjohn et d. (1998) and Campbell (1989) dso report smilar observations
and then concluded that the effect of initid surface moisture content is more important
in the saturation excess overland flow where connectivity between source areas and the
devdopment of continuous hydrologicd pathway is criticd in determining catchment
runoff and erogon. It was, however, obsaerved that the initid surface moisture content at
both stes influences the delay period before the observation of runoff at the gutter.

The effect of macropores could dso be clearly seen in the reduced volume of
runoff discharge a gte B. It is clear that due to the increase in infiltration capacity, the
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quantity of overland flow percolating in trangt increases, thereby reducing the volume
of runoff that reaches the gutter. This impact is more pronounced in low and medium
intengty ranfal events and in ranfdl events with frequent pulses and prolonged
recession phase. Léonard and Perrier (2001), in a modd and field evaduation of the
effect of macropores resulting from earthworm activities in Niger dso made smilar
observations showing that smal heterogendties like macropores can have a high impact
on the runoff process. This concluson aso lends credence to the argument of
subgtantid if not domineering effect of tempord dynamics in overland flow routing, in
explaining the scale effect in rainfdl—runoff response.

5.6 Scale dependence of runoff response

Reaults from various andyses of the collected fiddd data have reveded the dependence
of various factors in the rainfal-runoff response system on the scae of observation. The
enclosed area by a runoff plot or a cachment influences runoff coefficient, unit runoff
discharge, ponding time, and in a way, the totd volume of runoff recorded. Since dl
eght runoff plots used for the fidd observation in this sudy have the equa width,
vaiation in response can be compared with the dope length in each plot. It is often
termed scale dependency of scae effects. Scale dependence of runoff response has been
vayingly dtributed to spatid propeties of soil, tempora dynamics of ranfdl and
tempord dynamics in runoff routing. Possble causes of scde effect in the rainfdl
runoff transformation process based on the andysis and interpretation of the observed
datain this study are discussed in this section.

Scde dependency in rainfdl-runoff processes is evduated by comparing the
ratios of runoff coefficient to the length ratio. Another method of evaluating scde effect
is to compare the unit runoff discharge, with the raio of the area the plots. The unit
runoff discharge gives an estimate of the maximum yield of the runoff plot per unit area
for an event.

In this study, the runoff coefficients (RQA1, RQA2, RQB;, RQB;) for dl the
individud events for the long plots (A1, A2, B1, and By) and the runoff coefficients
(RQA; and RQB3) for the medium plots (As and Bgs) is divided by the runoff
coefficients (RQA4 and RQB,) of the smdl plot (A2 and B4) for the corresponding
event. The obtaned vaues ae compared with the corresponding length ratio. The
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length ratio (LR) is defined as of the length of the short runoff plot (2m) divided by the
length of the long runoff plot (18m) or the length of the medium runoff plot (6m). Thus
A4/A1 = A4A; = B4/B1 = By/B, = 0.11, while Ay/As = B4/B3 = 0.33. If RQA1/RQA, or
RQA2/RQA; or RQBi/RQB; or RQB,/RQB; equas 0.11, or if RQA3/RQA; or
RQB3/RQB, = 0.33; the different plot lengths generate the same absolute vaue of
runoff. If any of these ratios is higher than the corresponding length ratio, the longer
plots generate less runoff compared to the short plot for the event. Furthermore, if
RQA1/RQA; or RQA/RQA; or RQBi/RQB; or RQB/RQB; or RQA3/RQA4 or
RQB3/RQB,4 equals one, there is no scade effect as both the long runoff plots and the
short plots runoff the same proportion for the event. Literarily, the ‘LR’ is the minimum
vaue that would be expected for any event (van de Giesen et d., 2000; Esteves and
L apetite 2003).

The results from both Stes used in the study are presented in Figures 5.18a-d.
Figure 5.18a and ¢ show the graph of the ratio of the runoff coefficent for the twin-long
plots a dte, while the two-medium runoff plots are compared in b and d. The ratios of
the coefficients are compared with the corresponding rainfdl depth for the event in
order to see the possble reationship in scale dependency and rainfal magnitude. The
results show wide variability in dl the four figures.
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For dl the runoff events in the season, there was no case in which, the

proportion of runoff generated in the any of the two different plots sizes is equd;
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implying vaying degrees of scde effect, in dl the runoff events. In a few number of
events, the ratios of runoff coefficients are equa to the length ratio. However as
observed in the studies by van de Giesen et d. (2000) and Esteves and Lapetite (2003),
there were dso some subgantid number of events, in which the ratios of the runoff
coefficients were less than the ‘theoreticd minimum vaue i.e the length retio. For the
runoff events monitored at Ste A, about 38% of the events record a coefficient ratio less
than 0.11 and 44% of the event records coefficient ratios less than 0.33 (for the long and
medium plot respectively). At gte B, only 17% of the events return the coefficient ratios
less than 0.11 and 38% of the event record a coefficient ratio less than 0.33. This
indicates that, as the length ratio increases, there is more probability of recording events
with the ratio of the coefficient being less than the length ratio. There is no consgent
trend in the effect of the ranfdl depth on the quotient of the runoff coefficient.
However it is observed that in mogt of the events, with low rainfal depth, the quotient
the runoff coefficients are generdly higher than those for events with higher ranfdl
depths.

Scde effect as obsarved in this fidd sudy is drongly linked to spatid
vaiablity in suface dorage and  hydraulic  conductivity in the runoff plots
Compardively, the degree of variation is wider in long plot than in smal runoff plots.
The effect of gpatid vaiability in infiltration properties is clearly displayed the dte B,
and that explan the high ratio of runoff coefficient. Scae effect induced by spatid
variability in infiltration properties and surface storage properties are more conspicuous
in events with smdl runoff volume and during low intengty events. As the volume
increases, the difference in the ratios reduces. Low intendty event trandate to low
veocity of travd of suface runoff, snce the driving force (ranfal intensty) is
minima, thus in the process of travding down to the gutter, the differentid levd of
infiltration, results in change in magnitude. The length of dope determines the
infiltration opportunity and aso determines the possble changes in surface dorage.
During such event, the unit runoff discharge of the long plot is lower than that of the
short plot, because, only a smdl portion of the long plots close to the gutter directly
contributes to runoff collected. Therefore, the effect of patid variability in infiltration
and surface storage changes are only effective because of the tempora dynamics during
runoff routing.
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Conclusvdy, the rainfal runoff trandformation processes in the Volta basn as
in saverd other tropica catchments exhibit a very weak linearity. This has resulted in a
gtuaion, in which results from fiedd observation are inconclusve but rather formulate
the bass of further research need, for adequate representation of the process physics.
This will facilitate adequate diagnods of the processes, unlike the lumped effect that
aways results from fidd measurements and provide the basin for upscding of results.
In answering some of those quedions a solution was obtaned for the full
hydrodynamic equation, which has been widey shown to represent the surface runoff
process effectively (Fiedler and Ramirez, 2000; Esteves et d., 2000, Zhang and Cundy,
1997). The next chapter presents the vdidity of the solution in the case of surface runoff
process in the Volta basn and investigates the effect of the various components of the
ranfdl-runoff response system with a view to identifying the optima parameters that
influence scae dependency in the system.

98



Model Results and Discusson

6 MODEL RESULTSAND DISCUSS ON

6.1 Modd implementation

The mode is written as a FORTRAN program. The program requires two types of input
parameters. The generd input parameters (table 6.1) include the rainfdl data file in
cumulative format, the sorptivity vaue depending on soil moisure a the surface and in
the fird 300mm depth, the saturated hydraulic conductivity data file (dlowing the
definition of vaues on dl the grid points), the terrain data file (dlowing the definition
of vaues on dl the grid points) the totd event time in seconds, the discretized time
interva (indluding time to summarize the output and write into output files), the initid
flow depth, the initid flow veocty in x and y-directions, the diffuson factor, number
of points for observation, the coordinates of the observation points (in x and y) and the
open / close boundary specifier. The posshility of defining the devation a dl the grids
dlows for the use of the modd on complex terrains. Since it is possble to define the
saurated hydraulic conductivity & dl the grids, it is easy to sudy a fidd with spatialy
varied hydraulic properties.

The runoff plot or hilldope ssgment parameters include the plot length and
width, dope, the vegetated (canopy) fraction, the type of surface (i.e., rough, flat, or
inclined), and the friction factor (depending on average ranfal intendty, surface
characteristics and vegetation type and age). By specifying the grid spacing (equd for x
and y), and the number of grid points in the x and y directions, a user is adle to change
the runoff plot (hilldope) length and width.

The modd output for each runoff plot (hilldope) segments includes the
velocity of flow in the x and y-direction, the depth of flow, the infiltration rate, the net
inflow rate. All these vaues are averaged over the user-defined time step; therefore a
gndl time step will ensure the obsarvatiion of very minute detall. The output variables
are used to generate graphical outputs of discharge in cm? sec ™%, depth of overland flow
in cm, interective infiltration during the event in mmhr? and, the ranfall intengty in
mmir ~ 1. Other graphical outputs of the model are, the hilldope (runoff plot) terrain, the
flow vector and its vaues in contour, the flow vector over the terrain, the veocity
vector and the speed contour and the flow vector aong a sngle column (grid interval)
and across the sdected observation points. The graphica outputs are produced with
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MATLAB software (Mahworks, 2000) using the plotter programs, written for the study
purpose.

Initid infiltration into soil during a ranfdl event is regulated by the prevaling
moisiure conditions among other factors. In redity, the antecedent moisture conditions
in a hilldope represent a sequence of rainfal, drainage, and redidribution conditions,
and therefore it is extremey difficult to generdize. However, moisture content is known
to fluctuate more a the surface and in the firda 300mm profile Consequently, the
sorptivity value is defined based on the messured soil moisiure content & the surface
and in the 300mm profile. In Smulation cases with uniform hydraulic conductivity, a
vaue between the range of the effective hydraulic conductivity for the two dStes,
determined from the van GenuchtenrMuadem modd (see 5.4) is used. The use of a
congant hydraulic conductivity diminates gspatid variability in hydraulic properties.
Such scenarios facilitate the comparison of the effect of tempora factors.

In accounting for vegetation interception, the rainfdl volume per tip from the
tipping bucket rain gauge is reduced by the canopy cover fraction, which depends on the
vegetation dendty. Vegetation dendty is obtained from the average leaf area index
(LAI) measurements of representetive vegetation in the caicchment. It is well corrdated
to the period since the onsat of the rainy season, since the active vegetation pattern in
the catchment and other parts of the Volta basn has a well-defined cycle. The cycle is
regulated by the widdy practiced bush burning in the dry season (December through
February) and the characteristic-cropping pattern. The reduction factor is selected based
on the modified Gash mode for multiple cropping (van Dijk et d., 2000).

6.2 M odel evaluation and testing

The modd’s performance was evauated in two ways. In the firs method, we compared
the modd output with observed measurement for a sdected event. Two performance
criteria were defined as used in the study by Esteves et d. (2000) for the evauation. The
accuracy or otherwise of the runoff volume is quantified, usng the redive eror (R)
cdculated from the relationship:

V., - V.

R} — Vsim ~ Vobserved - 100% (61)

observed
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A low vdue of the percent reative eror indicaes that the smulated and
obsarved volume is close. A negative vaue of Re indicates that the runoff volume
predicted by the mode is lower than the observed and vice-versa. Also the ability to
reproduce the observed runoff hydrogrgph is evauated usng the coefficient of
efficiency (Ce) defined by Nash and Sutcliffe (1970) as.

é (Q| - éi)z
C :1_ i=1 - (62)

where Q s the observed runoff discharge a time i; Q is the mean runoff rate

v
of the paticular rainfdl-runoff event; Q, is the runoff discharge predicted by the model

a time i; and n is the number of time gep in the computation. Ce =1, indicates a perfect
agreement between the model predicted hydrograph and the observed hydrograph for
the event under congderation. It must however be mentioned that this is rardy possble
in view of certain assumptions often used in modd smulation runs which often do not
adequately represent fidd conditions. The more the vaue of Ce dides away from 1, the
lesser the goodness of fit, and a negative vaue implies that the observed mean is a
better estimate than the smulated value (Esteves et d, 2000).

One high intendty event was <dected for this vdidation. Smulations
experiment usng the rainfal intengty data for the event was conducted on a long (18m
X 2m) and a short (2m x 2m) runoff plot. The bed dope and the friction dope are
cdculated from the microtopography data, while the Darcy—-Weishach formula was used
to edimate the friction dope. A time intervd 0.005s was used for the amulation. A
uniform verticad (downdope) and horizontal (cross-dope) grid spacing of 10cm was
used. The 10cm grid spacing is sdected to conform with the measured terrain data
resolution for the runoff plots. Consequently, the smal runoff plot is discretized into
400 girds, and the long plot to 3600 grids. The surface terrain configuration of the
runoff plots for the smulation is based on the fidd measurement of the surface
microtopography described earlier. The measured data were transformed with some
limited smoothing into digita terran modds for the corresponding plots, usng the
contouring features of the Surfer package (Golden software, Inc. 2000). This limited
smoothening was necessay to diminate spikes cgpable of inducing ingability in the
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numerical process (Tayfur et d., 1993; Fiedler, 1997). The terran modd (surface plot)
of the measured soil surface and the Satistical properties are presented in figures 6.1
andin Table 6.2.

Table6.1 Generd input parameters for surface runoff Smulation model

Parameter Description Value
Rainfdl Temporaly dynamic events Based on
Tipping bucket
meesurement
Hydraulic conductivity Can bedefined a dl gridina Congtant of
runoff plot or hilldope Spatidly varied
Sorptivity Determined based on initid 90mm/hr used in
moisture content most Smulaion
Sopeangle FHedindinaion Based on plot
geometry, but
0.05 was used
for indined
terran
f (based of rainfdl Account for friction effect of Based on
intengity range and surface and raindrop modified DW
surface condition) equation
Ranfdl duration Totd time of rain event Event based
Rainfal volume per tip Reduced volume determined Vaedependson
after the Gash modd has been vegetation
applied density
Initid flow depth Necessary to prevent collapse of 0.00lcmusedin
smulation dl amulations
Initid velocity Flow velocity in both directions 0.0usedindl
smulaions
Terrain condition To define the type of surface for Based on
gmulation i.e, Smooth (flat), experiment

Smooath (inclined) or rough
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Figure 6.1 Measured microtopographic ground surface of the long and short runoff
plots used for smulation
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Table 6.2 Statistica properties of the plot microtopography

Zm in Zm ax Zm ean Zm ed ZST D ch Zsk ew ZXsl ope ZYsI ope

LP 1549 3244 2593 2720 0442 0171 -0.394 1.0° 5.1°
SP 0466 0.736 0.615 0.613 0.053 0.085 -0.088 2.8° 5.4°

Note ZX = dopein x-direction; ZY = dopein y-direction.

Figure 6.2a and b present the rainfdl hyetogreph, the smulated and the
observed runoff on two plot szes, for the event used for validation. The agreement in
trend with data points indicates that the developed equation in chapter 4 can describe the
surface runoff process observation very well. Comparison of the hydrographs suggests
that the magnitude of smulated discharge is dightly lower during the pulse period in the
event, and dso in the fdling limb during the second cycle of the ranfal event. This
was, however, evened out by the dight overestimation in the rising limb and a the pesk
periods. Detail ingpection of the time before the onset of runoff in both plots szes dso
showed that the smulated time before the onset of runoff is conggently less than the
obsarved. This condgence difference possbly emanate from the use of an average
effective saturated hydraulic conductivity vaue in the smulaion. The average effective
saturated hydraulic conductivity is obvioudy less than the actua saturated hydraulic
conductivity from the fidld measurement. The assumed vdue of sorptivity may adso
influence the delay time in the amulaion. A detaled andyss of the performance based
on the defined criteria reative eror (R.) and coefficent of effidency (Ce), show that
the modd performance is satisfactory and efficient. With an absolute vaue of less than
12% for the two plot szes, the modd predictions could be described as a very good
representation of the observed process. The summary of smulated and measured vaues
of maximum runoff intengty, totd runoff duration, and redive eror and efficiency for
the different plot Szes, are presented in Table 6.3. This is representative of the modd
performance for complex (high intengty over short period) ranfdl events commonly
asociated with tropical raingorms. It dso provides the platform upon which the
understanding of the various complex process associated with the rainfal-runoff
transformation process in the tropics can be evaluated based of the developed model and
its solution.
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Figure6.2b  Comparison of observed and smulated discharge onthe long plot (LP)

The second way that the mode was evaluated was to compare in a scatter plot,
the amulated and observed runoff intendty a some sdected equivdent times (a time
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smultaneoudy or very closdy recorded in both the smulated and observed hydrograph)
in the event hydrographs. For the hydrograph of the short plot (2m x 2m), Eighteen
equivdent times were randomly sdected, while for the hydrograph of the long plot
(18m x 2m), Thirty-two points were randomly selected. Figure 6.3a and b present the
resulting scatter plot, which was fitted with the linear equation appropriately displayed.
For the short runoff plot, the coefficient of determination is 0.85, while for the long
runoff plot; the coefficient of determination is 0.89. The vaue of r? in both hydrographs
adso reflect the match in both smulated and observed hydrogragph and show good
agreement of the observed and smulated hydrogrgphs for an individua event. This
agreement indicates that reasonable inferences could be drawn from the modd outputs.
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Figure6.3a  Reationship between observed and smulated runoff intendty at 18
randomly sdlected equivaent times for the short plot (SP)
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Figure6.3b  Reationship between observed and smulated runoff intengty at 32
randomly selected equivaent times for the long plot (LP)

Table 6.3 Summary results of validation event for the two plot Sizes
Qsi m Qsi m Qobs Qobs N R e Ce

max mean max mean

SP 110 56 104 59 14 -115 089
LP 119 54 104 57 28 476  0.88

Summarily, the modd outputs mimic the redationships observed in the fidd
sudy adequately. The complex shape of the observed hydrographs is well represented
by the mode, and the different timings (time before the onset of runoff; recesson time
a the end of ranfdl event; the runoff duration) are farly described. The rigng limbs,
recesson limbs and the pulse (trandent) moments of the observed runoff hydrographs
have been well replicated by the model. The mode eudly captures the effects of pulse
moment of rainfal on runoff response. The dynamics of ranfdl intensty during an
event are well reflected in the observed and smulated runoff hydrograph. Therefore it is
auffice to use the modd result for further invedtigations of the rainfal-runoff process in

the Voltabasin and other tropica climate with smilar catchment properties.
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6.3 Simulation experiments

Following the stisfactory performance of the modd in reproducing close to the fidd
obsarvations, severd numericd experiments were peformed in line with the overdl
project objectives of evauaing the effect of various hydrologicd Sate variables on the
runoff response to sdected rainfal events. The different scenarios smulated were
sected to reflect possble fiedld conditions, but some scenarios are only hypothetical,
but are necessary for detall understanding of certain criticd parameters in the rainfal-
runoff process. It should, however, be noted that in such hypothetica cases, the mode
parameters are selected based on observed vaues.

It is dso important to emphasize here tha the purpose of applying a physicdly
based numericd mode in this smulations dudy is to gain indghts into the interactions
between heterogenaities in catchment sructure and hydrologic processes, rather than to
make precise predictions of runoff discharge from the plots. The digtributed-parameter
goproach permits several dructurd  attributes to be varied in a controlled fashion,
induding the didribution of <ol hydraulic properties, surface festure and dope
geometry.

Generdly, the discharge rae and magnitude of surface runoff intendgty are
mogt sendtive to rainfal rate therefore two contragting rainfdl intendty events were
used in the modd smulation. The events were chosen to represent two of the possible
ranfdl event scenarios, i.e, high intendty (henceforth referred to as event A), and low
to medium intendity (henceforth referred to as event B) based on the observation from
the record of rainfdl ntendity in the basin for the 2002 season. The average dope angle
for dl the runoff plots from the measured topographic data was 5°, therefore inclined
terrains used in the smulations trids were oriented to that same angle, to edtablish a
basis for comparison.

Most gmulations on rough terran configurations are peformed with the
medium runoff plot (figure 6.4). The datidicd propeties of the medium plot
microtopography are presented in the table 64. Some other smulations are
implemented on the smdl runoff plot szes and long runoff earlier described (figure 6.1
and table 6.3), dnce the responses from dl the plots Szes are andogous. A common
point close to the gutter was used to monitor point interactive infiltration, flow depth
and the discharge in most of the smulaion, and exceptions are clearly dated. There is
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a0 a posshility to view the predicted flux of dl of these parameters a any sdected
time, dong and across the observation point column and row. In dl the smulation
experiments, a uniform depth of 1mm was used as will be noted in the output contribute
to flow depth and discharge even & the moment when there is no flow. The following

sections discuss the results from the various smulation experiments and provide some

bass for better underganding and appreciation of the fiedd experiment results,

enhancing adetail discusson and conclusions from this study.
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Figure6.4 M easured microtopographic ground surface of the medium runoff plot
used for smulation
Table 6.4 Statistical properties of the the medium runoff plot microtopography
Zmin  Zmax Zmean Zmed Zstp Zey Zskew ZXslope ZY siope
MP 0.066 0699 0408 0442 0141 0345 -0479 3.8° 4.8°

6.4 Scale effect

The andyss of runoff coefficent and the unit runoff discharges from the fidd daa
showed consgent trend of decreasng coefficient and unit runoff discharge with
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increasng plot szes or better Hill, with increesng dope length (snce dl the plots have
uniform width). Consequently, sSmulaion experiments with the different plot Szes
(dope length) were implemented to investigate a possble repeat of the trend and
posshly isolate the causative factor(s). Alongsde with the three dope lengths used for
in the fidd observation, i.e, 2m, 6m and 18m, a Smulation run usng a dope length of
200m was implemented, for event A to apprase the trend with increesng length of
dope. Both the high intendty and low-medium intendgty events were used for the
evauation.

Figure 6.4a and b present the cumulative discharge per unit plot length, for the
four plot 9zes (dope length), under the two rainfdl events The figures clearly reved
the effect of dope length and ranfdl pettern on the runoff discharge. Cumulative
discharge increases with plot dze, but the discharge per unit length decreases
exponentidly. The shagpe of the cumulative discharge curves is influenced by the paitern
of the rainfal. For example in event A, the number of flattened portions (congtant or no
discharge) is dependent on the number of pulses recorded in the event (no of peaks). At
such pulse moments, the dope length actively partitions infiltration, run-on and runoff
depending of the microtopography.

The responses under event B accentuate the effect of the magnitude of rainfal
on runoff processes. For most part of event B, there was no discharge due to the low
vaue of ranfdl intengty. During low intendty events the discharge volume and rate is
reduced by the increased redigtribution and infiltration opportunity for overland flow.
The veocity of flow depends among other factors on the kinetic energy, which linearly
vaies with the ranfdl intendty. Snce the intendty is low, mogt of the ranfal will
infiltrate, and a large proportion of overland flow aso percolates because of the low
travd veocity. During low intendty rainfdl event, there ae dways unconnected
paiches of runoff, and only patches connected to the channd contribute to discharge.
However, during high intendty event, there is an increase in opportunities for the
patches to be connected, hence the path length of runoff increases, and consequently the

volume of runoff isincreased.
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Figure6.4b  Cumulative discharge per dope length for event B (low intensity)

Despite the low volume of discharge, the effect of dope length is evident with
the low intengty event smilar to the observaion with high intengty rainfal. Inspection
of the figures show that the dope of the cumulative discharges are steeper during low
intendty event, and is dragticdly reduced as the dope length increases. This observation
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is explaned by the redidribution of runoff on long dope length during low intengty
event. The redigribution affects the discharge rate during low intendty events and dso
a the puss moment in an evet, paticualy on plots with rough surface
(microtopography). On short dopes, most of the runoff paths have a better chance to
link up with the gutter, due to their proximity, and will therefore contribute to the
outflow, which increase the discharge per unit length.

Table 6.4 presents the runoff coefficient under the different plot lengths for the
two events. The high intensty event consstently have higher runoff coefficient than the
low intensty event on dl the plot szes Figure 6.5 shows the plot and fitting of the
runoff coefficient with power equations. It is interesting that for both events, the runoff
coefficient decreases with dope length exponentidly, smilar to the observation in the
fidd expeiment. The gmulation results corroborate the results from the fidd
observation in agreement with other previous sudies (Kirkby et d., 2002; Yar and
Kossovsky, 2002; Jod et d., 2000; van de Giesen et al., 2000). The graph also showed
that the combination of the two different intendty ranges ggnificantly reduces the
coefficient of determination of the power equaion, implying that rainfal factor could
explan the difference in magnitude of scde effect reported in saverd dudies. This is
goparent since dl hydraulic variables were kept uniform; as such effect of spatid
vaiability of soil hydraulic properties is diminated. It dso reveds very dealy, that the
difference in response by different plot szes is closdy related to the tempord pattern of
ranfdl intendty and dope length. Runoff coeffident is proportiond to the ranfal
magnitude. Close examination of the within sorm (event) dynamics of the runoff
coefficient shows marked fluctuation. The runoff coefficent dynamicadly changes with
ranfdl intendty and ranfdl duraion. However, the fraction of the difference from
gndler to longer plot length is more obvious than a lower ranfdl intendty. Severd
factors as have been observed could have in one way contributed to this observation, but
a veay dominant factor is the loss in momentum of the runoff, during travel time from
updope to the outlet. This is clear, Snce seting the saturated conductivity a dl grid
points to the same vdue in dl the dmulation diminaes dl gspatid vaiability in
hydraulic properties.
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Table 6.5 Runoff Coefficient for the two-events with different dope lengths

SlopeLength Event A EventB

200m 0.069 0.017
18m 0.095 0.023
om 0.271 0.084
2m 0.412 0.193
50
< High Intensity (event A)
S Low intensity (event B)
® @ |mmmm-- 59.16SL%°%; ¥ = 0.95
40 - \ 34.02SL°%5: 2 = 0.99
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Figure 6.5 Reationship between runoff coefficients and dope length

To ducidae on momentum change during travel, a second series of

smulaions usng the flat plane terrain and the inclined surface were implemented. The
use of a fla surface ensure that the effect of dope will be completely diminaed, while

the use of inclined terrain is to determine the response on the dope used for runoff

dudies, but with a plane suface This diminaes any influence of surface

microtopography. Figure 6.6 presents the result on a smooth-plane terrain. The figure
show that the length of dope affect runoff coefficient, even on flat terrain. Scae effect
IS more conspicuous on such terrain, since the velocity of flow is sgnificantly reduced.
It aso shows that the response is affected by the rainfal intendty pattern. The results
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for the inclined surface dso concur with the observation on both rough and fla-plane

terrain.
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Figure 6.6 Vaiaion in runoff coefficient on aflat plane for two-dope length

6.5 Spatial variability of soil hydraulic propertiesand surface runoff process

Spatid variability of soil hydraulic properties has been cited in a number of sudies as
the basis of the observed differences in runoff response using andyticad or modd-based
evauation. But as noted by Woolhiser et d. (1996), the different process of
amplification of the routing modd has limited the gpplication of the results. Another
limitation of most of the modd used for such andyss is the falure to couple infiltration
process. Since the developed modd in this study can better take care of mog., if not al,
of observed limitations in previous dudies, it is imperative to investigate the effect of
goatid vaidbility of infiltration and other hydraulic propeties on runoff discharge.
Three possble scenarios were smulated on the medium size plot, usng both high and
low intendty events data. In he firs experiment (case A), a linear increase in saturated
hydraulic conductivity downdope was smulated. In this scenario, the K & vaue is
increased by 3% at every grid point dong the flow direction (downdope), such that, at
the end of the plot, where discharge is monitored, the find vaue of K is 171.6mmvhr.
Thus, the average hydraulic conductivity is 8L.5mm/hr while the standard deviation is
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A1mm/hr. An inverse of this linear variaion was used for the second experiment (case
B ), such that, the Ks reduces downdope from a maximum of 171.6mm/hr a the plot
upsope.

For the third scenario (case C), the measured saturated conductivity data for
the medium plot a dte B i.e, (Bs) is used to represent random variation in Kg vadue
within a plot. The contour map of the different distributions of K is presented in
Figure 6.7. The contour map shows that the upper and the lower limits of the
hypothetical linear variations in the sudy could be observed within the plot. The three
cases were used to sudy the dynamic effect of infiltration opportunity, as limited by a
ghrinking or expanding area from which infiltration can occur.
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Figure 6.7 Contour map of saturated conductivity (K ) for the different distribution
used in the Smulation experiment.
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Figures 6.8a and b indicate that the magnitude and spatid pattern of Kgy within
a plot or on a hilldope could sgnificantly affect the observed discharge in a runoff
event. Increasing saturated conductivity downdope dlow more of the overland flow
traveling towards the gutter to be lost due to increasing infiltration opportunity. This
results in a ggnificant reduction in discharge and peek rates. The high vaue of saturated
hydraulic conductivity aso induces a subgtantia reduction in flow depth and this is
cearly displayed in the asymmetric pattern of the flow depths a about 500 sec into the
event. When the conductivity decreases in the downdope direction, flow depth,
discharge, and pesk rae increases. Overland flow agpparently emanating from the
downdope regions with low saturated conductivity vaues, and, which only has a short
distance from the gutter to overcome results in the sharp increase in discharge, in this
scenario. With the low intengty events (figure 6.8b), the downdope increase, the
random varigtion and uniform conductivity of 815mmhr™ produce no surface runoff.
This agpparently results from the high infiltration rate compared with the ranfdl
intengty in the two cases. Case B produces smal quantity of surface runoff and this
explains why the effect of scales in runoff response is often more pronounced with low
ranfal intendty events In those cases the differences in runoff gppear to be
atributable to increased opportunity for infiltration with increesng dope length. In dl
the three different cases, and in both high and low intendty events the flow pettern is
condgderably influenced by the microtopography (Figure 6.9). The magnitude of the
dfference between the hydrograph for the downdope-decreasng trend also shows that
most of the runoff that arrives a the gutter emanates from regions not too far from the
point of discharge. There is a marked amilarity in the outflow hydrographs of random
varigtion (messured vaues) and an average of the Kg in the varied scenarios. This
indicates that, appropriately sdected average Ksat vaue could be used for invedtigation
without too much loss of accuracy. At 1750 sec, which corresponds to the tailing part of
the rain for event A, flow pattern and al other parameters are uniform in the three cases.
This ds0 explans why the difference in scde effect is reduced in ranfdl event with
extended recession phase or with prolonged pulse moments.

The differences in the outflow hydrograph in the various cases consdered
provide an avenue to evauate the importance of spatid variability of soil hydraulic
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properties in the Hortonian runoff process. The trend of spatid variation of infiltration

properties influences the discharge from runoff plots or hilldope.

z-heght(cm)

y-distance(m)
= Il w
= [l N Ul w ul

o
o

z-heght(cm)

0.2

Flow depth at 500sec

Downslope increase in Ksat

Flow vector and Terrain (contour) at 500sec

04 06 08 1 1.2 14 16 18 2
x-distance(m)

Flow vector and values (contour) at 500sec

y-distace(m)

02 04 06 08 1 1.2 14 16 18 2
x-distace(m)

Velocity (vector) and speed (contour) at 500sec

|

y-distace(m)

1 '/ Q”’IIJI/;/‘L’{““
0.5 ﬁllwigrrrrf.
&)

0.2 0.4 0.6 0.8 1 12 14 16 18 2
x-distace(m)

Downdope increase

Flow depth at 500sec

Downslope Decrease in Ksat

Flow vector and values (contour) at 500sec

y-distace(m)
w
(%] U1

[
o1

02 04 06 08 1 12 14 16
x-distace(m)

118



Model Results and Discusson

=}

y-distace(m)
N w & o
N U1 W Ul S (41 U1 U1

=
o

1

o
3l

02 04

heght(cm)

£
@
o
8
2
?
>

Figure 6.9

Velocity (vector) and speed (contour) at 500sec
Flow vector and Terrain (contour) at 500sec

} 5.5
’ i 5 Vo, ~ [
’ a5 s(v 1 4 2 v 2 0 4 a0 \
’ - 4] v ey s ) o2 s = - 2R ..
= - 335"’7//7_//(/&111//10 \
- % 3 v ¥V o{,—L—LL'd_'OD QT:N
L T T TR ]
| WEKRY ¥ Lk LK
{ Bl 15 v //%%
- I\ L o KL AAT %
o ol A
06 08 1 1.2 14 16 1.8 2 0.2 0.4 0.6 0.8 1 1.2 1.4 16 18 2
x-distace(m) x-distace(m)
Downd ope decrease

Flow depth at 500sec

Flow vector and values (contour) at 500sec

y-distace(m)

Random variation x-distace(m)

Flow vector and Terrain (contour) at 500sec Velocity (vector) and speed (contour) at 500sec

P N

w

y-distace(m)

AT T T 4

YIS A5

19 L LK
1] é
0.5) 7 74 1 [P
fl s /? d 51)-04 W j
06 0.8 1 12 14 16 18 2 0.2 04 0.6 0.8 1 12 14 16 18 2
x-distace(m) x-distace(m)
Measured value

Overland flow characteristics with linear increase, decrease and
measured (random) variation in Ky

119



Model Results and Discusson

However the effect can only be explaned in the context of the tempord
related changes that occur during the time required for the overland flow to move from
the point of initiations, to the point of collection. The required time depends on the
ranfdl intendty, which determines the avalable kinetic energy, the microtopographic
forms which moderate depression storage and dope of the fidd. All the three factors
affect the veocity of flow. This obsarvation explans why Wanwright and Parson
(2002) advocated for the use of varidble intendity rainfdl data in appropriate resolution
(preferably tipping bucket) in better understanding of scae effect. The study has gone
further to enhance the undersanding of rainfdl runoff dynamics in the face gpatidly
vaiddle infiltration opportunities, which Woolhiser et d., (1996), admitted was not
possble in ther sudy because of the indbility of ther modd to accommodate
heterogeneity in rainfdl intensity as wel as incomplete knowledge of fidd conditions.

6.6 Effect of microtopography on surface runoff process

The dgnificant effect of microtopography in the Hortonian runoff is briefly depicted in
the previous section on spatid variability. In ataning a better underganding of the
efect on surface runoff initigtion, flow and discharge, a series of smulation
experiments were implemented. The two sdected characteristic rainfal patterns was
amulated over (i) fla (plane) surface (as used in basin irrigation scheme); (i) plane
surface inclined a 5° (gmilar to fidld dope); and (iii) rough terrain based on the digitd
elevation modd from measurement in the runoff plot. A uniform saturated conductivity
of 30mmhr! was used on dl the grids, and the sorptivity of 90mmhr®. Flow depth and
discharges were monitored at the @me point in dl the experiments in a andl plot (2m x
2m). All input parameters are kept uniform, such that the surface and rainfdl paitern are
the only variables. The rainfal events duration were discretized in a way to monitor the
detail the responses a short time intervas. For example, event A lasting 2160 seconds is
monitored every 1lsec, while event B lasting about 1600 seconds is monitored every
7 seconds.

Figures 6.10a and b compare the cumulative discharge for both events on the
different surfaces, and figure 6.11a and b compare the depth of flow on the three
different surfaces for the two events. The cumulative discharges curves show tha
microtopography reduces discharge in both events. This conastent observation in both
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high and low intensty events result from interaction of severd factors. In the firg
ingance, the shgpe and form of microtopography determine the avalable surface
depresson storage. These depresson storages delay the process of connections between
the various runoff-forming patches during an event, resulting in an increase, in the time
required for the flow path to link up to the gutter, thereby increasing the time before
discharge is recorded in the rough-surfaced plot, relative to the inclined plane surface.
The dday accounts for the dow rise of the hydrograph of the plane inclined surface.
Moments after the surface depresson have been ponded or inundeted, signifying the
connections of most of the different flow paths to the gutter, surface roughness
continues to reduce the veocity of flow, when compared to the smoothsurfaced
inclined terrain and flat terain (figure 6.11). Although both inclined and rough surfaces
have the same range of flow velocities (0.05cms™ to 0.25cms ), the proportion of the
runoff plot under the higher velocity range is higher on the inclined plane surface

compared to the rough terrain.
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Figure6.10a Comparison of cumulative discharge of the 3 different surfaces for event
A
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Figure6.11b Cumulative flow depth on 3 the different surfaces for event B
Roughness due to the microtopography aso increases the friction between

oveland flow and the surfaces inducing condderable reduction in the flow veocity.

Smilaly, the depresson storages increase the resdence time, thus adlowing sgnificant
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poststorm infiltration, which reduces surface runoff volume. This was dmilaly
observed by Dunne and Dietrich (1980) with vegetated microtopography.

Figure 6.12a and b indicate that microtopography reduces the cumulative flow
depth. Both flat-smooth terrain and inclined-smooth terrain is seen to maintain equa
flow depths throughout the two events, inspite of the very clear difference in dope angle
and discharge rate (Figure 6.12). The magnitude of the difference is reduced in the low
intengty event, goparently due to the subdtantia reduction in runoff volume. The
influence of surface roughness on flow vedocity, flow depth and discharge volume is
observed to increase with increasing dope length and increase duration of the event.
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In both events, microtopography clearly dictates the flow direction and
influences the didribution of flow depth, especidly during the pulse moments of rainfal
events and during the recesson dages This explans why the influence of
microtopography is more pronounced during low intendty events, resulting in higher
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infiltration capability. Figure 6.13a depicting the flow conditions a 500seconds into
event B show that the gpatid didribution of flow depth and the flow patern and
direction are diginctly influenced by the microtopography as was smilarlly observed by
Egteves et d. (2000). This contrast the observation by Zhang and Cundy (1989) who
concluded that microtopography did not dgnificantly dter flow direction. It could
however, be undersood that the effect of microtopography in their smulation
experiments were clouded by the rdatively large grid spacing of 1.0m in the Smulation.

Changes in surface microtopography are widdy influenced by land use a
gndl scde and catchment morphology & large scde. Smdl-scae microtopography
results from fidd cultivation and vegetation changes and has been shown in the modd
gmulation to be ggnificant in influencing runoff process Observations like the one
depicted in figure 6.14b are amilarly recorded in the talling period of event A. This
trend of fluctuation between high and low intendty over short time form pat of the
diginguishing feetures characterizing tropicad raindorm peatterns and will be very
helpful in the study of the environment related impact of surface runoff processes in the
tropics. It is evident as postulated by Zhang and Cundy, (1989) that, a spatidly varying
flow fidd cannot be obtained by assuming a uniform roughness surface.

It is gpparent that rainfadl events with prolonged recessons, or more frequent
pulse moments (multiple pesk), will behave very differently when compared to a single
peek event with the same depth, in terms of runoff response even when they have equa
duration. It is therefore expedient to agree with the concluson of Wanwright and
Parson, (2002) that a better understanding of the tempord variability of rainfal intensity
is important in both underdanding fidd measurements and developing robust modds of
overland flow. A sngle pesk event will reduce the scale of the difference in discharge
among the three surface conditions.

The low vaues of discharge on a flat plane surface accentuate the importance
of dope angle in the trandformation of ponded water into surface runoff and aso lend
credence to the choice of diffuson process in the modd operation. The uniformity in
flow depth over the smooth-plane terrain and smooth-inclined plane has been shown
ealier. The low discharge shows that the water only ponded and did not flow, but is
redistributed over the whole plot in manner smilar to the gpplication of irrigation water;
with the maximum velocity recorded in the center of the plot. This dearly shows the
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ability of the modd to monitor the advance and trgectory of gpplied water in irrigation
schemes smilar to the work of Playan et d. (1994). This observation provides a tool
that can ad decison process in soil management techniques amed a managing surface
runoff and soil eroson

Smulation on different plane surface with different dope angle showed that
the volume of runoff increases proportionately with incresse in dope angle, but the
proportiondity is not observed when a rough teran incined a dmilaly different
angles was used. This suggests that scade effect in runoff process dso depend on the
microtopography.
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7 CONCLUSIONSAND RECOMMENDATIONS

This study was desgned to answer some basic questions about runoff generation and
transmisson processes in the Volta river basin, west Africa, such as what proportion of
ran is log to surface runoff, what is the influence of scde, what are the factors that
determine scde effect and under what conditions it occurs, a concise summary of the
maor findings of this research in the light of the research objective and questions are
outlined here:

The dominant runoff generating mechanism in the catchment in the dudy area
and presumably in the Volta Basn is the infiltration-excess process. This does not
foreclose the pseudo-saturation excess runoff process in the valey area close to the
rivers and in the parts of the basn with very shdlow soil depth. The prevaence of high
intengty sorm in the caichment combined with poor infiltration properties of the soil
initiate surface runoff flow process.

The diverse nature of response to the same rain event a the two gStes within
the same caichment further reflects the importance of heterogeneous soil and hydraulic
properties as they affect sorm runoff responses. A sudy of the profile soil moisture
indicates very high variability in soil moisure content in the firds 300mm layer of soil.
The occurrences of ranfdl influence the moisure daus a the surface and in the
100mm depth. Possbly due to the high sand content, the tempord andyss of soil
moigture shows that, the stored moisture are quickly depleted. This explains runoff yield
is often not corrdaed with ranfdl amount, or pesk ranfdl intensties, particularly for
the low intengty events. The moisure gradient dways increases sorptivity and increase
time required for ponding. Results from both fidd and modd smulation adso show thet
vegetation and vegetation changes can dgnificantly influences totd runoff observed,
due to the varying interception losses and the reduction of flow velocity.

In both fidd observations and smulation experiments, an exponentid trend of
reduction in runoff coefficient and unit runoff discharge with incressng dope length
was observed, suggesting the import of observation scades in the surface runoff process.
The obsaved scde effect is manly caused by soaid vaiadility in infiltration
opportunities. The study aso showed tha the infiltration opportunities vary with dope
length and the pattern of the didribution of hydradic conductivity. The difference in
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infiltration opportunities result in differences in transmisson losses potentid, during
surface runoff routing downdope. It can aso be concluded that the vegetated and
surface  microtopography, which become more varied with increese in dope length
determined surface depresson dorage shape and network, consequently influencing
runoff initiation and flow rate. However, the effect of the two factor of spatid
variability is influenced by the time required to move from point of runoff initigtion to
the trough, which dso depend on the ranfal intendty and fidd dope. Thus the
tempord pattern of ranfdl can influence runoff response. Tempord patterns of rainfal
intendty; paticularly the didribution in terms of numbers of pesks in the event, the
duration of the pulses, the length of time for recesson, and magnitude of ranfal
intengty coupled with tempora varigtion in travd largdy determine the response to
high intengty events while, soil rdated effect in terms of spaid varidbility in hydraulic
properties mainly influences low intendty event. The dominance of tempordly induced
factors in the basn could be rdaed to the high intendty events synonymous with
tropica storm, which often do not dlow the spatia factors to manifest. The other factor
of soil that could sgnificantly influence runoff response is the initid moidure datus of
the soil. However, the high intendty ranfal predominant in the Volta basn limits its
influence. In low intengity events, high initid moisture content increases runoff volume.

Andyss of the hydrogrgoh from gmulaion experiment with different
microtopography shape indicates that, runoff volume can be widdy varied from runoff
plot of the same dze. This gpparently results form the different shgpe and densty of
depresson storage crested by the microtopography shape, thereby showing that soil
surface  microtopography - will -~ sgnificantly  influences  the rainfdl-runoff process. In
comparison with smooth terrain of gmilar inclination, microtopography reduces runoff
discharge. The low vaues of discharge on a flat plane terrain accentuate the importance
of dope angle in the trandformation of ponded water into surface runoff. Another
ggnificant effect of soil surface microtopography is that it influences flow direction of
aurface runoff throughout the event even when the surface ought to have been
submerged by increesed flow depth. The period of effective influence of
microtopography under less intendve events is more pronounced compared to high
intendty events. This indicates that microtopography plays very determining role in
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directing flow, credting rill and micro-channd path, and determining flow velocity
under low intengity rainfall.

Reaults from the modd showed tha it is possble to predict hydrologic
reponse, if the modd dructure is designed to accommodate variability in Kgg or
precipitation as observed in the fidd. If, however, the modd fals to recognize this
vaiability, we can expect that agreement with observation will be poor. This study as
has dso demondrated that with the incluson of condition smilar to the one obtainable
on the field and the sdection of gppropriate model, it is possble to capture rain-runoff
trandformation in tropicd environments. The deveoped modd will be useful in
sudying the dynamics of surface runoff, water erosion, and nutrients dynamics under
complex microtopographic condition and spatidly varying soil hydraulic characteridtic
and tempordly dynamic ranfdl intensity obtainable in many tropicd catchments. It
adso provides precticd tool for facilitating decison processes in soil  management
techniques amed a managing surface runoff and soil eroson and provide the basis for

upscaling to monitor the basin runoff process.

RECOMMENDATIONS

In the light of the results from both fidd observations and modding techniques used in
this sudy, the following recommendations in terms fidd experimentation and possble
gpplications and further extenson of the modeling are proposed:

Sudtained long term studies on surface runoff process in the basin. The result
from the sngle season studies will be better vaidated if it is compared with results from
the same plot over 3-5 seasons. Repesting the field trias ensures that more data will
aso be available for comparism with the modd smulations.

In carying out such dudies, it will be very good to further improve on the
developed the tipping bucket runoff meter, to handle lower volume of runoff per tip.
Such development will increese the sengtivity of the tipping bucket and will facilitate
better comparism.

The results had indicated that, frictiond resstance differs according to plant
sructure, which depends on the age and type of vegetation. It would be a good ides, if
further research is carried out on the esimation of frictiond resistance by the different

configurations of surface and vegetation microtopography in surface runoff processes.
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Such egimation will enhance the large scde agpplication of the modd, as the derived
factors could be used explicitly to account for microtopography in large scae i.e. basin-
wide gpplications-

It will dso be a good idea to explore the posshility of integration of the
developed model with mesoscde modd like MM5 for large scade agpplication and
climate impact sudies;

Findly, it will be a good idea to goply the developed modd in the area of
Solute Transport sudies eg. eroson, pedticides movement etc. with necessary
subroutine and model s incorporated.
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