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ABSTRACT 

ON DEPRESSION STORAGE, ITS MODELllVG AND SCALE 

. Mohammad Javad Abedini 
University of Guelph, 1998 

Advisors: 
Dr. W. T. Dickinson 
Dr. R. P. Rudra 

Depression storage can be a significant storage element on a watershed surface, ac- 

counting for the retention of much water. This research was undertaken to investigate 

eRects of surface storage elements on catchment response at a range of spatial scales 

and experimental settings. The spatial scdes included smd-scale laboratory experi- 

ments, small-scale field experiments and large-scale field experiments. Interactions of 

surface treatments, slope orientations, rainfd patterns, initial soil-water conditions 

and surface storage elements, and resulting effects on runoff response including the 

timing of outflow hydrographs, were considered at these spatial scales. 

Surface topography was measured with the aid of a laser scanner down to a 3-mm 

grid spacing. After the spatial location of depressional storages was delineated using 

digital elevation data, the results were linked to the GRID module of ARC/INFO 

via an indicator variable to derive polygon coverage of depressional areas versus non- 

depressional areas in a spatial context. From the pond analysis and associated spatia! 

mapping, it became clear that most estimates and/or geometric characteristics relating 

to size and spatial location of depression storage, including area, volume and depth, 

are scale dependent. These geometric ob jects may best be described by resorting to 

fractal geometry, a popular tool for quantifying variability across scales. 

Indirect characterization of surface storage elements was achieved via observation 

of rainfall and the corresponding surface runoff at different spatial scales. From 

the analysis of runoff response data, it was found that when there is no infiltration, 



depression eEects can be detected in respome, i.e. effeds due to size of depressions 

arib spatial location of difFerent sizes. In the presence of infiltration, separation of 

depression storage eifecn from infiltrahion effects on catchment response was found 

to t e  extrernely d i E d t  if not impossible. 

A simple holistic type approxh was suggested to model depression storage. A p  

plication of the modehg approach showed that for simple depressional cases with 

no infùtraxion, differexes iri response due to various spatial patterns of depressions 

could be delineated weil as measured by a coefficient of determination statistic, with 

R2 values a b v e  0.90 for the majority of cases. In such situations, the parameters took 

on idues  which appeared to have physical meaning in terms of physical characterist- 

irs such as mean tirm of travel and mean depth of depressional storage. For simple 

arid more compiex situations involving infiltration at a range of scales (from s m d  

piots to smdl watersheds), modeling applications showed that response could still be 

estimated well with a simple holistic model. However, the parameters can take on 

values which niay or may not have any physical meaning at all. In d l  such modeling 

exercises, the mean time of travel was found to be the most stable; the mean depth of 

storage was quite stable and the recession constant was the least stable parameter. 
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Chapter 1 

INTRODUCTION 

It has been acknowledged that surface depressions/micr~relief play a significant reg- 

datory role in the generation of surface runoff and the yield of sediment (Dunne 

et al., 1991; Hairsine et al., 1992; Huang and Bradford, 1992). Linsley (1967) em- 

phasized the importance of catchment-surface features in the following way: 

The model (Stanford Watershed Model) suggests certain long-tem data 

problems which should be seriously considered now. Experience with the 

model has been that the most important part of the total runoff process is 

the land surface phase. If the storage and retention on the surface and the 

infiltration losses are not correctly modeled, it is impossible to reproduce 

the hydrograph. On the other hand, if the land surface model is effective 

and produces an accurate time distribution of runoff increments, a relatively 

simple storage routing procedure is sac i en t  to reproduce the hydrograph 

with considerable accuracy. It is probable that the nonlinearity indicated 

by many anôlyses of strearn hydrographs is as much a result of incorrect 

assessrnent of the runoff increments and improper treatment of the division 

between surface runoff and inter-flow as any other possible causes. 



Many hydrologic phenomena and transport processes occurring on or across the 

land surface are associated with rainfall-nuioff t rader .  Erosion, sedimentation and 

transport of plant nutrients, pesticides and pollutants are examples of phenomena 

closely associated with the rainfall-runoff process. Consequently, due to the "piggy- 

backn nature of non-point-source-pollution models, any irnprovement in the perform- 

ance of rainfall--off models will have a major impact on subsequent results. For 

accurate modeling of such phenomena throughout a catchment, one needs to know not 

only the temporal variation in dischaxge at the catchment outlet, but also the tem- 

poral variation in the storage and transmission of water everywhere throughout the 

catchment. Most hydrologic and water quality models represent the three-dimensional 

nature of surface topography very crudely, and therefore do not represent the spatial 

distribution of hydrologic processes very well. 

Agricultural lands or other watershed surfaces have varying degrees of micrerelief 

surface storage. In some specific situations, these surface depressions and/or micre 

relief have b e n  utilized in ways which are useful for dealing withlmanaging land 

resources. This storage is highly dependent on the recent history of the soil surface, 

as it is modified by the action of rain, wind, tillage and cultivation practices, and will 

manifest itself at a range of spatial scales. Micrerelief storage at various spatial scales 

can be used to enhance soil and water conservation. This is accomplished mainly by 

adapting tillage methods that produce rough surfaces with high relatively surface 

storage, thereby increasing infiltration, reducing surface nuioff and water erosion. 

However, the manner in which surface micrerelief affects surface hydrology is quite 

cornplex. D u n e  et al. (1991), while investigating the effects of micro-topography on 



infiltration argued that since micrc~topography appeared to be so important in affect- 

ing infiltration as well as local flow, it is surprising that the hillslope characteristic has 

received s c a t  attention in hydrologie studies. Furthemore, in reviewing the Literature 

on the impact of micro-relief surface storage on catchment response, Hairsine et al. 

(1992) realized that models of overland flow are sensitive to soil micretopography 

and surface pore structure. The former affects depressional storage and consequently 

the routing of overland 0ow, while the latter affects soi1 hydraulic properties, notably 

the idtrability. 

The complex nature of the watershed surface features dong with other attrib- 

utes such as soil hydraulic properties, climate, soil-water content, vegetative cover, 

geology and their interaction with eadi other restricts the extrapolation of informa- 

tion obtained at small scales to larger scales. Hence, there is a need for such tools 

as a proper mode1 structure to safely transfer information between various spatial 

scales. In the case of mathematical models, surface properties of catchments have 

been among the factors which have not received proper attention in an objective way, 

resulting in varying degrees of discrepancy between simulated and observed responses 

(Beven, 1989; Grayson et al., 1992b). 

Attempts have b e n  made to deal with some of these cornplexities. Indeed, the 

literature is replete with various types and forms of transport process techniques for 

modeling water and solute movement on andfor across the land surface. However, a 

common feature in all such modeling approaches is that the investigator was somehow 

concerned with macroscopic aspects of surface topography such as diverging, con- 

verging or plane elements of a complex watershed, whereas the scale of soil erosion 



and overland flow processes is more or less comparable to microscopic aspects of 

suriace topography (Goodrich et al., 1991; Kibler and Woolhiser, 1970; Moore and 

Grayson, 1991; Singh and Woolhiser, 1976). Application of such methods is justified as 

long as the ground surface is relatively smooth. For surfaces where the scde of rough- 

ness is similar to flow depth, neither the macroscopic viewpoint nor the St. Venant 

equations and simplification such as the kinematic wave approximation is appropriate 

(Goodrich et al., 1991). 

To date, our ability to characterize surface relief is quite inadequate for modeling 

hydrologic and associated processes in situations where management of the surface 

plays a significant role. In Light of this shortcoming, another situation requiring 

attention for hydrologic modeling is the case when the slope of the land is mild and the 

surface is characterized by numerous depressions (Dunne, 1995). For such a surface, 

when the rainfall intensity exceeds the infiltrability, micrerelief surface depressions 

begin to fiil. Since the depressions va,ry in size, some will begin to ovedow before 

others are being filled, thus initiating runoff. Meanwhile, infiltration continues and 

the rainfall may increase or decrease in intensity, or cease. Linsley et al. (1949) noted 

that micro-relief depressions of various sizes can be superirnposed and interconnected, 

and that each depression has a unique contributing area of its own. This chah of 

events continues with successively larger portions of overland flow contributing water 

to streams, until such time as all depression storages within the basin are filled. Water 

held in depressions at the end of a rainfall event will stay there for a period of time and 

will be depleted either by evaporation or infiltration. Thus, the process of micrerelief 

and its interaction with surface =off is quite complex. 



For a realistic simulation of catchment response, a conceptual hydrologie model 

must account for the rate of accretion to and depletion from depressional storages. 

A pertinent question is: How should a rainfd-nuioff model be structured to ac- 

commodate spatial variations in depressional storages? Since the pioneering work 

conducted by UUah (1974, not much research has utilized his findings regarding 

the frequency distributions of various features of depression storages. Quantification 

of various features of depressional storages (Ullah and Dickinson, 1979a; Ullah and 

Dickinson, 1979b), and their spatial scaling (Huang and Bradford, 1990a), has been 

successfully undertaken in the past. What remains to be accomplished is to investig- 

ate on a quantitative basis the effects of the spatial pattern of depressional storages 

on catchment response. 

The general objective of this study has been to mode1 the movement of water from 

surfaces characterized by numeroiis depressions, building upon previous work done in 

this regard. Acknowledging the two main processes of lagging and routing in rainfall- 

runoff modeling, a mixed probability distribution approach for both storage and time 

of travel has been adopted, whereby measurable inputs are transformed into outputs 

via a convolution integral. The form of the probability distribution being proposed 

for both surface storage and time of travel has been drawn from independent research 

done in this regard (Pilgrim, 1977; Ullah, 1974). 

The theoretid background to the cited problem as it exists in current literature 

is reviewed in Chapter 2, while the specific objectives of this study are listed in 

Chapter 3. The study area along with details of experimentd methods is covered 

in Chapter 4. Chapter 5 reports on pond characterization and quantification, while 



Chapter 6 reports on the presentation and discussion of rainfd-runoff experimental 

results. Chapter 7 is totally devoted to modeling studies, starting with stmcturing 

of the model to accommodate spatial patterns of depressions: f h t ,  in an electrical 

analog sense; and then using a probabilistic model to accommodate spatial patterns of 

depression in a hydrological sense. In Chapter 8, results of the study are summarized 

and discussed, some conclusions drawn and recommendations for further study made. 



Chapter 2 

LITERATURE REVIEW 

2.1 Introduction 

In the hydrologic cycle, water either moves through the cycle or is stored in some parts 

of the cycle some of the time. These two mechanisms of transmission and storage are 

responsible for the timing of various processes of the hydrologic cycle in space, and 

are dealt with by such means as routing and lagging, using convection and diffusion 

equations or direct solution of the rnornentum equation and the continuity equation. 

To convert rainfdl to runoff, the cited transmission and storage mechanisms have 

been included in various ways in various models. This review of literature focuses 

primarily on storage elements owr the ground surface and the manner in which these 

elements have been dealt with in various hydrologic models at various spatial scales. 

As there has not been universal agreement on fundamental spatial units (i.e. plot, 

field, ...) for watershed work, the classification suggested by Ponce (1989) has been 

adopted to ded with storage and translation. This classification was based mainly on 

the spatial and temporal variability of rainfall and the lads or availability of a channel 



storage effect. According to this classification, a small catchment lacks both spatial 

and temporal variability of rainfd and the channel storage effect is not dominant. 

For a midsize catchment, temporal variability in rainfall is dowed, but neither spatial 

variability in rainfall nor a charme1 storage effect is present. For a large catchment, 

both spatial and tempord variability in rainfall as well as a channel storage effect are 

present . 

For the sake of convenience, literature regarding the inclusion of surface storage 

and transmission mechanisrns in various models at different spatial scales is reviewed 

according to the evolution of scientific hydrology. For example, at early stages of 

hydrologic research, these two major mechanisms were included by means of a con- 

ceptual store and the convolution of either a unit hydrograph or an area per time vs. 

time concentration curve. After the 1960's, with the tremendous advance in digital 

cornputer technology, attention was switched to a continuum-mechanics approach, so 

that the c0ntinui.t~ equation combined with the momentum equation and the result- 

ing partial differential equation is solved by means of numerical methods. Another 

approach, similar and pardel  to conceptual modeling but somewhere in-between the 

two approaches mentioned above was adopted by a few researchers. They tried to 

deal with surface storage and transmission in a probabilistic sense. In addition to 

the modeling research, a few studies which were undertaken to collect elevôtion data 

and measure characteristics of surface storage at different spatial scales are reviewed 

separately. 

The review of literature also touches on key concepts such as partial contributing 

areas and dominant runofF mechanisms to pave the way for a delineation of major 



shortcomings in recent rainfd--off modeling. The review concludes with some 

iessons to be learned for the development of a holistic type of rainfall-=off model. 

2.2 Storage Routing Models 

In almost al1 modeling exerci ses in thi s category, the raw preci pi tation data have been 

first converted to raid& excess either explicitly or implicitly in a decoupled way, by 

hypothesizing the dominant runon mechanism (i.e. Hortonian or Dunne mechanisms 

to be explained later) and then the resulting raid& excess hyetograph has been used - 

for further analysis. The runoff hydrograph is computed by routing r a in fd  excess 

through a model representing storage in the drainage basin. The storage considered 

is only temporary storage, and not the water retained over a period that is long in 

compaxison to the response time of the hydrograph. Storage in this context is the total 

volume of water in transit to the basin outlet. This conceptualized storage is located 

primarily in the channels throughout the drainage basin, comprising the main stream, 

tributary channels, and the contributing area cornponent of storage in overland flow 

over the surface of the drainage basin that feeds into the channels. 

The volume of storage S at any time in each element of the drainage basin system 

has often b e n  related to the corresponding discharge Q in that element at the same 

time. The most common form of the assumed relationship is: 

S = kQm (2.1 ) 

where k and rn are dimensional and dimensionless parameters, respectively. If m = 1, 



the system is linear. The correspondhg discharge is the outflow discharge from the 

srorage. It can be seen that the storage described above is highly distributed in a 

physicd or spatial sense. 

For s m d  catchments, the Rational Method was one of the earliest attempts to 

model outflow peak (Dooge, 1973). At first only the translational component of 

runoff was incorporated into that simple model by forcing the rainfdl duration to be 

equal to the time of concentration of the catchment. Later with the introduction of 

the runoff coefficient, C, a darnping aspect was also incorporated into the model. 

For midsize catchments, the so called "time-area rnethod" was one of the earliest 

attempts to model surface runoff hydrographs. The time-area method is essentially 

an extension of the runoff concentration principle in the Rational method, accounting 

for translation only but not including a storage effect. In this method, the rainfall- 

excess hyetograph is convoluted with the area per time vs. time concentration curve 

to produce a time wise variation of nuioff at the catchment outlet (Laurenson, 1964). 

Another approach sornewhat parallel to the the-area method, was adopted by Clark 

(1945) to model the runoff hydrograph. In his method, a unit effective rainfall dong 

with an area per time vs. time concentration curve was used to produce the "mit 

hydrograph" for the catchment. Since the unit hydrograph calculated in this way 

lacked -off diffusion, Clark (1945) suggested that the resulting unit hydrograph be 

routed through a linear reservoir. 

Another noteworthy effort was the cascade of 1inea.r reservoirs proposed by Nash 

(1957). Such a cascade has been a widely used method of hydrologie catchment rout- 

ing. As its name implies, the method is based on the connection of several linear 



reservoirs in series. For N such reservoirs, the outflow from the first is taken as 

inflow to the second, the outflow from the second as i d o w  to the third, and so on, 

until the outfiow from the (N - 1)th reservoir is taken as i d o w  to the Nth resewoir. 

The outflow from the Nth reservoir cünstitutes the outflow from the cascade of linear 

reservoirs. Dooge (1959) subsequently deveioped the background theory for all such 

conceptual models. He envisioned a catchment as being conceptually equivdent to a 

series of alternating linear reservoirs and linear channels. This conceptualization has 

enabled him to realisticalIy introduce catchment shape effects into his formulation in 

light of which previous efforts such as the Rational Method, the time-area method, 

Clark's unit hydrograph and a cascade of reservoirs represented special cases. For 

large catchments, storages have been arranged to represent the stream network of the 

drainage basin. The distributed nature of storage has been represented by separate 

series of concentrated storages or other forms of storage for the main stream, ma- 

jor tributaries and their contributing areas, providing a degree of physical realism. 

Models such as RORB (Laurenson and Mein, 1988) and Watenhed Bounded Network 

Mode1 (WBNM) (Boyd et al., 1972) are examples of this category. 

The RORB model is the most widely used storage routing model. This model has 

superseded the unit hydrograph for estimating outflow hydrographs (Laurenson and 

Mein, 1988). In this model, the drainage basin is divided into number of subareas 

based on watershed boundaries. Nodes, which are points of input and output within 

the model, are located at centroids of subareas for input of rainfdl excess, at codu-  

ences of streams for hydrograph additions, upstream and downstrearn of reservoirs, 

at diversion sites, aad at gauging stations and at design sites. Nonlinear concentrated 



storage elements, as described by Eq. (2.1), are used for each reach. The RORB model 

is efficient from a p rac t i d  point of view, because it embodies much of the physical 

nature of the drainage basin and has one calibration parameter which corresponds to 

k in Eq. (2.1). 

The Watershed Bounded Network Mode1 (WBNM) is similar to the RORB model 

(Boyd et al., 1972; Boyd et al., 1987). The storages apply to subareas rather than to 

the channels between nodes. The model also incorporates a more detailed considera- 

tion of basin geomorphology. Two types of subareas are used in the model. It includes 

ordered basins where only rainfd excess is transformed to stre&ow at the outlet, 

and inter-basin areas where upstream m o f f  is transmitted through the subareas in a 

main channel; and there is the transformation of ra iddl  excess to streamflow. 

2.3 Distributed Watershed Models 

Detailed system models of catchment behavior represent a different component of the 

modeling spectrum when compared to storage routing models. In this class of models, 

mechanisms of reservoir and channel action are introduced in a distributed fashion 

by combining continuity and rnomentum equations. 

For srnall-sized catchments (i.e. hillslopes), one of the earliest attempts at modeling 

overland flow was initi~ted by Wooding (1965a, b, c). In his approach, a complex 

watershed was modeled as two symmetrid laterd planes contributing to a channel 

bisecting the area. Schematically, the model could be likened to a tipped-open book 

with the channel in the center, so that there is a lateral slope for the planes but also a 

down chônnel slope for the channel and planes. In Wooding's approach, the kinematic 



version of the Saint Venant equation was solved andytically using the method of 

characteristics. 

Kibler and Woolhiser (1970) considered the kinematic c a s d e  model, involving 

a number of discretized planes. In their approach, each plane was allowed to have 

its own characteristics, resulting in a distributed model. Parlange et al. (1981) also 

exarnined flow over a plane, presenting a general andytical solution with excess rainfall 

being a function of time. Singh and Woolhiser (1976) investigated kinematic flow on 

an inverted cone (i.e. with converging elements); and examination of flow on a regular 

cone (Le. with diverging elements) was initiated by Singh and Agiralioglu (1981a; b). 

Such surfaces may represent parts of a watershed, or be used as basic building blocks 

for a complete watershed. 

A comprehensive physical science approach to partial-area quantification within 

a hillslope was pioneered by Freeze (1972a, 1972b) . By coupling subsurface fiow 

and channel flow, the variable source area concept was given a coherent structure 

by the mathematical model describing the generation of runoff from a hillslope aad 

small upland catchments. The model yielded numerical solutions to equations de- 

scribing saturated and unsaturated subsurface flow, return flow, direct precipitation 

s 
onto saturated areas and flow in small channels. Freeze (1972b) investigated runoff 

production under a range of ra iddl  storms, soil conductivity, hillslope shape and soil 

thickness. In that study, the occurrence of overland flow was deliberately avoided by 

selecting large values for soil hydraulic conductivity. Subsurface storrn-flow occurred 

(as observed in the field studies) due to the impedance of permeable soils. Most of 

the infiltrating water was stored within the soil, raising the water table to the land 



s u r f a c e  over an expanding axea. Return flow occurred over the saturated area, as the 

lower part of the hillslope became a seepage face. The rise of the water table was fed 

mainly by vertical percolation rather than by horizontal seepage, and the production 

of overland flow depended upon development of the subsurface fiow system. 

Smith and Woolhiser (1971a) coupled an overland flow model (in the form of a 

kinematic cascade) to a subsurface flow model, in the sense that they determined 

infiltration from the plane at any point with a o n ~ m e n s i o n a l ,  vertical saturated- 

unsaturated flow calculation. Coupling of dl three kinds of flow (i.e. overland flow, 

subsurface flow and channel flow) in a physicdly-based fashion was hampered by 

large spatial and temporal variabilities of soi1 hydraulic properties, and of relevant 

physiogaphical conditions (Van de Griend and Engman, 1985). A fundamental lack 

of correspondence between the theoretical models and reality was the major limitation 

of the approach (Freeze, 1978). 

Engman and Rogowski (1974), using the partial-contributing-area concept, tried to 

simulate infiltration-excess overland flow in a physically-based deterministic manner. 

Their model attempted to account for natural hillslope variability in terms of necessary 

input, initial and boundary conditions. In this anolysis, the initial soil-water content 

appeared to be the most important controlling parameter. 

O'Loughlin (1981) using an analyticd approach, concluded that the size of wet 

areas (contributing areas) in converging zones could be expected to be more stable 

than in the other two zones (i.e. plane dope or diverging slope). Under dry conditions, 

plane dope or diverging slope seepage may shrink back to the strearn edge while 

converging wet zones tend to persist. 



Among midsize and large s 4 e  watershed models for which surface storage has 

Deen tadded in a distributed manner, VSA1, VSA2 (Variable Source Area), SHE 

(Systeme Hydrologique Europeen), TOPOG and CASC2D are considered. In these 

models, variable source area concepts have been incorporated into the model structure 

either explicitly or implicitly. 

In an atternpt to improve the cost effectiveness of programs for targeting Best 

Management Practices (BMPs) in a Virginia watershed, Loganathan et al. (1989) used 

VSA2 to simulate watershed response. Based upon applications of the model, it was - 

found that deterministic simulation was not always representative of the cri tical area 

growth pattern where large standard deviations in hydraulic conductivity occurred. 

As a result, hydraulic conductivity was treated as a log-normal, distributed, random 

variable. A Monte Carlo simulation procedure was adopted to compute water content 

for varying hydraulic conductivity. 

Three European organizations (the British Institute of Hydrology, the Danish Hy- 

draulic Institute, and the French consulting Company SOGREAH) jointly developed 

the Systeme Hydrologique Europeen (SHE) model (Abbott et al., 1986a; Abbott 

et al., 1986b). In this model, d l  primary processes of the land phase of the hy- 

drologic cycle are modeled in a separate component. Interception is modeled by the 

Rutter accounting procedure; evapotranspiration by the Penman-Monteith equation; 

overland and channel fiow by simplifications of the St. Venant equations; unsatur- 

ated zone flow by the one-dimensional Richôrds equation; saturated zone flow by the 

twedimensional Boussinesq equation; and snowmelt, by an energy budget method. 

The spatial distribution of catchment parameters, precipitation input and hydrolo- 



gicd response is achieved using orthogonal grid squares; and the model uses modular 

construction for the addition of new components. The model is physicdy based, 

and its prirnary components are modeled either by finite-clifference representation 

of the partial-differential equations involving mass, momentum and energy conser- 

vation, or by empiricd equations derived from independent experimental research. 

As overland flow and ground water flow are linked together by a one-dimensional, 

vertical-unsaturated flow model. The major assumption made in the model is that 

water can enter the stream channel only through either overland flow or ground water 

flow paths, but not from interflow. 

TOPOG, a physically-based, distributed-parameter catchment framework, was 

developed at the CSIRO (07Loughlin, 1990; Vertessy et al., 1993). It has b e n  referred 

to as a frarnework because it involves several models which have b e n  designed for 

a vaxiety of problems. This package is divided into 2 parts: the terrain analysis 

software and the hydrologic models. The terrain-analysis procedures used in TOPOG 

are sirnilar to those adopted in the TAPES-C package (Moore and Grayson, 1991), 

and have been employed recently in the THALES mode1 (Grayson et al., 1992a). 

There are several hydrologic modules associated with TOPOG, but the one which is 

suitable for the detection of source areas is topog-dpamic (Vertessy, 1995), a fully 

distributed, transient model. One has the option of using two different forms of the 

Richards equation (1 implicit, 1 explicit solution) or a simplified bucket model which 

is analogous to TOPMODEL (except it is fully distributed). Infiltration/subsurface 

flow schemes are coupled to a kinematic wave overland flow model (there is also a 

sediment transport model coupled to it too). 



Recently, Moore and Grayson (1991) used the %tream pathn or 'stream tube" ana- 

Iogy first proposed by Onstad and Brakensiek (1968) to partition a complex watershed 

into elements bounded by contour lines (equipotential lines) and s t r e d n e s .  In this 

me,  surface runoff enters an element orthogonal to the upslope contour line and exits 

orthogonal to the downslope contour line, with the adjacent stream lines being no-flow 

boundaries. For this form of partitioning a catchment, one-dimensional flow was as- 

sumed within each element, allowing water movement in a complex the-dimensional 

catchment to be represented by a series of coupled one-dimensional equations. 

A common feature in all the above rnodeling exercises is that the investigator was 

somehow concerned with macroscopic aspects of surface topography such as diver- 

ging, converging or plane elements of a complex watershed, whereas the scale of soi1 

erosion and overland flow processes is more or less compazable to microscopic aspects 

of surface topography. Application of such methods seems justified as  long as the 

gound surface is relatively smooth. However, for surfaces where the scale of rough- 

ness is sirnilar to flow depth, neither the macroscopic viewpoint nor the kinematic 

wave approximation is appropriate. 

CASCSD (Julien et al., 1995) is considered to be the most recent development in 

two-dimensionai hydrodynamic modeling of runoff processes. The physically-based 

CASC2D mode1 simulates spatially-varied surface =off while fully utilizing raster 

GIS and radar-rainfall data. The model uses the Green and Ampt method for infiltra- 

tion, and the digusive wave formulation for overland and channel flow routing enables 

over-bank flow storage and routing. This model can also handle infiltration+xcess 

overland flow from moving rain-storms. 



2.4 Probability-based Watershed models 

Due to pertinent spatial and temporal variability in factors affecting rainfd--off 

processes including surface storage, a number of researchers have tried to adopt a 

compromise between the two schwl of thoughts regarding conceptual and diçtributed 

watershed modeling. 

At the hillslope scale, Freeze (1980) used a stochastic-conceptual type approach to 

simulate the two distinct runoff mechanisms (Horton and Dunne Mechanisms) that 

can identify source-area generation on hillslopes. No redistribution of runoff was 

allowed in this approach. The time of travel routing technique was used to translate 

generated m o f f  to the catchment outlet. Results of this work have indicated that 

each of the parameters representing the spatial stochastic properties of the saturated 

hydraulic conductivity distribution on a hillslope exerts an important influence on 

the statistical properties of runoff events arising from a hillslope. The results of the 

study showed that the mean value of hydraulic conductivity is the most important 

parameter followed by standard deviation and autocorrelation function. 

The conceptual advances made by a number of authors (Beven, 1977; Lauren- 

son, 1964; Sugawara, 1961) were translated into procedures for representing the hy- 

drological?y important features of landscapes in TOPMODEL, a mode1 proposed by 

Beven and Kirkby (1979) and further extended by Beven and Wood (1983). Beven 

(1977), recognizing a number of disadvantages associated with physical approaches 

to source area detection, developed TOPMODEL in an attetempt to retain some of the 

advantages of the lwnped mode1 approach while taking into account benefits of the 



distributed nature of the system considered to be important. TOPMODEL was ori- 

ginally developed for detection of the saturation-excess overland flow process (Beven 

and Kirkby, 1979), and later an infiltration-excess overland flow was also incorpor- 

ated into the model (Sivapalm et al., 1987). In essence, TOPMODEL calculates the 

temporal deficit in readily-drained soil-water on a hillslope by a series of steady-state 

water balance calculations, by incorporating the spatial variation of macretopography 

and soi1 properties. Recently this model has been used for categorizing watershed re- 

sponse in various basins (Larsen et al., 1994). 

After recognizing the difficulties associated with using an optimization approach for 

parameter estimation for Explicit Soi1 Moisture Accounting (ESMA) models, Moore 

and Clarke (1981) and Moore (1985) adopted a new approach in which the catchment 

is considered to consist of a statistical population of soil-water stores. Runoff is 

generated through a soil-water accounting procedure; and a probabilistic description 

of soil-water storage and travel times is used for routing runoff. This results in a 

small number of model parameters. The derivatives of the Simple Least Square (SLS) 

objective function were continuous in the parameter space, which allowed the use 

of an efficient gradient procedure for parameter optimization. Although an elegant 
C 

theoretical formulation was provided, the practical potential of the model remains 

unproven and independent verification of hypotheses embedded in the model structure 

has been lacking. Furthemore, it is not cleâr if the model's simple structure can 

account for variations in ca tchent  response associated with different climatic regimes 

without extending the model to the point whereby it was originally developed. Full 

account of Moore and Clarke's model is provided in chapter seven. 



2.5 Literature Review on Surface Profilers 

The measusement of surface micretopography has been attempted with various meth- 

odologies with varied degrees of success. Over the past few decades, a considerable 

amount of design work has been done on soil profilers. A chronologicd sumrnary 

of their development has been presented by Zobeck and Onstad (1987) and Hirschi 

et al. (1987). Profilers can be categorized into two types: contact and non-contact. 

Contact soi1 profilers touch the soil surface with a rod or pin, measuring the distance 

from the soil surface to a reference plane. Non-contact profilers measure the distance 

from the soil surface to a reference plane without touching the surface and have for the 

most part superseded other methodologies. An obvious advantage of a non-contacting 

profiler is that it can be used on soft or fragile surfaces. These types of profilers have 

high scanning rates so that surface elevation can be measured quite rapidly. As well, 

surfaces with large elevational variations can be measured with a high degree of ver- 

tical and horizontal spatial resolution. Optical scanners can typically resolve elevation 

on the order of 2 0.5 mm for surfaces with an elevational variation of 350 mm. 

Non-contact profilers use two types of sensors, optical and/or ultra-sonic. Design of 

ultra-sonic profilers has been discussed in Kolstad and Schuler (1980) and Robichaud 

and Molnau (1990). It would appear that optical profiler systems have become the 

accepted standard design based on their ability to provide very detailed elevational 

data for a wide range of surfaze types. 

The most cornmon optical, non-contact profiler design is based on trianplat ion 

principles which are illustrated in Figure (2.1). The principle upon which the scanner 



operates is that a narrow beam of light from a laser source, projected normal to the 

surface, intersects the surface and the scattered light is collected by a lem system. An 

image of the point of intersection of the surface and the beam is focused on a limar 

photdiode array mounted behind the lens. The position of the image on the array 

is a measure of the location of the surface. The resolution and range of the system 

depends upon the lem magnification as well as the number and spacing of the diodes. 

This type of design has been reported by Thwaite and BendeIli (1980), Huang et al. 

(1988) and Huang and Bradford (1990b). 

Figure 2.1: The optical arrangement of the laser profiler system. 

This methodology has some deficiencies. According to Bertuzzi et al. (1990), a 

major pitfdl of this method is the loss of the image of the spot on the array detector; 

the image 

aggregate. 

may drop out when 

However, researchers 

the optical axis of the lem is interfered by a soi1 

utilizing triangulation-based laser scanners typically 
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find that for surfaces of elevationd relief of less than 350 mm, the loss of data is 

IFSS &an 10 percent. Loss of data increases as elevation relief increases beyond a 

prescribed range and data is not d o w e d  to be used if the percentage of bad data 

exceeds 20 percent loss. 

Bertumi et al. (1990) have developed an alternative opticd laser scanner based 

on the principle of 'defect of focus". In this system, soi1 elevation is measured by 

projecting a laser beam normdy to the surface and measuring the ratio of the refer- 

enced light intensity, which is the output of the central cell of a photediode a.rray to 

the total light intensity measured by the entire array. Caussignac et al. (1990) have 

shown theoretically that this ratio is related to the variation of height of the laser spot 

due to the soi1 roughness. 

2.6 Estimation of Micro-relief Surface Storage 

Various researchers have characterized micro-relief surface storages using various de- 

grees of rigor. At an eady stage of surface-storage quantification, attention was fe 

cused either directly or indirectly on random roughness and its relationship with 

surface storage in the form of depression storage (Mitchell and Jones, 1976; Mitchell 

and Jones, 1978; Mwendera and Feyen, 1992; Ullah, 1974; Zobeck and Onstad, 1987). 

Mitchell and Jones (1976) presented a power-law relationship between storage and 

depth based on the ranking of elevation data while disregardhg the spatial position 

of elevation data This research has found limited application because surface stor- 

age is a spatially-distributed 

Feyen (1992), acknowledging 

process controlled by local topography. Mwendera and 

the dynamic nature of surface storage, tried to capture 



fluctuations in the random roughness by proposing the following exponentid function: 

where Cl, C2 and C3 are regression coefficients representing the effect of rainfd and 

soi1 properties. In this study, depression storage was determined by covering the 

test plot with a transparent microfilm similar to those used in wapping cold foods. 

A polynomial relationship was developed to relate depression storages to random 

roughness and slope steepness. It was claimed that the developed relationship explains 

99% of the variations in the data. Onstad (1984) reported similar observations frorn 

his investigations. Zobeck and Onstad (1987) concluded that tillage and rainfall have 

significant effect on random roughness. 

Moore and Larson (1979) developed a computational procedure which incorporated 

the spatial nature of the surface-depressional pattern to quantify surface micrerelief 

surface storage. Onstad (1984) used this procedure to analyze digitized surfaces, and 

developed an empirical relationships between depressional storage, surface roughness 

and slope steepness. Ullah and Dickinson (1979a, b) used a slightly different procedure 

and showed that surface storage decreases with an increase in dope. A roughness 

parameter was not included in their study. The results of their study led to the 

following conclusions: 

The spatial distribution of depressions on a surface has both random and direction- 

oriented components. 

The amilable data indicate a significant relationship between land slope and 



total volume of depression storage. The reduction in total volume of storage 

with increasing dope was both due to reduction in the number of depressions 

and reduced depths and surface areas of depressions. 

3. There exist definable relationships among the three geometric properties of d e  

pressions (Le. depth, area and volume) which could be used to compute one with 

the help of the other. The form of the relationships appears to be applicable to 

all sizes of depressions. 

4. The frequency distribution of any of the three geometric properties can be a p  

proximated by the Weibull distribution. 

Huang and Bradford (1990a) have examined, via a Monte Car10 type simulation, 

the geometric features of depressional storages for a Markov-Gaussian (M-G) type 

surface roughness model. The gist of their paper was to demonstrate the scale de- 

pendency of depressional-storage quantification. For a free drainage type boundary 

condition, they have obtained two scaling relationships: one relates the storage at zero 

slope to the sarnple length scale, and the other relates storage to slope. They found 

that these two relationships fully describe the surface storage characteristics of the 

M-G surfaces with the particular type of boundary condition. 

Hairsine et al. (1992) realized that models of overland flow are sensitive to soil 

micretopography and surface pore structure. The former affects depressional storage 

and consequently the routing of overland flow, while the latter affects soil hydraulic 

properties, notably the infiltrability. 



2.7 Partial-Contributing-Area Concept 

The concept that surface runoff (i.e. overland flow), does not originate unifonnly 

from the whole arza of a watershed was suggested by Betson (Betson, 1964; Bet- 

son et al., 1968; Betson and Marius, 1969). S+called partid-area hydrology was 

based on the division of a watershed into areas that produce surface moff  (con- 

tributing areas) and areas that do not produce surface runoff during a storm event. 

This ared delineation concept, and recognition of the dynamic nature of contrib- 

uting areas, has provided an important framework for physicdy-based distributed 

watershed modeling. There have, however, been two basic problems associated wi th 

the identification and quantification of contributing source areas. First, partial con- 

tributing areas were originally described with respect to invariable surficial hydro- 

logicd conditions (Betson, 1964). More evidence has revealed that a series of hy- 

drological (Freeze, 1972b; Freeze, 1980), geomorphological, topographical (Beven and 

Wood, 1983) and pedological (O'Loughlin, 1981; O'Loughlin, 1990) conditions may 

be responsible for the existence of areas contributing to runoff. Thus a profound integ- 

rated knowledge of site-specific hydrological information is required, malüng general- 

ization of the concept extremely gifficult (Van de Griend and Engman, 1985). Second, 

the characterization of contributing areas is made even more difficult by their dynamic 

nature as opposed to the ruted source areasn originally suggested by Betson (1964). 

Partial contributing areas have been found to vary seasonally and even during storms. 

Therefore, the identification and characterization of these areas has been based rnainly 

on detailed field surveys as summarized by Dunne (Dunne, 1978; Dunne, 1983). In the 



case of modeling of contributing areas, independent validation is extremely difficult if 

not impossible. 

Remote sensing is the most promising tool for identification and quantification 

of such contributing areas. Two principle attributes of remote sensing contribute 

to its potential for the objective mapping of contributing areas. It provides spatial 

information, and specific wavelengths may be usehl for the identification of vegetation 

differences, temperature differences and changes in soil-water content, ail directly 

associated wi th contributing areas. However, the effectiveness of remote sensing has 

been restricted to date by the lack of sficiently fine temporal and spatial resolution 

for deiineating source aseas. 

2.8 Types of Runoff Mechanisms 

When rain and/or meltwater reach the surface of the ground, it encounters a filter 

that is of great importance in determining the pathways by which hillslope runoff 

will reach a stream channel. The paths taken by the water are determined by many 

characteristics of the landscape, uses to which the land is put, aad strategies ernployed 

for soi1 conservation management. A spectrum of hydrological situations and runoff 

mechanisms are discussed in the following sections. 

2.8.1 Infiltration-excess Overland Flow (Horton Mechanism) 

When the rate of rainfall or snowmelt is greater than the capacity of the soi1 to ab- 

sorb water, surface saturation and ponding occur, resulting in the dassical conceptual 

mechanisrn of moff  generation first espoused by Horton (Horton, 1933) and further 



investigated by Chorley (1978). This mechanism of runoff generation is c d e d  Hor- 

conian mechanism. Hortonian overland flow has been connected predominantly with 

arid and semi-asid regions, where surface vegetation is absent or sparse and the soils 

exhibit low idtrabilities. In humid environments, such overland flow is also com- 

mon when r a i d d  intensities are sdciently high. According to criteria reported by 

Freeze (1980)' the conditions necessary for generation of overland flow by the Horton 

mechanism are: 

r A r a i n f d  rate greater than the saturated hydraulic conductivity of the soil and, . 

a A ra in fd  duration longer than the required ponding time for a given initial 
soil-water profile. 

2.8.2 Saturated and Unsaturated Soil-water Movement 

When water infiltrates into soil, it may be stored in the soil or may move toward 

stream channels by a variety of routes. If the soil or rock is deep and of uniform 

permeability, water in the unsaturated soil that is not held by capillary and other 

forces moves more or less downward to the zone of saturation. As rates of ground 

water flow through the zone of saturation are generally relatively slower than sur- 

face flow and underground flow paths are relatively long, leading to large storage 

amounts, most water taking these routes contributes to baseflow between rainstorms. 

Some ground-water discharge can contribute directly to stormflow hydrographs; and 

baseflows antecedent to stormflows can be significant in determinhg the size of flood 

peaks (07Loughlin, 1981; O'Loughlin, 1986). In very permeable rock formations such 

as  some fractured limestones and baçalts, the rate of movement in the saturated zone 



may be so rapid that a considerable amount of stordow can originate from the 

ground water. Generally, however, water taking the longer and slower paths below 

ground dominates the baseflow component of streams rather than their s t o d o w .  

Due to soil layering, percolating water may encounter an impedmg horizon at some 

shallow depth, leading to a portion if not al1 of the water being diverted horizontally 

driven by a suction potential that dominates gravity potential, reaching the stream 

channel often by a relatively short route. Because of factors such as a shorter route, 

somewhat high permeability of topsoil and porous weathered rocks above unweathered 

less porous rock, and generdly greater potential gradients in upper sloping horizons, 

subsurface water diverted horizontdy often reaches stream channels more quickly 

than other ground water flow. Some of this water, sometimes classified as unsatur- 

ated soil-water movement or subsurface stormflow, can arrive at the channel network 

quickly enough to contribute to storm hydrographs. 

2.8.3 Saturation-excess Overland Flow (Dunne Mechanism) 

In some parts of hillslopes, vertical and horizontal percolation may cause soil to be- 

corne saturated throughout its depth; and surface saturation occurs not because of 

ponding on the surface, but due to the water table rising to the surface. Ponding and 

overland flow occur at the time when no further soil-water storage is available in the 

profile. When full saturation occurs, some of the water moving by the shallow sub- 

surface path ed t r a t e s  from the soil surface at lower surface elevations and reaches 

the stream channel as overland flow. Such water is often referred to as  return flow. 

Rainfall occurring on the saturated soil areas cannot infiltrate, and therefore nins over 



the surface; and this contribution to overland fiow is difficult to separate from return 

flow. Storm runoff from these two sources has been classified as  saturation-excess 

overland flow. Its movement over the surface allows it to attain sdicient velocities 

to reach stream chamels during or shortly aRer rainstorms, and so such flow usudly 

contributes to storm hydrographs. 

Regarding the source and volumes of water available to be stored and transrnitted 

over the ground surface, the Horton and Dunne mechanisms seem most important. 

The Horton mechanism is generally more common on upslope areas, while the Dunae 

mechânism is more common on near-channel wetlands. Hortonian overland flow oc- 

curs from the partial areas of hillslopes where surface hydraulic conductivities are 

relatively low, while Dunne overland flow is generated from partial hillslope areas 

where water table is shallowest. Both mechanisms lead to variable source areas that 

expand and contract through wet and dry periods, and often occur simultaneously 

within a given watershed (Freeze, 1980). 

2.9 Major Shortcomings of Past Efforts 

It is clear from past efforts that the deveiopment of watershed response models has 

traditionally followed a set pattern involving the foliowing steps: (a) collecting and 

analyzing data; (b) developing a conceptual model which embodies important hy- 

drological characteristics of a ca tchent ;  (c) translating the conceptual model into a 

mathematical model; (d) calibrating the mathematical model to fit historical data by 

adjusting various coefficients; and (e) validating the calibrated model using another 

historical data set. Some major shortcomings which have become apparent upon nu- 



merous applications of this procedure are siunmarized and discussed in the following 

subsections. 

2.9.1 Consistency Between Model Structure and Avaitable Data 

Model building efforts can be usefdy examined with reference to a spectrum (Young, 

1978). At one end of the spectrum are proponents of the white box school of thought- 

those employing a deductive reasoning approach (pioneered by Horton, 1933). At the 

other end are proponents of the black box school of thought-those using an inductive 

reasoning approach (pioneered by Sherman, 1932). Proponents of each approach take 

existing theories and develop models for the problem under consideration. The major 

difference between the two approaches relates to the manner in which the experimental 

data are considered. In the white box approach, emphasis is placed on cause (i.e. input 

pararneters); while in the black box approach, emphasis is placed on cause and effect, 

even if only in a cmde manner. In the white box approach, emphasis is also placed 

on process description (without reference to available data); while in the black box 

approach, emphasis is placed on describing system behavior on the basis of system 

inputs and outputs. 

Using a white box approach, the modeler tries to build a model based on existing 

theories regardless of the spatial and temporal resolution of data available. As a result, 

one tends to develop a model involving a large number of parameters without being 

too concerned about the data which are needed to support the model structure. Upon 

applying the developed model, the modelers or the users have often discovered that a 

small number of pararneters from a set of many parameters were sensitive to output 



response. In light of such results, one may raise the question: Are model results 

r e d y  insensitive to the remaining parameters, or are the aMilable data ~ o t  capable 

of capturing the dynamics of processes associated with these parameters? It could 

be argued that there shodd be a closer relationship between model building and the 

availability of data than there often has been in hydrologie modeling efforts. 

With a black box approach, there is little hope of a complete system state descrip 

tion; as a result, there is virtually no chance of improving understanding of the interna1 

behavior of the system. This kind of approach, therefore, is of prime importance when 

hydrology is considered to be fundamentally a machine for driving water resources 

projects (Klemei, 1986a). 

Moore and Clârke (1981), in reviewing difficulties associated with system identific- 

ation of rainfall-runoff models, argued that the main problem is somehow concerned 

with the lack of a sound model structure. Difficulties which they identified included: 

(1) interdependence among mode1 parameters, causing a large number of combina- 

tions of parameter values to yield similar low values of the objective function, further 

causing optimization methods to make very slow progress in such regions of the para- 

meter space (interdependence may dso be an indication of parameter redundancy); 
8 

(2) indifference of the objective function-to parameter values such that an appreciable 

change in the value of one parameter causes little or no change in the objective func- 

tion; (3) 'discontinuities' or, more precisely, points in the parameter space at which 

the objective function while still continuous is non-differentiable, and (4) local minima 

caused by non-convexity of the objective function, leading to the search by means of 

an optimizing algorithm to be terminated at a point on the objective function surface 



lower than all surrounding points, but with higher values than a point in another 

region of the surface. 

From studies carried out with full-scale field data, there is considerable evidence 

that both white and bladc box approaches have yielded only limited success to date. 

Indeed, there is a debate in science between advocates of the inductive and deductive 

schools of thought (Phillips and Pugh, 1994). One possible resolution of this debate 

would be to combine the two schools of thought in order to take advantage of both, 

leading to grey box approach in which mode1 building and experimental data would 

interact with each other. With such an approach, models and data would each drive 

and direct the other; good models would illuminate the type and quantity of data 

needed to test hypotheses; and data of good quality would permit development and 

validation of more complete models and new hypotheses (Dozier, 1992; Wârd, 1984). 

2.9.2 Interna1 Validation vs. External Validation 

Watershed response models of many kinds have been developed primarily to match 

estimated and measured hydrographs at the outlets of selected watersheds. This 

task can be argued to be relatively straightforward, given input-output data and a 

reasonable calibration procedure (Band, 1995). Based on this history, it can be con- 

cluded that accurate representation of interna1 watershed processes in such models 

is not required for them to be physically accurate, just properly calibrated. Unfor- 

tunately, failure to recognize hydrologie modeling as fundamentally involving c u v e  

fitting has contributed considerable ambiguity and mystery to this field of endeavor. 

For example many combinations of input parameters are equally likely to give rise to 



plausible results (Andersson, 1992; Grayson et al., 1992a; Vertessy et al., 1993). 

2.9.3 Hypothesis Testing 

An essentiai problem in hydrologid science is to have or produce the right quantity 

of water with the right quality in the right place at the right tirne. This problem 

has always been present, and remains a real challenge for further investigation. The 

literature is literally full of attempts to address this problem with little success. Popper 

(1972) elaborated on such difficulties in this way. He drew a distinction between 

science and non-science on the basis of whether the hypothesis associated with any 

attempt to describe nature could be formulated in a marner such that it could be 

unambiguously fdsified. Given currently available field observations regarding the 

behavior of environmental systems, "cornprehensiven hydrologic rnodels~normously 

complex assemblies of a great many hypotheses-cannot be effectively falsified. The 

inability to falsify these models is a function of : uncertainty in the field data, which 

are heavily corrupted by noise; limitations in current methods of system identification; 

and, in the event of demonstrating a significant mismatch between the model outputs 

and observations, inability to distinguish among the multitude of hypotheses which 

could be false. In terms of the Popperian school of thought, the majority of what we 

have done in hydrological science should be classified as non-science, as we have been 

unable to validate our claims (Oreskes et al., 1994). 

It has been suggested that hydrologic model structures as well as incorporated 

parameters should have a sound physical foundation, and that it should be possible to 

validate each of the structural components separately (Kleme, 1986b). Further, the 



models should be spatially and tempordy transferable, and the parameters should be 

de r idde  from estimates of real world characteristics at any location. Finally, each 

model should satisfy the intended objective for a particular watershed for a range of 

possible conditions. There is much work yet to be done to achieve such goals. 

2.9.4 Scale Problem 

The t e m  "scale" means different things to different people both within and among 

disciplines. In hydrology, we appear to be at the definition stage, with no overall 

agreement. To start, it would seem to be important to clarifi the context in which we 

are using the word scde, as scale has different meanings in different contexts. Some 

of the contexts in which the word scale had been used in hydrology are summarized 

below : 

1. With regard to hydrologic rnodeling, one can think of three different scales (both 

in time and space): the process scale, the observation scde and the model scale. 

It would be interesting and helpful in a modeling exercise to have al1 of the above 

scales identical; unfortunately, this is seldom if ever the case. It was repeatedly 

mentioned in the literature that hydrologic processes should be addressed at their 

proper scale(s) (both spatial and temporal). What is memt here by scale? 1s it 

indeed possible to find a proper scale for each process under consideration? Perhaps 

when we talk about scale in this context, we should use the phrase 'scale of miabilityn 

instead of the word scale itself. Intuitively, one speaks of the spatial scale of a problem 

as the distance over which one must travel before some quantity of interest changes 

s ignificantl y. 



Let us assume that we want to investigate the pattern of soil-water over the land- 

scape. Two adjacent samples of soil, separated by 1 mm, are likely to have very 

similar soil-water contents (within the Limits of sampling error of course). Conversely, 

soi1 samples separated by 1 km might be expected to differ greatly in soil-water con- 

tent. An observer would understand that the relevant spatial scale was greater than 

1 mm and less than 1 km. This example raises two points. First, when one speaks of 

scde, one is usudy considering variability. The terms scale and scde of variability 

might very well be synonymous. Second, the appropriate spatial scale is likely to 

depend upon the variable of interest. For example, precipitation depths separated by 

1 km might very well be identical, while the associated soil-water contents are likely 

to differ substantially. Therefore the spatial scale suitable for precipitation is likely to 

be very different from the spatial scale suitable for surface soil-water content. Intuit- 

ively, this discussion about spatial scales could be equally applied to time scales and 

temporal variability. An appropriate defmition would then be that period over which 

one expects to see a significant change in the variable of interest. 

2. Another important feature of scale which has a bearing on the present discussion 

is the lack of recognition of intercomectedness of scdes of wious  processes in both 

time and space. This topic has received considerable attention in the finite difference 

branch of numerical modeling. 

3. Whether dealing with small or large watersheds in hydrology, there is a need for an 

approach or theory that will dlow prediction of an appropriate partitioning of rainfall 

for example at any scale of interest. This requirement for such a unified theory might 

be referred to as a scale problem. There is also a need for a theory that would allow 



the use of information gained at one scale to be used appropriately and effectively for 

making predictions at other scdes, be they smaller or larger. This too could be called 

a scaling problem, but alternatively has been termed an aggregation/disaggregation 

problem (Beven, 1995). In Geostatistical jargon, this is referred to as "change of sup 

portn (Clark, 1979; Isaaks and Srivastava,, 1989). It is indeed a red challenge to know 

when and how to use point measurements to represent a variable over larger areas 

or when and how to use outputs (or dgorithms determined from outputs) obtained 

at Say a Iaboratory or small plot scale to represent a process at a field or watershed 

scde. Many geostatisticians suggest that there are tools for doing these things, such 

as Block Kriging; however, this claim is yet to be confirmed or validated. 

4. Another context regarding the issue of scde relates to the design of optimum 

data-collection networks, with reference to the appropriate selection of: the number 

of sampling stations; the location of the stations; the sampling frequency, in time and 

the duration of the sampling program. 

2.9.5 Known Problem vs. Known Solution 

It has been stated that it is easier to look for a problem to fit a known solution than 

to look for a solution to a known problem (Kleme, 1983). It has indeed become a bit 

of a habit in hydrology to fix the model and then to redefine the problem appropriate 

for the existing model. Perhaps needless to Say, we ought better to define the problem 

as clearly and precisely as possible and then to try to develop or search for a model 

which addresses and pertains to the predehed problem. 



2.9.6 Conceptual Understanding of Runoff Processes 

Our conceptual understanding of surface -off processes has reached a point where 

we know that as soon as raidad intensities at the soil surface exceed the infltrability, 

ra infd  excess begins to surface depressions. We also know that the sequence of 

events which takes place after the development of raid& excess requires recognition 

of the following facts (Linsley et al., 1949): 

1. Each surface depression has its own capacity or maximum depth. 

2. As each depression is fîlled to the capacity, further inflow is balanced by outflow 
plus infiltration and perhaps evaporation. 

3. Depressions of mious  sizes are usually superirnposed and intercomected. In 
other words, most large depressions encompass rnany interconnected small ones. 

4. Each depression, until such time as it is Wed, has a definite drainage area of its 
own. 

Shortly after the beginning of rainfd excess, the smallest depressions can become 

filled and localized overland flow begins. Most of this water likely goes to fil1 larger 

depressions, but some of it may follow an unobstmcted path to the nearest strearn 

channel. This chah of events continues, with successively larger portions of overland 

flow contributing water to strearns, until such time as all depression storage within 

the basin is filled. Water held indepressions at the end of a rainfall event will remain 

there for a period of time and then will be depleted either by evaporation or infiltration 

through the soil mantle. To date, there have been few if any efforts to mode1 the above 

sequence of events in surface runoff modeling. 



2.10 Lessons to be Learned From Past Efforts 

From the literature review and discussion of shortcomings of past efforts in rainfd- 

nuioff modeling, the fouowing lessons or points have been identified for serious con- 

sideration for incorporation into a new rainfall-runoff model. 

First, regarding the interaction between model structure and available data: corn- 

paring the soi1 surface environment with the atmosphere and the subsurface envir- 

onment, it is dear that at least in the latter two, water flow is continuous over a 

defined field and prediction of 0ow is therefore amenable to solution by such schemes 

as finite difference or finite element methods. In the surface environment, the flow 

is more likely to be crossing through many different kinds of sub-environments and 

undergoing phase changes, e.g. evaporation; and the nature of the flow environment 

is very greatly iduenced by the nature of environment itself. Numerical methods 

can be used to represent the surface environment only in continuous water bodies 

such as lakes and estuaries and to some degree in rivers. The land surface portion 

of the hydrologie cycle is too complex to be treated in this manner because of the 

complicated variations in the nature of the flow environment. 

It follows from this that if we proceed first to describe the nature of the flow 

environment using dl available data, we should then have identified the range of 

amilable options for modeling to a significant extent because as the data needed to 

support the model having been defined. This might be termed "data-determined 

modelingn (Maidment, 1995). Then we can use theory that is appropriate to the level 

of available data. In most cases, this theory will be much simpler than is normally 



considered in process representation because the data clearly do not support a greater 

degree of sophistication. In essence, this approach excludes models which are much 

more complicated than are justified by the amilable data. 

Second, as was noted in Subsection (2.9.1), a grey box approach seems most desir- 

able. Taking that approach to hydrologie mode1 building implies trying to integrate 

the best from the physicdy-based and conceptual schools of modeling in a landscape 

mosaic context (Andersson, 1992). In sorne respects, the two schools are actually 

not that different, since both depend on calibration, and both can lead to models . 

which have routines where a simple formulation encompasses a number of different 

processes. However, joining the two approaches implies solving the governing flow 

equations, subject to constraints and thresholds provided by a conceptual understand- 

ing of the surface flow processes. Details about such a hybrid approach are provided 

in a subsequent chapter on model development. 

Third, as far as internd validation is concerned, opinions regarding the success 

of any model should be linked to the purpose for which it was developed. There 

axe at least three fields of application for runoff models (Andersson, 1992; Grayson 

et al., 1992b; Bloschl and Sivapalan, 1995): (i) practical interest in management 

of water resources ând estimations of risk, (ii) testing of hypotheses regarding the 

scientific understanding of selected flow processes, and (iii) forecasting effects of future 

changes of climate, land use and management. 

For (i), the success of a model may be determined from the fit obtained between 

measured and simulated flows. However, a "good fit" between measured and modeled 

runoff does not necessarily mean that the model offers a physically-correct description 



of the processes involved. 

For studies within fields (ii) and (iii), often also involving modeling of chernical 

or biological variables, it is necessary that the model works right for the right reason 

(Klernd, 1986a). One way to address this issue is to use subcatchment runoff for 

cross-checking. Ground-water levels and tensiometer readings within and around the 

watershed may dso be useful for the above purpose. It has also been suggested to use 

spatial patterns of interna1 variables (i.e. variables interna! to the model) to assess 

the accuracy of models within the catchment. 

Fourth, efforts should be made to independently test various components of a model 

structure before the components are aggregated together. 

Fifth, with regard to scale problems, the same mode1 structure should be applied 

at a range of spatial scales (e-g. lab, field and watershed scales) under a range of 

climatic regimes to test its fiexibility. 



Chapter 3 

PROPOSED RESEARCH 

3.1 Major Hypothesis 

The major theme of this research has been to investigate the effect of surface storage 

(i.e. depression storages) on catchment response at a range of spatial scales. The 

hypothesis can be stated: 

The size and spatial distribution of surface storage elements (i.e. depression 

storages) over a watershed can significantly affect surface m o f f  response 

from that watershed, whatever its area. 

3.2 Objectives of the Study 

The specific objectives of the proposed study have ben :  

1. To measure and quantitatively describe surface depressions at various spatial 

scales (e.g. in the lab, on a micro-plot); in particular, the quantification should 

provide the following geometric features for each depression: 

(a) x, y coordinate of lowest point, 
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(b) x, y coordinate(s) of overtlow point(s), 

(c) Maxixnum depth of each depression above which water will start to ovedow, 

(d) Surface area at overflow depth, 

(e) Volume or capacity at overflow depth, and 

(f) Contributing area for each depression. 

2. To investigate the stochastic spatial stmcture of various features of depressional 

storage including area, volume and maximum depth as obtained from analyses 

of digital elevation data by variogram modeling of these features; 

3. To measure and analyze ~ n o f f  response from surfaces with ~ i o u s  spatial pat- 

terns of depressions (e.g. in the lab, on micreplots); and 

4. To develop a mathematical model for runoff response which takes into account 

the size and spatial distribution of surface depressions in a statistical sense. 

3.3 Suggested Approach 

The research plan of operation proposed for the accomplishment of the above object- 

ives can be summarized as follows: 

3.3.1 Preliminary Studies 

These studies included the development of a prelirninazy model and conduction of 

laboratory controlled experiments to address the research hypothesis. 

3.3.2 Field Studies 

The proposed field studies included quantification and mapping of depression storages 

in a spatial context for a few micr*catchments. They also involved the exciting of 
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each micrmcatchment with rainfd of various temporal patterns, and the measurement 

and analysis of the correspondhg surface runoff. Raiafall and runoff data were also 

collected at a plot/smd watershed scale to test the possibility of using the same 

model structure at a range of spatial scales. 

3.3.3 Mode1 Studies 

Modeling studies include testing the model structure with collected inputfoutput data 

and also hypothesis testing. 



Chapter 4 

EXPERIMENTAL METHODS 

4.1 Introduction 

The issue of scale both in time and space has received extensive attention in recent 

years, considered by many to have b e n  a major obstacle in the objective description 

and evaluation of rainfall-nuioff processes. As noted in the Literature Review, it has 

been argued that components of the hydrologic response (e.g. evapotranspiration, 

surface runoff and subsurface flow) of a land surface are functions of the extent of the 

area being considered. Changing the spatial scale of the study area could be expected 

to lead to a change in the dominant hydrologic processes, possibly changing outflow 

hydrographs and/or other outputs. Therefore, the experimentai methods in this study 

were designed to collect data at different spatial scaies with the hope of adopting a 

multi-scale modeling approach for the sake of testing hypotheses at a range of spatial 

scale. 

Spatial scdes used by various researchers in the past have included micreplots (i.e. 

unit areas), plots (i.e. hillslopes) , fields (i .e. zero order catchments) and watersheds 



(i.e- higher order catchments). At an early stage of this research, the plan was to 

oiljler coIlect or use existing data Îrom a wide range of scales, such as that cited above. 

However, a d a b l e  resources and also time constraints hampered such a plan. Instead, 

in light of amilable resources, the experimental design and collection of data were 

limited to three distinct spatial scales: a smd-sale laboratory experiment, a small- 

scale field experiment and largescale field experiment, being somewhat analogous to 

a micreplot, a field and a watershed respectively. The collected data could be further 

classified into two distinct types: details about surface depressions (on the laboratory 

and small plot surfaces), and rainf':runoff data (for the laboratory, small plot and 

small watershed scales) . 

In this chapter, a rational is offered for the selection of each of the spatid scales, and 

the experimental apparatus used for each scale brie0y explained. Sample experimental 

runs used to calibrate various facilities associated with each spatial scale are explained 

in some detail, and the possibility of incorporating vazious treatments such as surface 

treatments, slope adjustments and temporal rainfall patterns are explored. In moving 

from the smallest scde to the larger scales, the degree of control over the system 

decreased dramatically, so that for the large-scale field experiments no treatrnent was 

controled. 

4.2 Small-scale Laboratory Experiments 

4.2.1 Experimental Flume 

A question that was addressed at a very easly stage was: Should a laboratory exper- 

iment be conducted? Such an experiment was justified in the following manner: 



0 Laboratory experimental setups represent about the smallest scale at which hy- 

drologic processes are explored; 

An excellent facility offering considerable versatility, was already conveniently 

amilable in the School of Engineering Research and Development Laboratory, 

University of Guelph; 

O The versatility of the facility allowed the introduction of substantial control on 

most variables of interest; and 

In this particdar experimental design, the laboratory facility could also be used 

to calibrate instruments to be used in the field. 

The flume used for the laboratory experiments was designed and built in 1987 for 

theses and research reported by Tossel(1987) and Mackenzie (1995). The dimensions 

of the flume, 0.69 rn wide x 1.52 m long, were determined largely by the areal coverage 

and uniformity of available simulated rainfall (Tosse1 et al., 1990) and the developrnent 

of a convenient, effective runoff measurement instrument. The available facility could 

be fitted with a vasiety of fiberglass surfaces relatively easily and at reasonable cost. 

The overall slope could be set to any gradient between O and 14%. The soi1 flume was 

supported on a rigid steel frame on wheels, with a depth of 26 cm acting as a support 

for the fiberglass surface used in this study. 

A detailed description of the f l u e  and associated equipment, including the rainfdl 

simulator, nozzles and runoff collection devices can be found in Chapter Four of 

Mackenzie (1995). Key apparatus elements used in the present study are discussed 

below . 



4.2.2 Rainfdl Simulator 

For the sake of expediting micrescale hydrologie studies in the laboratory and field, 

the Guelph Rainfd Simulator II (GRSII) was developed by Tosse1 (1987) and later 

modified and used by Guy (1990) and Mackenzie (1995). The most recent mode1 

employs continuous-spray, wide-angle, low to medium to high flomate, full-jet nozzles 

to reproduce storm intensities ranging between 20 and 200 dm'. Modifications 

include a capability for switching the nozzles automaticaily without a need to change 

nozzle height or cease rainfall application. Three nozzles were selected for use in this 

study: the Spraying Systems Inc. 1/8GGSS4.3W, 1/4GGSSlOW and 3/8GGSS20W 

wide angle nozzles. The ability to switch between nozzles to create a single rainfall 

event was achieved via connecting the nozzles to the main water supply line by short 

high-pressure rubber hoses. Water supply to these three short hoses was controlled 

by solenoid actuated on:off valves. 

Calibration of the rainfd simulator involved the development of relationships 

between simulated intensity and spatial uniformity, on the one hand, and nozzle size, 

nozzle water pressure and height of nozzle above the study surface, on the other. The 

gravimetric and volumetric metbods employed to calibrate the rainfd simulator axe 

described in subsequent sections. 

4.2.3 Rainfall Simulator Calibration 

Two options, a gravimetric method and a volumetric method, were used to calibrate 

the rainfall simulator. Each option had its advantages and disadvantages, as explained 

below . 



Gravimetric Method 

Small plastic cups, with wall diameter narrower than 1.0 mm, were used as test rain 

gauges in the laboratory setup. These rain gauges were placed throughout the study 

flume on a regular 160 x 160 mm grid, as shown in Figure (4.1). The inside diameter 

of each gauge at the upper lip was 59 mm. 

Figure 4.1 : Raingauge distribution 

A range of nozzles were calibrated for simulated ra infd  intensity and spatial uni- 

formity for a range of water pressures and at a number of nozzle heights. The nozzle 

specification, pressure and height combinations are summarized in Table (4.1 ). The 

nozzle height was measured from the nozzle outlet to the top of the measurement 



gauge located directly beneath the nozzle; and results of calibration runs for 110 and 

130 cm heights were used for field experiments (described in Section 6-3.1), while 

results of calibration nins for 170 cm were used for the laboratory experiments. Cal- 

ibration runs were 30 minutes in duration, except when the intensity was high enough 

to fil1 the rain gauges before th is  time elapsed; and the runs were performed with the 

experimental flume set at a mean dope of 10%. After each calibration run, the volume 

of rain collected in each gauge was recorded and converted tu a depth of simulated 

rainfdl in mm. The average rain intensity over the study area was cornputed to be 

the arithmetic mean of the gage  catches; and the spatial uniformity coefficient was 

found using the Christiansen (1942) method: 

where LIC = coefficient of uniformity, zi = amount of rain in ith rain gauge, Z = 

mean depth of rainfd and n = number of rain gauges. 

A summary of results from the calibration runs are provided in Table (4.2). 

Table 4.1: Summary of nozzles and con- 
ditions explored in calibra- 

8 tion runs. 
Nozzle 
Height , 

cm 

170 

110 
1 

130 

Nazzle 
Identification 

code 
1/8GGSS4.3W 
1/4GGSSlOW 
3/8GGSS20W 
1/8GGSS4.3W 
1/4GGSSlOW 
3/8GGSS20W 

Water 
Pressure, 

kpa 
83 
62 
48 
83 

69-76 
62-69 



Volumetric Method 

The "effective rainfall intensity", Le. the temporal and areal average which would ac- 

count for the measured runoff volume, was used as an indirect calibration technique. 
- 

First, the depression storages on the experimental surface (described in Section 4.2.8) 

were fUed with water to eliminate the effect of depressions. Then, a typical rainfdl 

event , consisting of three pulses, each of different intensi ty lasting for three minutes, 

with a total duration of nine minutes was applied to the depression-filled surface. 

Effective rainfd intensities were determined from derivatives of the measured cumu- 

lative time-wise variation of runoff corrected for the areas of the coilecting device and 

the experimental flume. Figure (4.2) illustrates a cumulative moff curve used for 

volumetric calibration, and Table (4.2) summarizes example results of a few calibra- 

tion r u s .  

It is worth noting that the gravimetric method is the more physicdy realistic of the 

two methods, also providing information on the spatial pattern of simulated rainfdl. 

The volumetric method provides a very tirne efficient approach although it is indirect. 



Sampk cumulative runoff curve used 
for mlnfall calibratlon 

Figure 4.2: Typical runoff curve used for rainfaii simulator calibration. 

Table 4.2: Surnmary of typicai results fron 

type II mm/hr 1 (%) 1 
Nozzle heinht = 110 

Nozzle 

- - - -  - 

~ ~ ~ G G S S Z O W  j j  96.7 i 41.1 i 2 
Nozzle heinht = 130 

Gravimetric method 
Intensity 1 UC 1 Replication 

I ' I I  9 1 

Nozzle height = 170 
1/8GGSS4.3W 11 19.4 1 80.5 1 4 

two caiibration methods 
Volurnetric method 1 

Intensity UC Replication 
' 

mm/hr (%) 
:m 

27.3 - 9 
49.1 - 7 
95.3 - 9 



4.2.4 Qualitative Discussion of Simulated Rainfall Characteristics 

When experimental data are used for modeling studies, it is usually assumed that 

the rainfd is uniforrnly distributed over the surface. In reality this is not the case, 

depending on the nature of the experimental setup. In the laboratory portion of this 

study, the rain gauge data revealed that the upper end of the experimentd flume 

received about 5% more rain than the lower end for the steepest slope condition, 

14%. A further qualitative observation regarding the spatial uniformity of r a in fd  

revealed that a number of the nozzles generated a circle of high intensity ra infd  close 

to the periphery of the area receiving rainfall. The area receiving rainfall could be 

increased by increasing the supply line water pressure, causing an increase in spray 

angle near the nozzle. The size of the area receiving rainfail was also afFected by 

the nozzle height, it was found convenient to hold this parameter constant during 

the course of experimentation. The best spatial uniformities were achieved when the 

aforementioned circle of high intensity was purposely moved off the study area by 

increasing the supply line pressure. This practice also spread the arnount of applied 

water over a larger area, thereby reducing the simulated rainfall intensity. The flow 

rate of water through the nozzles was much more sensitive to the nozzle diameter than 

to the supply line pressure; and qualitative observations of the spatial distribution of 

ra infd  generated by the selected Spraying Systems Inc. nozzles facilitated the final 

selection of nozzle and pressure combinations. 

The observed &op size distribution varied with the nozzle diameter. These rainfdl 

characteristics studied in detail by Tosse1 (1987), were observed but not measured in 

this study. For the same supply line pressure, a nozzle with a large diameter, e.g., 
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3/8", produced a larges drop size distribution than a nozzle with a small diameter, e.g., 

i jâ". Furthermore, the drop size distribution was inversely aifected by supply line 

pressure; and the nature of this relationship did not appear to be linear. For example, 

changes in supply line pressure between about 8 and 83 kpa for the 1/4" nozzle did 

not cause any noticeable change in the mean drop diameter. Outside of this range, a 

smdl increase in supply line pressure would cause a noticeable decrease in the mean 

drop size. In addition, it was found that as the drop size increased, the rainfd becarne 

less uniform. These qualitative observations agreed with quantitative measurements . 

made by others (Tossd et al., 1990; Tosse1 et al., 1990) and with unpublished data 

collected by Dave Teichrobe of the School of Engineering, University of Guelph. 

The net result of the study of nozzle characteristics was a tendency toward highly- 

uniforxn-low intensity rainfall regardless of the nozzle selected. In order to achieve 

high rainfall intensities, the high-intensity ring had to be allowed to f d l  on the study 

area by decreasing the supply line pressure and hence the nozzle spray angle. This 

latter practice yielded rather poor spatial uniformity. This trend can be noticed in 

Table (4.2) under the 3/8GGSS20W nozzle with a supply line pressure of 48 kpa. 

This nozzle was selected for use only because of its high intensity. Subsequent mod- 

eling studies (see Section 7.20.1) showed that experimental results obtained using the 

3/8GGSS20W nozzle could not be regarded with much confidence because of the low 

spatial uniformity. 



The amilability of nozzles to produce a range of simulated ra infd  intensities (i.e. low 

intensities from 12.1 to 21.0 mm/hr, medium intensities from 32.1 to 35.2 m m / h  and 

high intensities from 37.0 to 54.9 mm/hr), and a capability for activating the nozzles 

sequentially withln a single simulated event, provided an opportunity to have many 

different combinations of rainfd1 treatments as shown in Table (4.3). 

Table 4.3: Temporal patterns of possible rainfall 
t reatrnents 

Rainfail treatment Description 
1 Low -+ Medium + High 
II Low -+ High --, Medium 
III Medium -+ Low + High 
IV Medium -+ High -+ Low 
V High + Low + Medium 
VI High --t Medium --+ Low 

To perform the laboratory experiments in a realistic period of time, the number of 

rainfdl treatments was reduced from six to three, as shown in Table (4.4), still yielding 

a wide range of temporal patterns of rainfd intensity. 

Temporal sequences of different simulated rainfall intensities were used for the 

laboratory and field experiments for a number of reasons as noted in the following: 

It has b e n  argued that the timing of runoff hydrographs can be directly affected 

by the timing of rainfall intensity patterns on s m d  areas (such as unit areas) 

while such timing may be Iess important at larger scales (DeCoursey, 1996). 

Since the laboratory setup available dowed switching between different rainfall 

intensities in a single event, providing a unique opportunity to touch on the above 

proposition, the way was paved for selection of "combinations of rainfall rates" 



rather than constant rates. 

0 It has been argued that rainfd-runoff models should have a sound structure so 

that they are applicable under different rainfd regimes (Kleme, 1986b). Again, 

the possibility of being able to switch between different r a i d d  intensities in 

a single event provided a unique opportunity to check the soundness of mode1 

structure under different rainfail regimes. 

In preliminary field experiments, a particular ranking of hydrograph timing was 

noticed from one micro-catchent to another. In order to confirm whether this 

ranking was accidental or not, sequences of rainfall intensities were considered 

appropriate for such purposes. 

a The desire to explore possible interactions between rainfdl patterns and spatial 

variability of infiltration andior micrc~topography also prompted the selection 

of "combinations of rainfail ratesn rather than a constant rate. 

Table 4.4: Temporal patterns of rainfall chosen for laborat- 
ory experiments 

Rainfall treatment Description 
1 Medium + Low + High (MLH) 
II High + Medium -4 Law (HML) 
III Low + Medium + High (LMH) 

Figure (4.3) summarizes the different rainfd treatments, each event consisting of 

three pulses of difFerent intensities, each pulse lasting for two minutes, with a total 

event duration of six minutes. As for the length of time selected for each pulse and for 

the total duration of the rainfd event, the main constraint was the maximum capacity 

of the water collector. A 2 minute interval for each pulse and a total duration of 6 



minutes seemed optimum for producing a totd rainfall volume whidi matched the 

volume of the water coilector. 

(a) MLH 

Figure 4.3: Various rainfall treatments. 

4.2.6 Runoff Measurement hcility 

Measurement of the time-wise variation of runoff could be achieved in the laboratory 

setup via two methods: a gravimetric and a volumetric method. With the gravimetric 

method, runoff could be measured using a rotating turntable located under the outflow 

of the soi1 flume. The rotating turntable is driven by a variable speed motor and a gear 

box, and this system allows for a very wide range of rotation speeds. The rotating 

turntable has two horizontal circulax plates that rotate together. The upper of the two 

plates has ten holes drilled in it around the perirneter at regular spacing. These holes 

allow for the placement of funnels to capture -off from the soi1 flurne, delivering 

it to collection containers rnounted on the lower plate. Runoff from the soi1 f l u e  is 

initially captured in a stationary funnel on top of the turntable, and this stationary 

funnel delivers runoff into the rotating funnels below. Sarnple collection rates and the 

time for each sample can be calculated by dividing the total time required for several 



samples to be collected by the number of samples. Runoff in this study was collected 

in one liter Nalgene bottles. After collection, the weight of each bottle and its contents 

was obtained and the known weight of the empty bottle subtracted to determine the 

amount of runoff collected. 

For the volumetric method, the runoff response could be directed to a cylinder 

(D = 4") equipped with a manometer. A transducer, instded at the bottom of the 

cylinder, registers cumulative water height; and the transducer itselfis connected to an 

analog card of a CRI0 Campbell Scientific datalogger. The electrical signal registered 

by the transducer in the form of a millivolt signal is logged by the datalogger at a 

preset specified time i n t e d .  The datalogger is connected to an IBM-compatible 

computer to transmit raw data stored in the datalogger, and the IBM-based PC208 

software developed by Campbell Scientific retrieves the data in plain ASCII format: 

The raw data are then imported into a spreadsheet or data base programs for further 

processing. 

The suitability of these runoff-measurement methods and the selection of a method 

for the present study are discussed in Section 4.2.7. 

4.2.7 Preliminary Runs 
1 

More than 300 experimental runs were conducted to explore and calibrate various 

aspects of the laboratory system. Some of the items relating to the measurement of 

runo8 are discussed below. 



The digital data provided by the datalogger in millivolt units was converted to water 

height in the water cdector by means of d b r a t i o n  c w e s  such as the one shown in 

Figure (4.4); and then through'a conversion factor (ratio of the flume surface area to 

the water collector area) water height was changed to runoff rate. As the coefficients 

for this calibration curve were very sensitive to a s m d  displacement in the water 

collector, a calibration c w e  was meated for each day of experimentation. 

Height- Voltage Con version curve 

Figure 4.4: Typical data-logger calibration curve 

Optimum Temporal Resolution 

To explore an optimum temporal resolution for the runoff data, the datalogger was 

preset at different time intervals (At = 1,3,5,8,10 s) and =off was measured with 

different temporal resolution. At s m d  time steps (e.g. At = 1 or 3 s), the derivative 

of cumulative ninofi fluctuated at times between positive and negative values. At 

large time steps (e.g. At = 10 s), some of the time-wise variations of runoff were 

damped out, diminishing the opportunities to distinguish treatment effects. On the 
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basis of these observations, a 5 s time step was selected for determining experimentai 

runoff hydrographs (see Figure (4.5)). 

It is important to note that the selection of an optimum temporal resolution is 

objective dependent. In this study, the main criterion for selecting the time step 

was to minimize noise in the runoff rate output. Other criteria could very well Iead 

to another optimum resolution. Cushman (1987) considered temporal resolution of 

observations to be a separate source of randomness in experimental data. 



(a) At = 1 s 

Microlcatchment response 

Microlcatchment response 
l 4 y  9 

. . .- 

ni. f d  

(b) At = 3 s 

Micro-catchment response 
14 1 

( d )  At = 8 s 

MIcrwatchment response 

(e) At = 10 s 

Figure 4.5: Observation of runoff at various temporal scales. 



Turntable vs. Dataiogger Ramoff Measurement 

Runoff from the labotatory facility codd be measured by means of either a rotating 

turntable, suitable for monitoring runoff volumes in time i n t e d s  no less than 10 s 

(Mackenzie, 1995), or a cumulative tank equipped with a datalogger set to record 

volumes as depths with a resolution of as s m d  as one second. The turntable dowed 

accurate volume measurements in relatively large time intervals and was time con- 

suming to generate. The tank and datalogger provided a very efficient but indirect 

method for monitoring runoff rate. 

To check the relative accuracy of the two methods available, test runs were per- 

formed using both approaches simultaneously. A cornparison of results from these 

tests is presented in Figure (4.6). As it is clear from these results that the two methods 

could be expected to yield comparable -off rates, the simpler, Iess time-consuming 

datalogger system was used for the laboratory experimental runs. 

Micro-catchment Response 
T m  table vs. datalogger cornparison 

Figure 4.6: Runoff measurement via rotating turntable and dataiogger and their cornparison. 



4.2.8 Surface Preparation 

Depression storage over the ground surface results from micro and macro fluctuations 

in surface topography. To create representative surface depressions in a laboratory 

setting, one could synthetically create a rough topographie surface and then map the 

depressions over the surface. This route was not pursued in this research due to 

constraints associated with surface preparation, and the ladc of availability of a laser 

scanner and associated technicians at the time of performing this experiment. Rather, 

depressions of a fixed semi-spherical geometricd shape were chosen. Figure (4.7) 

reveals examples of the shapes used, along with sorne geometric properties. 

Figure 4.7: Definition sketch for depression storage. 

Decisions were then required regarding matters such as the location and distance 

between depressions both along and across the experimental flume and the frequency 

distributions of geornetric characteristics. Ullah (1974) found that the Weibull dis- 

tribution best captured the frequency distribution of various geornetric features of 

depressions on a natural hillslope including depth, surface area and volume. For the 

sake of cdculating the number of depressions in the lab experiments, it was therefore 



assumed that their surface areas were distributed according to a Weibd distribution. 

The distances between depressions across the flume were assumed to be normally dis- 

tributed. To locate the depressions dong the flume, it was further assumed that each 

depression was located at the center of a rectangle, an arrangement first used by 

Haan and Johnson (1968). This last sssumption implicitly implied that the incre- 

mental contributing area of each depression was rectangular in shape. 

Incorporation of the above assumptions into a FORTRAN algorithm led to the 

delineation of depressions over the experimental flume surface. Selecting different 

seed numbers, different patterns of depressions were created, from which one was 

selected for construction. Table (4.5) summarizes the results of the simulation used 

for constmction. As is clear from the table, increasing the diameters of the depressions 

decreases their number. 

Table 4.5: Summary of simulation run se- 
lected for construction 

Depression Diameter F'requency 
No. cm of occurrence 
1 1.9 29 
2 2.03 21 
3 2.57 20 
4 3.21 12 
5 4.05 8 
6 5.71 6 
7 6.05 6 

By reference to Figure (4.7), one could easily calculate the volume of storage up to 

the depth h for each depression. After some rigorous mathematical maaipulation, the 

volume of storage at overflow depth as a function of radius of depression and overall 

dope, 6 would become: 



1 V. = -7rb3(1 - sin 6)2(2 + sin 6) 
3 

By noting the number of depressions in each class summarized in Table (4.5), total 

volume of storage for each slope was calculated and summarized in Table (4.6). 

Table 4.6: Total potential volume of 
depression storage at dif- 
ferent slope. 

Overall d Total 
Slope, % Degree Volume, cm3 

6 3 -43 974.3 
8 4.57 942.6 
i 0 5.71 911.1 
12 6.84 880.0 
14 7.97 849.1 

Figure (4.8) shows the positive and negative molds which were constmcted with a 

fiberglass material. Figure (4.9) shows one typical surface placed in the f l u e .  This 

particular surface design differs from typical natural surfaces in two important ways. 

In nature, depression storages are rarely if ever row-wise; and natural depressions 

tend to exhibit a nested structure (e.g. two s m d  depressions might combine to form 

a larger depression). Nested depressions can result in not al1 depressions generating 

runoff at the same time. Rather they are likely to contribute to runoff at different 

times within the same rainfd event. 

4.2.9 Surface Treatment 

Five different surface treatments were considered for the laboratory experimentation. 

The surface was impemeable for three of them and permeable for the other two. 

Among the three impemeable surface treatments, the first one was selected to be flat 



Figure 4.8: Constructed positive and negative mold 

(Le. with no depressions) to serve as a comparative benchmark. The second surface 

treatment had relatively large depression storages near the outlet (surface treatment 

II). while the third treatment had relatively small depression storages near the outlet 

(surface treatment III) .  The first permeable surface was basically surface treatment 

11 with an  infiltrating part near the outlet (surface treatment IV); for the second 

permeable treatment. the infiltrating part was located relatively far from the outlet 

(surface treatment V). In both cases. the infiltrating part was created by drilling holes 

in a few depressions, each hole having a diameter equal to 10% of the depression 

diameter. No particular infiltration rate was considered for this purpose. To reduce 

the effect of surface tension and also simulate some surface roughness, a uniform- 

sized sand (i.e. Ottawa sand) was glued to the surface to a thickness of 1 to 3 grain 

6 -5 



diameters. Figure (4.10) illustrates the various surface treatments. 

Figure 4.9: Surface treatrnent II within the flume. 



(4 UI 

Infiltrating depressions 

Figure 4.10: Various surface treatments. 
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To explore possible interactions between depression storage, overall slope and related 

effects on micrcxatchment response, five different slopes between 6 and 14% (in 

increments of 2%) were used for the experiment. 

4-2-11 Procedural Design of Lab Experimentation 

It was necessary to choose an optimum design for the laboratory experiment to address 

the stated objectives. One possibility was to start by fixing the surface treatment and 

slope and then change the rainfall pattern; another possibility was to fix the surface 

treatment and rainfall pattern and then change the slope. Ini t idy the first option 

was selected. Fixing the surface treatment and slope and then applying the various 

rôinfall patterns gave rise to six experimental events. Selecting three replications for 

each event, and at least one calibration run for each rainfall pattern, typically led to 

24 experimental runs. Conducting such a set of runs took more than a single working 

day. After the experiments for a single surface treatment had been performed for 

various slopes (approximately 120 m s ) ,  it wu noticed that there could be consid- 

erable variability in rainfdl intensity from one pattern to another and from one day 

to another day, as shown in Table (4.7); and there was concern that such variability 

might mask other effects. To eliminate the impacts of pattern to pattern and also 

day to day variability in rainfd intensity, the second experimental design option was 

finally chosen, varying slope for a fixed raidal1 pattern and surface treatment. When 

it was observed that the experimental runs could be readily replicated, the number of 

replications was reduced to two. Further, the six rainfall treatments were reduced to 



three (see Table (4.4)), when it was found that the nature of results from the three 

which were canceled were very similar to those for the selected ones. 

Table 4.7: Pattern to pattern and day to day variability in rainfall intensity 
Rainfall intensity in m / h r  1 

LMH MLH 1 MHL I HML 1 HLM 1 

Calibration of the ra infd  simulator for each rainfall pattern was perfonned on 

three slopes, namely 6%, 10% and 14%. As a result, 13 experimental runs were 

conducted for each rainfall pattern, a task which could be undertaken within a single 

day. Table (4.8) illustrates the wiability in raidall intensity observed to occur from 

slope to slope for each rainfdl pattern within a single day. 



Table 4.8: Slope to dope variability in rainfall intensity within a 
single day. 

Rainfd intensity in mrn/hr 
Date Slope LMH 1 

4.2.12 Experimental Procedure 

A typical experimental nui consisted of applying one of the selected rainfall treatments 

to surface treatments set at one of the prescribed slopes in the laboratory flume. For 

each experimental nui, the following variables were rneasured andfor calculated. 

Total runoff volume: Runoff was collected in a water collector, and the accumulated 

runoff volume was measured continuously. A graduated manometer was installed 

besides the water collector and the height of water in the manometer along with 

its corresponding datalogger reading were recorded for further calibration. The 



total volume of runoff for each experimental nin was caldated by subtracting 

the initial datalogger reading from the ha1 datdogger reading, and multiplying 

the result by a datalogger conversion factor (see Section 4.2.7). 

Total water loss: The total amount of water trapped in depressional storages at the 

end of each experimeatal run was measured gravimetrically by collecting water 

from ail depressions and finding the net weight/volume of water, i.e. after water 

collection, the weight of the bottle and its contents was obtained and the known 

weight of the empty bottle subtracted to determine the volume of water trapped 

in depressions. 

Runoff hydrograph: The runoff hydrograph for each experimental run was determ- 

ined from the cumulative runoff volume data by passing the record of cumulative 

runoff through a derivative filter to provide a time sequence of runoff rates. 

Time synchronization: A stopwatch was used to synchronize the raiddl treatment 

pulses with datalogger reading. While the rainfdl simulator was off, the time on 

cornputer screen corresponding to initial water height in the cylinder was recorded 

and stopwatch was activated concurrently. Later on, the rainfd simulator was 

8 
also activated keeping track of time via the stopwatch. 



4.3 SrnaIl-scale Field Experiments 

It was acknowledged earlier that the laboratory experiment involved depressions loc- 

ated in rows and la.cking a nested structure. In order to explore more randomly 

located depressions, some of which could be nested, the laboratory experiment was 

replicated on n a t d  surfaces, working at approximately the same spatial scale. 

4.3.1 The Study Area 

Site Selection and Description 

The site for s m d  s d e  field experimentation was selected on the basis of the follow- 

ing considerations: proximity of location to University of Guelph, representativeness 

of the area, and availability of a water supply and power. Based on these consid- 

erations, -off plots which had been monitored for 32 years by the Department of 

Land &source Science in the Ontario Agricultural College (O.A.C.) of the University 

of Guelph were selected. The ten plots are situated in the south-west corner of the 

Guelph campus, and a simple plan of the plots is shown in Figure (4.1 1). This figure 

reveals 10 plots, each of which is 202 m2 in area, with a length of 44.2 m, a width of 

6.4 m and a relatively uniforrn slope of 7 to 9% dong the plot length. These mof f  

plots have been extensively used by other researchen for various purposes over the 

years, including the characterization of surface depressions (Rudra et d., 1985; Rudra 

et al., 1989; Ullah, 1974). 



METEOROLOGIC 1 INSTALLATION 1 

Figure 4.1 1: &off plots, University of Guelph, Ontario, Canada. 



The plot site is on the east slope of a dnimlin, a characteristic land form of southern 

Ontario. The calcareous glacial till material has developed over the course of time into 

a well-drained loam textured soi1 which has been classified as Guelph loam (Ketcheson 

and Onderdonk, 1973). During the year of this study, the runoff plots were under a 

corn crop management system; and the surface treatment consisted of moldboard 

plowing in the f d ,  with disc harrowing in thc spring followed by smoothing of the 

surface with a spike tooth hmow. These are reasonably standard tillage operations 

employed for corn and some other crops in southern Ontario. At the time of conducting 

field experiments in this area (i.e. summer, 1996), al1 runoff plots had received the 

same surface treatment with corn residuals left over the ground. 

4.3.2 Sample Micro-catchments 

After visual inspection of the plot surfaces, three micrecatchments (identified as 

Plots 1, II and III in Figure 4.11) having relatively similar slopes were selected to 

study the impact of surface storage variability on hydrologie response. Since the 

depth of overland flow increases with slope length due to an increase in the upslope 

contributing area (Dunne et al., 1991), changes in surface characteristics are likely 

to be more pronounced in the lower portion of sloping plots. In light of this, two 

of the micro-catchments were detineated in one runoff plot, one in the center of the 

upper half and the other in the center of the lower half. The third micrecatchment 

was delineated in the upper half of another nuioff plot. Preparation of each micre 

catchment for experimentation followed the following steps. 



The following items were considered in establishing the size of esch micr*catchment: 

Areal cuverage of the laser scanner (1 .O x 0.5 m) 

0 Areal coverage of the raidaIl simulator, 

Maximum capacity of the runoff measurement instrument, 

Availability of pre-dimensioned plot separators (1 .O x 1 .O m), and 

0 Cost of sealing and painting the surface and dso removing vegetation. 

On the basis of the above criteria, an area of 1.0 x 1.0 m was selected and established 

for each micrecat cbment. 

R e m o d  of Vegetation 

The vegetative cover on the plot surfaces had to be removed to permit effective use 

of the laser scanner. To avoid disturbing the topogaphic pattern of the surface, 

removal of vegetative cover was achieved via pouring kerosene over the surface and 

then burning it. Figure (4.12) shows a picture of one of the micrecatchments after 

the vegetative cover had been removed. 



Sealing the Surface 

I t  was decided to seal the surface of each micro-catchment to ( i )  stabilize the micro- 

topographic pattern against rainfall and runoff effects. and ( i i )  reduce if not eliminate 

the effect of infiltration. 

Figure 4.12: One of micro-catchment after removing vegetative cover 

After some initial experiments on soi1 samples in the lab, Acetone klethyl ISO-butyl 

Ketone was applied to the field plots to create a very thin layer of plastic over the 

natural surface. .4pplication of simulated rainfall on the surface w i t h  a medium-size 

nozzle for 25 min did not generate appreciable runoff, so it was concluded that the 

surface was not sufficiently sealed. A heavier commercial sealing material. Varathane. 

was then applied to the surface, resulting in a more completely sealed although not 



totally situation. Figure (-4.13) shows a picture of one of the micro-catchments after 

the surface was sealed. 

Figure 4.13: One of the micro-catchments after sealing of the surface. 



4.3.3 Micro-topography Characterization 

Due to the success of the triangulation method, instrument aklability and its ad- 

aptation by the USDA for soil erosion studies, the scanner used in this research for 

rnicretopogaphy quantification of each micrecatchment was based on the design 

described in Huang et al. (1988) and Huang and Bradford (199Cb). The following 

subsections describe the general configuration and design of the laser profile meter 

used, including the optical transducer, the traversing frame, the system calibration 

and elevation data collection procedure. 

The Optical Transducer 

The operational principles of the optical transducer for measuring surface elevation 

are presented in detail in Huang et ai. (1988) and Huang and Bradford (1990b). A 

brief description of the principle and the electronics are presented here. To determine 

surface elevation, a low powered HeNe laser projects a parallel bearn onto the soi1 

surface. The reflected laser light from the soil surface is focused by a conventional 50 

mm camera lem onto a linear phot-diode array mounted at the back of a camera. 

The high intensity of the reflected laser spot produces a strong output from the diode 

array. The position of the highest output on the m a y  can be related to the surface 

elevation by trigonometric relationships. 

The elevation (2) range which can be detected depends on four parameters: the 

laser-camera distance and angle (L and a), the focal length of the lem (F) and 

the length of the phobdiode array (S). Different measurement ranges c m  be set by 

changing any one or a combination of these parameters (Huang and Bradford, 1990b). 



The optical transducer used in this particular setup was a monolithic self-scanning 

linear 512 element photediode array (EG & G Reticon, model RL0512GAG). Ac- 

cording to Huang and Bradford (1990b), a 512-element array offers a resolution of 

approximately 0.1% of the measurement range. The diode array is mounted within a 

modified 35 mm SLR camera. The array is positioned within the camera body such 

that the sensing elements Lie along the centerline of the lens in the perpendicular axis 

and at the plane at which the film would lie. 

The relative position of the laser image along the photdiode array is detected 

electronically in three modes: an analog voltage output, transistor-transistor logic 

(TTL) and visually on an oscilloscope display. The TTL digital output of the photo- 

diode is sampled by a digital inputfoutput (DI/O) board (Cornputer Boards Inc., 

model CIO- DI024) in a personal cornputer. 

The diode array processing electronics has a refresh rate of 500 Hz which is much 

faster than the sampling rate which is defbed as the time between successive elevation 

readings. If the surface elevation is sampled every 1 mm along a transect line and 

the traversing time for a 1 m pass is 20 s, the sampling rate is 50 Hz. In effect, the 

frequency at which the system can detennine elevation is of sdicient speed to be 

unaifected by the movement of the traversing frarne holding the transducer. 

Detection of the diode receiving the m&t light energy is accomplished by circuitry 

comprised of a voltage comparator with a threshold detector. The signal from the 

diode array is a train of 512 pulses which the voltage comparator can count and 

compare to a reference voltage. When the train passes through the comparator at some 

point the voltage value exceeds a pre-set threshold. The pulse number at which this 



occurs is equivalent to a position on the diode array and this number is temporarily 

stored. As the train of pulses progresses through the circuit the voltage increases, 

reachirig a peak and then declining. At the point when the voltage drops to the 

threshold, the pulse number is stored. The peak voltage, and hence diode position, 

is inferred to be halfway between the upcrossing and the down-crossing (Huang 

et al., 1988). The caldated diode number is automatically stored in a file. 

The camera mounting assembly consisted of a tripod mechanism bolted to an du-  

minum block on the sensor platform. This mechanism provided adjustment of the 

camera with respect to the angle subtended between the surface and the photo-diode 

array. The laser source was fixed to a slotted aluminum square tube to facilitate 

alignrnent of the beam with the diode a.rray. This arrangement allowed for the pos- 

itioning of the camera and laser to be set to different angles and vertical positions, 

which facilitated optimization of signal resolution for surfaces of different elevational 

variation. 

Control of the Laser Scanner 

Software to control the movement of the traversing frarne and acquisition of the phot* 

diode array output was developed by C. Huang (NSERL, Purdue University, West 

Lafayette Ind.). The software, written in BASIC language, controls the functions of 

the specialized circuitry through the DI10 board in a PC. The software controls the 

following tasks: 

i. Optimization of the rarnping velocities to ensure proper step counts, 

ii. The g id  size and spacing for sampling elevation, 



iii. The sampling rate, 

iv. The file output names, and 

v. Independent carriage control functions outside the scanning program. 

The control logic of the scanner is shown in Figure (4.14). 

A 33-MHz, 386 PC was used as the control and data storage device of the scanner. 

The cornputer has a 85-megabyte hard disk and an expansion dot to house the DI10 

board. 

The size of the elevation data file depends on the density of sampling and the mode 

of the data storage. Since surface elevations were measured at regularly spaced grid 

points, x and y coordinates did not need to be stored as long as the total scan area and 

spacing between grid points was known. The data storage requirement was therefore 

reduced to one number per recorded position. 

Figure 4.14: The control logic of the laser scanner electronics. 



System Calibration 

Calibration of the laser scanner to rneasure surface elevation was accomplished through 

several steps. The most demanding component of the calibration procedure was the 

alignment of the laser beam spot and the photdiode array. To facilitate this, high 

standards of precision fabrication for the traversing frame, transducer head and diode 

emplacement in the camera were required. 

Ideally, the laser beam projecting nomally onto the surface must be in exactly 

the same vertical plane as the photdiode may.  The laser and diode m a y  c m  be 

roughly aligned by looking through the carnera eye-piece and seeing if the laser spot 

appears in the center of the field of view . If this is the case, then the shutter can 

be tripped, allowing the light to be focused on the diode array. The diode array is 

positioned inside the camera to be in the plane at which the film would lie so that 

the lens will properly focus the incoming image. If the laser spot and the diode ârray 

are in alignment then the signal should appear on the oscilloscope display as a sharp 

peak. The aperture of the lem should be fully open and the lens should be focused to 

make the peak of the signal as sharp as possible. To check for non-normal alignment 

of the diode array and the incident laser beam, the surface can be raised and/or 

lowered by moving the traversing frame so that the laser spot moves up and down 

the calibration block. As the spot moves up and down in elevation it traverses the 

photo-diode w a y .  If the array is mis-aligned, then the signal will disappear at some 

point, which suggests that the camera and diode array are not in exactly the sarne 

plane and adjustment is required. Once the positioning has been optimized in terms 

of signal reception, the system can be calibrated for measuring elevation. 



Calibration for elevation was achieved via the use of a static calibration block. The 

block was of machined al&num with square steps of 2 mm, painted with a flat paint 

finish (beige or grey). Calibration was accomplished by scanning the calibration block 

and recording the laser bit number associated with every step change in elevation. A 

typical d b r a t i o n  curve is shown in Figure (4.15). 
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Figure 4.15: The relationship bctween laser scanner bit number and relati~ ve elevati 

It is obvious from Figure (4.15) that there is a minor non-linearity in the system. 

This calibration curve was utilized to create a look-up table which assigned an elev- 

ation value for every one step increment in laser bit number. This look-up table was 

utilized by a second software program whiçh interchanged laser bit number for elev- 

ation from a raw scan file to create a final e l e ~ t i o n  data file for a given test surface. 

According to Huang (1996), the calibration remains constant for a given set-up un- 

Iess the system is disturbed by jarring of the frame or refocusing of the lem. For this 

research, the scanner was re-caiibrated before every set of scans. This was required 

because the angle between the surface and the diode-array/camera was adjusted to 

account for different ranges in surface elevations. By adjusting the carnera position 



with respect to the surface and re-focusing the lem, the system precision could be 

maximized for a given elevationd variation. 

The laser scanner recorded elevation difference with respect to a reference plane. 

The zero reference plane was arbitrarily assigned in the calibration procedure. For 

some of the test surfaces, it was not possible to put the calibration block at th2 lowest 

point of the test surface. As a result, some points within the surface were assigned 

negative elevation values. Standard practice was to set the canera-laser configuration 

such that the middle diode on the array (represented by the output bit #512) was 

associated wi th approximately the mid-range of the elevation of the surface. Elevation 

was then determined to be positive or negative with respect to this value. Of course, 

this procedure utilized the most Lnear part of the response curve for bit number and 

elevation. 

Collection of EIevation Data 

Collection of elevation data started with mounting the scanner above each micr* 

catchment one at a time. Since the actual areal coverage of the laser scanner was 

1.0 x 0.5 m, each plot was divided into two pieces, and each piece was scanned 

separately with some overlapping. Two control points with higher elevations were 

established in each overlapping region for registration and rectification purposes. 

To achieve consistency and comparability of DEMs for each piece, the orientation 

of the laser scanner (both in vertical and horizontal direction) was fixed by rolling it 

over a fixed railing frarne during the course of scanning. Figure (4.16) clearly shows 

the cited railing frame surrounding one of the micro-catchments as well as the scanner 



Table 4.9: Summary of scamhg r d t s  for the 
three plots. 

Plot No. Areal coverage, mm Storage (byte) 
Plot I 1025 x 495 228,311 

1025 x 510 235,177 
Plot II 1023 x 513 235,867 

Plot III 1023 x 513 235;867 

mounted on it. 

During the initial course of scanning, more than 20% of the data in each scan line 

were considered suspect , due to an apparent shiny patch on the surface. After the 

surface was painted with a gray color, the percentage of suspect data was reduced 

to less than 4%. The grayish nature of the surface can be seen in Figure (4.13). A 

summary of the scanning results for al1 three plots is presented in Table (4.9). 

4.3.4 Surface Treatrnent 

For each micrecatchment, three different surface treatments were considered for the 

rainfal1:ninoff experiment. Two of the surface treatments related to initial conditions 

(i.e. antecedent soil-water content): one treatrnent was completely dry, and the other 

completely wet. For the third surface treatment, the soi1 surface was covered with 
8 

very thin plastic. For the wet condition; the outlet side of the plot was blocked and 

water was applied to the plot at the rate of 140 mL/s. Upon reaching a ponding depth 

of around 13 cm, the water application was stopped and water depth was recorded 

versus time elapsed. As soon as there was no sign of ponding over the surface, the 

rainfd1:runoff experimentation was started. 

Figure (4.17) illustrates rate of water depletion for ail three plots. As is clear from 

85 



Figure 4-16: One of the micro-catchments during the course of scanning. 

this figure. the rate of water depletion is the  highest for plot I I  and the Iowest for plot 

I. lying somewhere in between for Plot I I I .  

4.3.5 Rainfall Treatment 

As for the case of the laboratory experiment. three different rainfall patterns were 

selected for tlie rainfall treatment (see Table 4.4). To achieve suitable rainfall intens- 

ities and areal uniformity on the field plots. and taking into account the maximum 

capacity of the runoff measurement instrument. the nozzles were installed at a height 

of 110 c m  above the center of the study area for tlie dry condition and For the wet and  

plastic cover conditions. the nozzles were set at 130 cm above the plots. Table (4.2) 

summarizes the range of intensities used for field erperiment. 



A t y p i d  rainfd event consisted of three pulses, each of different intensity and 

each lasting for five minutes, with a total simulated raicfall duration of fifteen minutes. 

A typical experimental r u  consisted of raining on a particular plot with a pre-defined 

and established initial condition. 





4.3.6 Runoff Measurement System 

Runoff measurement in the field was slightly different than runoff measurement in 

the lab. The major components of the runoff measurement system were as follows: 

a triangular chute below the micr*plot, a peristdtic pump, a water colIector and a 

datalogger. A peristaltic pump was installed between the plot outlet and the water 

collector, and runoff water was withdrawn from the triangular chute to water collector 

via the pump. The maximum capôcity of the peristdtic pump was a governing factor 

in selecting the maximum rainfd intensity. The addition of the pump led to one more 

constraint and source of error in the system, as compared to the counterpart in the 

lab; and such a system can affect the timing of the resulting hydrograph. However, 

since the water velocity through the peristaltic pump was high, the lag introduced by 

the pump was very smdl. 

Experimental Procedure 

For each experimental nui, the following variables were rneasured and/or calculated: 

Total runoff volume: The total volume of runoff for each experimental run was 

calculated by subtracting the initial datalogger reading from the final datalogger 

reading, and multiplying the result by a datalogger conversion factor. 

Runoff hydrograph: The time-wise variation of =off rates was determined by 

passing (measured by means of the digital datalogger) the cumulative runoff 

data through a derivative filter. 



Time synchronization: Initiation of rainfd was synchronized with datalogger time 

by means of a stopwatch. 

4.4 Large Scale Catchment Experiment 

For the sake of investigating the possibility of using the same mode1 structure at 

various spatial scales, data from a few highly instrumented experimental watersheds 

were also used in this study (BEAK Consultants, 1994). For each watershed, the 

state of surface storage at different times of the year could be expected to be different 

and to lead to dramatic changes in catchment response. A brief description of the 

watersheds and the data set are given below. 

4.4.1 The Study Area 

Si te Selection and Description 

Suitable rainfall:runofT data were available for three subwatersheds within the Lake 

Erie Watershed: the Essex watershed, the Kettle Creek watershed and the Pittock 

Creek watershed. Figure (4.18) shows the locations of the three sub-watersheds. 

The Essex watershed is located in the Essex-Kent climatic region of Southern 

Ontario. This watershed was formed on the St. Clair clay plains, where the soils 

have b e n  derived mainly from glacial till parent materials smoothed by a shdlow 

deposit of lacustrine clays. The most common soil type in this watershed is clay loam 

overlaying prominently mottled bluegrey, gritty clay and clay loam parent material. 

In the A, B and C horizons the soil stmcture is medium/fine, very fine/medium, 

mediurn/coarse and subangular blocky respectively. 



The Kettle Creek watershed is located within the Mount Elgin-Ridges physiographic 

region of Southern Ontario. This region contains the Westminster moraine. Within 

this moraine system, the ridges are wmposed of cdcareous, well to moderately 

drained, clay loam and clay till. In the low lying poorly drained areas alluvial soils 

are common. 

The Pittock Creek watershed is located in the Oxford till plains physiogaphic 

region. The topography of the region is generally level to gently sloping. The dominant 

soi1 types are imperfectly drained Tavistock and Embro silt loams. The Tavistock 

soils have developed on clay and clay loam till parent materials. The Ernbro soils 

have developed on loam till materials. Poorly drained Maple-wood and Crombie soils 

are also present in this watershed. 

The conventional practices in this watersheds consisted of moldboard plowing in the 

fall, with disc harrowing in the spring followed by smoothing of the surface with a spike 

tooth harrow. These are reasonably standard tillage operations employed for corn and 

some other crops in Southern Ontario. A paired watershed design had been adopted 

for the study for which the basins were initially selected. This particular design 

had been selected to undertake direct cornparisons between the defined test (i.e. 

conservation oriented agricultural systems) and control (conventional agricultural 

systems) areas. Siace this range of agricultural practices had a direct efFect on surface 

storage elements on the basins, they provided a unique opportunity to investigate the 

impact of w ious  practices on hydrologie response from a modeling perspective. A 

summary of selected basin characteristics for the three paired watersheds is given in 

Table (4.10). 



Table 4.10: S e l 4  Subwatershed Character- 
istics within the Lake Erie Water- 
shed. 

' Basin Type 
of 

Name 

For each watershed, temperature, precipitation, solar radiation, wind speed, wind 

Drainage 
Area 

Essex 

.. 
Kettle 

Creek 

Pittock 

direction and discharge had b e n  gathered on an hourly b a i s  while relative humidity 

Seasonal 
Average 

Practice 
Test 

had been collected on a daily basis. The sampling system had been designed to collect 

t Summer and Ml 

Cantrol 
Test 

Control 
Test 

Control 

runoff event samples at each sub-watershed mouth during at least ten representative 

ha 
435 

events per year, distributed over the spring snowmelt, late spring, summer and fall 

~ainfallfmm , 

281 
410 

348 
359 

378 

runoff periods. The clirnatological and streamflow data covered approximately four 

434 

435 

405 

years from 1988 to 1992. From these data, it was primarily the hourly precipitation 

and corresponding s t r e d o w  which were used in this study for a modeling applica- 

tion. 8 





Chapter 5 

CHARACTERISTICS OF 

SURFACE DEPRESSIONS 

5.1 Introduction 

The data set of surface elevations developed with the laser scanner on small field 

plots (as described in Section 4.3.3) proved very valuable for exploring objective- 

related questions such as the following: Can one assume that the size of the study 

area and the maximum size of depressional storage are independent of each other? 

Can one objectively map depressions over a fiberglass surface in the lab? Are there 

any meaningful relationships between geometric features of surface depressions and 

their corresponding contributing areas? Can depressional storages be described with 

fractal geometry? Are actual spatial patterns of depressional storage necessary for 

raidahunoff modeling or can their statisticd patterns suffice? In this chapter, results 

of analyses of surface elevation data from the small field plots in both the spatial and 

frequency domains and implications of these results are discussed, paving the way for 

a discussion of the above questions. 



5.2 Analysis of Laser-Scanned Digital Elevation Data 

To develop a data set which could be considered to represent the three dimensional 

distribution of elemtion on the s m d  field plots, a number of analyses were conducted 

on the raw digital data collected with the laser scanner. These andyses included steps 

to remove unwanted noise in the raw data, merging of partial data sets, frequency 

and spatial analyses of elevations and consideration of missing values. A description 

of these analyses is presented below with a discussion of results from the analyses in 

subsequent sections. 

5.2.1 Manipulation of Upper and Lower 1% Elevation Data 

The micretopographic cross profiles prepared for the field micrcxatchments revealed 

that there were elevations amongst the raw data which were very deep compared to 

the majority of points dong a transect. These relatively low elevation values were 

considered to be a result of very deep penetration of the laser beam through the matrix 

of macrqmres distributed over the surface. Such artifacts (i.e. uncharacteristic low 

elevations) are not uncommon in laser-scanned elevation data (Gillies, 1994), being 

produced whenever the size of the penetration zone is equal to or greater than the 

diameter of the laser beam. However, the presence of such d u e s  in the current 

data set adversely affected the characterization of micretopography, increasing the 

effective elevation range and other elention statistics. Since these data points had no 

meaningfd influence on the surface roughness or storage characteristics, they were 

removed from the data set (i.e. replaced with 999) by eliminating the lowest values 

constituting one percent of the data. Another reason for removing such data from the 



file was that the lowest elevation coordinates were also most subject to measurement 

error, these points having the greatest chance of becoming obscured fmm the line of 

view to the phobarray via the projected laser light (Bertuzzi et al., 1990). 

Similar arguments were used to justify the removal of data points with very high 

elevation values (i.e. spikes). These too were found to be artifacts of the surface, 

and their presence only served to increase the calculated elevation range and other 

statistics beyond any meaningfd surface storage effect. Again the top one percent 

of the elevation data were removed from the data set (i.e. replaced with 999) before 

further andysis of the digital elevation data. 

5.2.2 Manipulation of Ground Control Points 

It was noted earlier that the areal coverage of the laser scanner was approximately 

1 x 0.5 m (effective), whereas each micrecatchment selected for scanning was 1 x 1 m. 

As a result, each surface was scanned in two separate pieces with some overlapping 

of the images. Some precautions were required to guarantee that the elevations of the 

two parts were comparable: 

A horizontal frame was built to surround each micr~catchrnent surface, and the 

overd laser scanner frame (dong with its two horizontal legs) was mounted over 

this frame. With this mounting arrangement, the orientation of the laser scanner 

(in both the vertical and horizontal directions) was fixed during the course of 

scanning. In addition, the scanner was leveled along the scan line prior to each 

scm. 



0 Two control points were established near the middle of each surface, and the 

laser scanner was adjusted such that at least one of these control points was 

situated dong one or two of the scan lines. 

Since the markers (i.e. the frames and control points) were not part of the surface 

elevation data, they were removed (i.e. replaced with 999) from the data set, once 

their z coordinates were delineated and recorded (for matdiing purposes). 

5.2.3 Merging of the Two Pieces 

A number of approaches have been described in the literature for merging multiple 

scanned images for a single surface. These include the straightforward piecing t e  

gether of data when the scanner is set level but at different elevations, using the 

mean elevation of common first and last scan lines (Huang, 1996), and running lin: 

ear regressions on the mean elevation data for X and Y scan lines for each image 

( Gillies, 1994). None of these approaches was appropriate for merging the elevation 

data collected in this study as the scanner was level dong the scaa line but not in the 

perpendicular direction, the overlapping portion of the two images obtained for each 

micrcxatchment involved more thon one scan line, and no specific iinear trend was 

s 
observed dong scan lines. 

Rather, each raw bit number file was first matched through the elevation of one or 

two control points and then converted to an elevation file via its respective look-up 

table file. When the files for the two parts were put together for each mjcrtxatchment, 

and the ASCII file was converted to a grid file in ARCJINFO, the two parts were found 

not to match together properly. This mismatch in the merging process was attributed 



to problems with data conversion (i.e. from bit number to elevation). 

Upon further analysis it was found that the dope of the calibration c w e  depended 

upon the hardware setup (four factors mentioned in Section 4.3.3) plus environmenta 

control at the time of preparation of the look-up table. As the hardware parameters 

were not changed from one scan to another, the slopes for the two look-up tables were 

not significantly different from one another. The minor difference was basically due to 

environmentai control (e.g. wind) . On the other hand, the intercepts on the look-up 

table depended on the location of the calibration block that was put over the surface. 

Therefore, the slope was a global parameter while the intercept was a site-specific 

local parameter. The flexibility involved in locating the calibration block created a 

non-uniqueness problem and gave rise to the mismatch cited in the merging process. 

In a second trial, the raw bit number file was adjusted according to the Bit Number 

(BN) of the control points, and the BNs were multiplied by the dope of the appropriate 

calibration curve. The combined file in ARC/INFO revealed that the discrepancies 

noted earlier between the files being merged had completely disappeared. Further 

justification for this procedure was that relative, rather than absolute elevation data 

were quite sufficient for the purpose of this study. 

The elevation data so obtained for each field micro-catchent could then be treated 

as a set of points which had both frequency and spatial distribution. The frequency 

distribution could be characterized by measures relating to central tendency and dis- 

persion (Koch and Link, 1986), while the spatial distribution could be handled via 

variogram modeling (Isaaks and Srivastava, 1989; Journel, 1989). 



5.2.4 F'requency Analysis of Elevation Data 

Standard statistical measures, induding the mean and standard deviation of elevation, 

were cdculated for the merged data sets using the method of moments (Koch and 

Link, 1986), and a summary of these results is given in Table (5.1) for the three field 

plots. 

The standard deviation of elevation has been used as an index of surface roughness 

(Mwendera and Feyen, 1992; Zobeck and Onstad, 1987). This measure of dispersion 

characterizes to some extent the degree of irregularity of a surface, but supplies no 

information on how the irregularity is distributed aredly. On the basis of the values 

provided in Table (LI), Plot II could be considered to have had the roughest surface 

and Plot 1 to have been the srnaothest. Part of the reason for plot II to be the roughest, 

could be attributed to the fact that changes in surface characteristics are likely to be 

Table 5.1: Elevation statistics for the three field micro-catchrnents. 

more pronounced in the lower portion of sloping plots (Figure 4.11). The higher value 

for mean and standard deviation of elevation data for plot II compared with plots I 

and III, clearly explained the locational position of plot II on the hillslope. It should 

be mentioned that global variance, sometimes referred to as random roughness, can 

be misleadhg as surface roughness can appear to be random at one scale and orderly 

at another scde depending on the size of the study area. Nonetheless, the field micro- 

' Plot 
No. 

I 
II 
III 

Median 
(mm) 
57.0 
61.4 
42.5 

Upper 
quartile 

61.8 
71.5 
50.0 

Lower 
quartile 

52.9 
51.5 
35.5 

Bad 
data (%) 

3 -4 
4.2 
4.2 

Min. - 
(mm) 
28.0 
24.3 
14.4 

Coef. of 
var- 
0.12 
0.25 
0.25 

Max. 
(mm) 
109.1 
128.0 
134.6 

Mean 
(mm) 
57.34 
61.34 
43.4 

Std. dev. 
(mm) 

7.2 
15.4 
11.1 



catchments seem to be smoother than those selected by Mwendera and Feyen (1992) 

(with simila. size) with respect to the numerical values of random roughness. 

Another common and useful form of data presentation is the frequency table or 

its corresponding graph, the frequency histogrôm. This representation reveals the 

frequency with which observed values fall within selected intervals or classes. Fig- 

ure (5.1) shows the histograms of elevation data for the three micro-catchments. It 

is clear from this figure that the data points for Plot I and III are symmetrically 

distributed, perhaps even normdy distributed, while the data points of Plot II are 

somewhat bimodal. Again, this anomaly in normality behavior for plot II can be 

attributed andior explained by the position of plot II on the hillslope (Figure 4.11). 

Similar patterns in frequency histograms (i.e. normality) for surface elevation data 

have been reported in the literature (Gillies, 1994, p. 120). These observations are 

noted here, as estimation tools such as Kriging (used and discussed in Section 5.3) 

are more appropriate when the frequency distribution of data values approximates the 

Gaussian or normal distribution (Isaaks and Sriwtava, 1989, p. 13). 



(a) MictMatchment 1 

(b) Micm-urtchment II 

(c)  Micrcxatdiment iIi 

Figure 5.1: F'requency histograrn and some relevant statistics for DEMs for three micr*catchments. 



5.2.5 Spatial Analysis of Elevation Data 

Both the s d e  and spatial distribution of surface roughness can alter characteristics 

relating to iuid flow over the ground surface; and improved knowledge of the scde 

of roughness and the form of its spatial distribution is needed to provide clearer 

explmations as to how the spatial distribution of elevation can affect micrecatchment 

response. Huang and Bradford (1992) suggested that the spatial structure of elevation 

data can be usefully quantified by examining the serni-variance of the data set. 

GSLIB (Deutsch and Journel, 1992) was utilized to andyze the spatial structure 

of the elevation data sets c o k t e d  for the three field micro-catchments with the laser 

scanner. Within the framework of GSLIB, it was possible to estimate geometric and 

zona1 anisotropy of the elevation data sets (Zimmerman, 1993), topics which have not 

received much attention in the past (GiUies, 1994; Huang and Bradford, 1992). The 

subroutines could handle many different directions, miables and variogram types in 

a single pass. For example, it was possible to consider four different variables, eight 

directions, al1 four direct (aute)variogrôms, two cross variograrns and the correlogram 

in one subroutine call. 

Quantification of serni-variance was achieved via the garn2m.f subroutine. This 

program calculated the square of the elevationd clifference between points dong a pre- 

defined direction for each specified lag separation (h, mm). The initial lag separation 

was defined by the smallest spatial resolution of the laser scanner (3.0 mm), a d  the 

lag separation was increased sequentially by this length to a maximum of 210 mm. 

According to Oliver et al. (1989), semi-variance should be cdculated for only one 

fifth of the total transect length, a criterica that has dso been recommended for time 



series analysis. In order to investigate the possibility of zond anisotropy (Isaaks and 

Srimstava, 1989, p. 385) in the elevation data sets, three different directions were 

selected: namely, x ,  y and x = y directions. 

The graphicd representations of the semi-variance function, or variogram, which 

were determined for each of the micrcxatchments are shown in Figures (5.2) through 

(5.4). The plots reveal a general trend of sloping straight lines linked at longer lag 

separations to a region where the dope decreases gradudy toward an asymptote. 

For micro-catchments 1 and III, it appears that the variogram remains asymptotic 

to a semi-variance value or secalled "silln (Isaaks and Srivastava, 1989). In the 

case of micr*catchment 1, the siU value in the x-direction was 40 mm2, while its 

value in the y-direction was 30 mm2. For micrcxatchment III, the si11 value dong 

the x-direction was 105 mm2, while its value in the y-direction was 75 mm2 and 

exhibited multi-structure behavior (i.e. a combination of basic vaxiogram models) 

dong the x = y direction. The si11 value for both micrecatchments 1 and III in the 

z = y direction lies somewhere in between the sill values in the x and y-directions 

of the corresponding variograms for each micrcxatchrnent. The mriogram for plot 

II increases with increasing separation distance without reaching a plateau, implying 

an i d n i t e  capacity for dispersi& (i.e. no global variance), which is a property of 

power variogram models. A possible explanation regarding the distinct nature of 

the variogram for plot II, as compared to the ones for plot 1 and III, might be the 

locational position of plot II on the hillslope (Figure 4.1 1). 



(a) Along t-axis 

(b) Along yaxis 

(c )  Along r = y 

Figure 5.2: Experimental variogram dong three differeat directions, Plot 1. 
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(a) Along x-axis 

(b) Along yaxis 

(c) Along x = y 

Figure 5 -3: Experimental variogram dong three different directions, Plot II. 
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( c )  Along x = y 

Figure 5.4: Experimentai variogram dong three different directions, Plot III. 



The overd shape of the variograms for micro-catchments 1 and III is representative 

of transition models (Isaaks and Srivastava,, 1989, p. 373), indicating that values 

within each data set are highly correlated. The correlation among elevation data 

points indicates that they are not randomly distributed, and therefore the form has 

a distinct spatial stmcture that can be successhilly modeled. The correlation length, 

the distance above which the data points are independent of each other, is almost 

the same for both micrc+catchments 1 and III and equal to 150 mm. Furthemore, 

the change in sill d u e  dong the x and y axes, as mentioned before, implies that the 

elevation data are not isotropic regarding spatial continuity. As the siIl value dong 

x = y is somewhere in between the sill value of the variograms dong the x and y axes, 

the latter two directions could be considered to be axes of anisotropy, the x a i s  being 

the principal direction and the y axis being the minor direction. According to Huang 

and Bradford (1992), this form is indicative of a Markov-Gaussian model with an 

exponential type of correlation structure for the most part, which can be represented 

by a combination of the following "basic models" (Kitanidis, 1993, p. 20.4): 

1. Gaussian model 

2. Exponentid model 

3. Spherical model 



4. Power model deîmed by a power O < a < 2 and positive slope c. 

The shape of the variogram for micro-catchment II resembles a power type vari- 

ogram rnodel. In cases where the variogram exhibits a distinct upturn in the semi- 

variance value, one can successfully combine a transition mode1 (depending on the 

behavior of the variogram near the origin) and a power mode1 to model the experi- 

mental variogram. 

Variogram modeling 

The set of directional sample variograms provides an excellent descriptive summary of 

the spatial variability in elevation on the field plots, but most likely does not provide al1 

of the variogram values needed for conventional estimation methods such as Kriging. 

In order to fit a combination of basic variogram models to a particular directional 

sample variogram, a decision had to be made as to which of the basic models best 

describes the overall shape of the variograms. Since the experimental variogrlams for 

micr~catchments 1 and III had a plateau (i.e. global variance), one or more of the 

transitional models seemed most appropriate. 

Among the three transition models, the choice usually depends on the behavior of 

the sample directional variogram neâr the origin. In this case, the sample variogram 

showed a parabolic behavior near the origin, which was indicative of the continuous 

behavior of the underlying phenornenon (i.e. elevation). The preliminary exploratory 

data analysis confirmed that a Gaussian structure provided the best goodness of fit 



among other competing models. Once the basic models were chosen, modeling the 

sample variogram became an exercise in nonlinear c w e  fitting. A discussion of 

the variogram modeling of elevation data for micro-catchment I is provided below 

in some detail, and the ha1 results for all three micro-catchments are subsequently 

summarized in tabular format (Table 5.2). 

In light of the zona anisotropy revealed in the experimental variograms for each 

micrecatchrnent, it has been suggested that each nested structure in any particular 

directional variogram model must appear in ail the other directional models with the 

same coefficient (i.e. similar si11 value for each basic model) (Isaaks and Srivastava, 

1989, p. 383). That means if the best variogram model along the x axis is Gaussian 

with two parameters, then the variogram along the y axis should be Gaussian with 

one parameter since the other parameter has dready been determined. Subjecting the 

variogram to such a constraint dong the y axis leads to the curve fitting process with 

one less degree of freedom, resulting in a dramatic deterioration of goodness of fit 

criteria along that direction. This decrease in goodness of fit criteria virtually forced 

the selection of a nested structure instead of a single structure. 

The variogram modeling of elevation data for micro-catchment I started with a 
8 

single structure, selected from the three cornpeting transition rnodels. Each model 

was fit to the experimental variogram values using nonlinear least squares regression 

(Gill and Murray, 1978). The subroutine E04GCF from the NAG library (Phillips, 

1986; NAG, 1991) was utilized to perfonn the nonlinear regression analysis. The 

nonlinear regression analysis on the variogram values along the x axis revealed that 

the Gaussian structure provided the best fit. 



(a) Along t-axia 

Figure 5.5: Variogram modeling-Single structure. 

The simulated variogram along the z axis became: 

Sticking to this structure along the y axis, the simulated variogram was: 

Figure (5.5) demonstrates a graphical representation of the above fitting process. 

As is clear from the graph, the fit mimics very well the experimental variogram dong 

the x axis, while there are large discrepâncies between the experimental and fitted 

results for the y axis due to one less degree of freedom. 

Non-linear regression analysis of the variogram values along the z axis for a double 

structure revealed that a combination of Gaussian and exponential structures provided 

the best fit arnong competing alternatives. The simulated vâriogram dong the x axis 



(a) Along r-axis (b) Along y-axis 

Figure 5.6: Variogram'modeling-Double structure. 

for this case was: 

Using the above nested structure along the y axis, the simulated variogram was: 

Figure (5.6) demonstrates a graphical representation of this fitting process. As is 

cleu from the graph, the fit again mimics the experimental variogram along the z axis 

extremely well, while there are still some discrepancies for the fit dong the y axis. 

A non-linear regression analysis of the variogram values dong the x axis with 

the assumption of a triple structure, involving al1 three transitim models, started to 

contribute to the sill, with a Gaussian structure having the highest contribution. For 

this case, the simulated variogram along the x axis was: 



(a) Along t-axis (b) Along yaxis 

Figure 5.7: Variogram modeling-Triple structure. 

Again with a nested structure dong the y axis, the simulated variogram became: 

Figure (5.7) demonstrates the graphical representation of this last fitting process. 

Now, as is clear from the graph, the simulated variogram mimics the experinental 

variograms along both the x and y axes very well. 

This modeling process was pursued similarly for al1 three rnicrecatchments, and 



a summary of the results dong with the residual sums of squares is presented in 

Table (5.2). 

The surface roughness length parameters (i.e. sill and range) for the scaled Spa- 

tial stmcture models listed in Table (5.2) provide quantitative measures of rough- 

ness based on the fitting of structural function models to the semi-variance data. 

These parameters are qualitative descriptors of surface roughness, and may give some 

indication of potential hydrodynamic behavior. The micrcxatchment surfaces are 

dominated for the most part by the Markov-Gaussian roughness form, indicating an 

elevation structure in which points of elevation are highly correlated within the scale 

range defined by the lag at which the sill value (parameter c ) or global variance 

(aZ) is attained. Micrecatchments 1 and III apparently share similar characteristics 

regarding overd shape as shown by the shape of the experimental variograms, whiIe 

micrcxatchment II has quite a different variogram structure. 



Table 5.2: Ractal (fl3m) and basic models parameters for various micrecatchmenta. 
Basic T 

models 
auman 

Plot II 

Si11 value Range value 1 Fractal 1 Crossover 1 Residuel sum 
(mm2) l cmrn, 1 Dimension, Dj 1 length I , ,  mm 1 of squares 

x - x  1 y - y  x - x  y - y  , 2 - x  1 y - y  z - x  1 y - y  2-2 y - y  
23.55 82.14 61.16 - 



Once surface roughness is expressed by a structural function, the definition of 

random roughness becomes misleading. Random roughness represents the largest 

roughness element that can be measured after removd of dope and any other trends 

in data set. Here, global variances (Le. random roughness) for both micro-catchments 

II and III are the same yet their variogram stmcture are t o t d y  different. Differences 

in surface features are clearly depicted by the variogram. 

Huang and Bradford (1992) suggested using a combinaticn of basic transitional 

and non-transitional models at different spatial scales to fit experimental directional 

variograms with distinct uptunis such as seen in the variogram for micicxatchment II. 

Specifically, they proposed a combination mode1 of fractional Brownian motion (fBm) 

and Markov-Gaussian (MG) processes at different scales to quantify the roughness 

function. In their study, the fractal regime was used to describe the sloping straight- 

line portions of the variogram, whereas the MG process was used to describe the 

region where the slope varied gradually toward O at higher spatial scale. Further, a 

Nugget effect (Isaaks and Srivastava, 1989, p. 373) has been incorporated into the 

overall structure to accommodate smdl-scale spatial variability near the origin. 

The fractal dimension (Dl) and the crossover length ( l , ,  mm) are related to para- 

jr meters of the power model in this way: 

where c is the constant of proportionality, and a is the slope. For a fractional Brownian 

motion model, a belongs to the interval O < a < 2 (Huang and Bradford, 1992). From 



the fitted model for micrwxtchment II, the fractal dimension, DI was determined 

from the dope, a, via the foIlowing relationships: 

and: 

A second parameter, called the crossover length (i,, mm), also defined by the 

structural function ~ ( h )  for the straight line portion of the curve, was calculated 

using the fdowing equation (Huang and Bradford, 1992): 

This length parameter, unlike the non-dimensional parameter DI, is dependent on the 

scale of roughness. The values calculated for D, and 1, for both the z and y directions 

for micrecatchment II are listed in Table (5.2). The range of Dr values from 2 to 3 

falls within ranges that theory has predicted for micro-topography (Culling, 1989); and 

is within the range of values reported by Huang and Bradford (1992) for agricultural 

soi1 surfaces. 

5.3 Manipulation of Missing Values 

With a model of spatial vasiability or spatial continuity having been established, 

the estimation of missing values (i.e. data not detected by laser scanner) could be 



undertaken. It has been argued that inconsistent e l e ~ t i o n  data are most likely created 

by a blocking of the laser beam in the direction of the scan-line (Huang, 1996). Huang 

(1996) suggested the use of linear interpolation along the same direction to fill in 

mi ssing values. However , since the elevation data points from the micr*catchments 

were found to be highly correlated, an effort was made in this study to take this 

spatial continuity into account . The Kriging method (Isaaks and Srivastava, 1989) 

has proven to be a powerfid tool for this purpose. 

The estimation of missing values was achieved via the okb2dm.f subroutine (Deutsch 

and Journel, 1992, p.91). Contrary to conventional estimation method, Kriging not 

only provided estimates of the missing d u e s  but also assigned a confidence interval 

for each missing value. This information proved to be very valuable for assessing the 

reliability of each estimate. As became clear later, estimates with wide confidence 

intervals had a major impact on the mapping of depressional storage, which was the 

case around the border of each micrecatchment. In that region, the incidence of 

inconsistent elevation data was high, and as a result the efficiency of estimations of 

missing values was Iow (i.e. wide confidence interval). 

Figure (5.8) compares the histograms of original, kriged and adjusted elevation 

data for micro-catchment 1. It is clear from Figure (5.8) that the impact of Kriging 

was to enlarge and at the same tirne smooth out the range of elevation data. Similar ob- 

servations were noticed upon adjusting the digital elevation data for micr-catchments 

II and III. 



5.4 Surface-shaded Relief Display 

Surface-shaded relief displays of each micrecatchment provided more insight on how 

the plots differed from one another in a spatial context. With the availability of 

- adjusted elemtion data, an ARC/INFO program was utilized to display the surface- 

shaded relief for each micrecatchment. Figures (5.9) through (5.11 ) demonstrate the 

adj usted histogram along with the surface-shaded relief for each rnicrcxatchment . 

Visual inspection of the surface-shaded relief for each micrecatchment led to the 

following conclusions: 

Continuity of the surface in the middle of each micrecatchment confirms the 

correctness of the merging process; 

a The shadowy nature of surfaces around the border, particularly in micro-catchment 

III, is â clear indication of poor estimation in that region; and 

a Cornparison among the three surfaces shows that the surfaces were not uniforrnly 

painted and sealed, a result which could have had a major impact on subsequent 

catchment response experiments. 



(a) Original DEM 

(b) Kriged DEM 

( c )  Adjuskd DEM 

Figure 5.8: Histograrn and selected statistics of DEM for plot 1. 



(a) Adjusted DEM 

(b) Surface-shaded relief 

Figure 5 -9: Adj usted histogram and surface-shaded relief display for plot 1. 
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(a) Adjuskd DEM 

(b) Surfaccrrhaded relief 

re 5.10: Adjusted histograrn and surface-shaded relief display for plot II. 



(a) Adjuskd DEM 

{b) Surfaceshacicd relief 

Figure 5.11: Adjusted histagrarn and surface-shaded relief display for plot III. 



5.5 Characterization of Surface Depressions 

The availability of correded digital elevation data made identification and character- 

ization of surface depressions on each experimental micrw catchment relatively easy. 

The technique used to quantify the depressional storages from each set of elevation 

data (on square grids) was similar to that origindy proposed by UUah (1974), with 

one modification. UIlah (1974) used a four-point adjacent neighbor scheme to de- 

lineate depressions; in this study, a so-called eight-point adjacent neighbor scheme 

was used, four orthogonal and four diagonal, as originally proposed by Huang and 

Bradford (1990a, p. 2237). Before characterization of depressional storages began, 

the boundary conditions for each micro-catchment (i.e. quadrilateral area) were es- 

tablished to include free drainage for the bottom side, with each of the other three 

sides having a n+flow boundary condition. 

The sequence used to identify a closed basin started by finding a local depression. 

The scheme then searched for and checked the lowest point from the list of eight 

neighboring points to see whether it was part of the depression or an ovedow (pour) 

point. An overflow point was identified when one of the neighboring points, except 

those already included in the depression, had a lower elevation. If the lowest elevation 

in the list of neighboring points was not an overflow point, that point was then included 

as part of the depression, and the list of neighboring points was updated to contain 

neighboring points of the newly added one. The scheme again examined the lowest 

point from the newly formed list of neighboring points for an overfiow point. A 

closed basin was identified when an overflow point was found. Situations such as 



two closed basins sharing a common ovedow point causing overflow into each other 

could be easily handled. For this situation, the two bajins were combined, making the 

common overflow point part of the depression, and the procedure was repeated until 

a new ovedow point was found. The FORTRAN program first developed in CSIRO 

and then modified by C. H. Huang (to accommodate laser-scanned data) was used 

for this purpose. 

Wi th some modification and the addition of another subroutine, the progam 

provided output in the following three categories: 

Category 1: Summary results 

This category provided the following information: 

a Total ponded area for each plot both in cm2 and in %; 

Total volume of depressiond storages for each piot in cm3; 

a Maximum pond depth for the deepest depression in mm; and 

0 Average pond depth in mm, which is equal to the total volume of depressions 

divided by the ponded area. 

Category II: Individual pond information and their connectivity 

Jn this category, the following information was provided for each depression. 

a Depression number in order of appearance during identification process; 

a Pour point location in raster coordinates; 

a Pond surface area at pour point in pixel units; 
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0 Contributing area of corresponding pond in pixel units; 

a Maximum depth of depression in mm; 

r Volume of depression at pour point in cm3; 

r Average depth of depression in mm; 

a Exit point location in raster coordinates; 

Depression number fed by this depression; and 

0 Depression number(s) feeding this depression. 

Category III: Pond and watershed location index 

This category provided the following information for each depressioc. 

a Location of pixels (in raster coordinates) which belong to the depression under 

consideration dong with their effective height (i.e. pour point elevation - pixel 

elevation) ; 

Location of pixels (in raster coordinates) which contribute (potentidly) to the 

corresponding depression; and 

An external file in ARC/INFO format to be fed to GRID module of that pro- 

gram for the spatial mapping of depressions. This file contains the value of an 

indicator variable (binary number O or 1) differentiating depressional areas from 

non-depressional ones. 

The program was run for six different grid spacings, and the results are summarized 

in Table (5.3). 
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5.6 Results and Discussion 

Results regarding surface depressions on the field micrecatchments paved ' the way to 

investigate the d e c t  of grid spacing and plot treatment on such factors as ponded 

area, total volume of depressions, number of depressions and also the variation of 

these variables from one micrecatchment to another. 

As seen in Table (5.3), the variation of ponded area and total pond volume of the 

micr~catchmeats did not follow a similar trend from one grid spacing to another. For 

example, for a g i d  spacing of 3 mm, micrecatchment I had the lowest ponded area 

and micro-catchment III had the highest value. However, for a grid spacing of 6 mm, 

the trend was different, with rnicrmcatchment II having the lowest ponded area. This 

apparent variability from one micr-catchment to another and from one g i d  spacing 

to another was aiso noted for other key variables. Excluding the results for the 3 mm 

grid spacing, micrecatchment II had the lowest value of ponded area and total pond 

volume among the three micro-catchments. 

Regarding the variability and/or stability of key variables with grid spacing and 

plot treatments, quantification of coefficient of variation for dl key variables both 

within and among various plot treatments (Le. pooled coefficient of variation) showed 
II 

strong fluctuations of coefficients of variation for these key variables both within and 

among plot treatments. According to data in Table (5.3), the number of depressions 

exhibited the highest values for coefficient of vaxiation both within and arnong plot 

t reatments. Furthemore, since the fluctuations in coefficients of variation from one 

plot to another was minimal for number of depressions, one could conclude that grid 



spacing was a major source of variability for the obsenred values of number of d e  

pressions within each plot. Maximum depth of depression exhibited the lowest value 

of coefficient of variation for plot 1, while the fluctilation in the coefficients among 

the plots was remarkable, implying that plot treatment was a major source of vari- 

ability for the observed d u e s  of maximum depth of depression among the various 

plots. Key variables such as total pond area, total pond volume and average depth 

of depressions were not independent of each other, and the nature of variability in 

the coefficients of variation both within and among plots were h o s t  the same for al1 

these variables. Average depth of depression, the ratio of total pond volume to total 

pond area, exhibited the lowest amount of variability in coefficient of variation from 

one plot to another, implying an apparent resistance to grid spacing effects. 

In order to further explore the effect of plot to plot and g i d  spacing variations on 

each key variable, a nested-design andysis and a one-way analysis of variance were 

performed on each key variable. Tables (5.4) and (5.5) surnmarize the results of the 

analysis for nested design and the analysis of variance for al1 variables respectively. 

Table 5.4: Summary results for analysis of nested design. - 

Response Source of Variation (%) 
variable Grid Spacing Steatment plot Treatrnent 

No. of Depressions 98.44 1.56 
Area, cm2 46.48 53.52 
Voiume, cm3 38.3 61.7 
Max. Depth of Depression, mm 16.5 83 -5 
Ave. Depth of Depressions, mm 47.1 52.9 

According to Table (5.4), the source of variation could be seen to vary dramatically 

from variable to variable between grid spacing and plot. A grid spacing effect accounts 

for as much as 98% of the variability in the number of depressions, while the plot 



treatment accounts for as much as 83.5% of the variability in the maximum depth of 



Table 5-5: One-way aaalysis of Variance of data for key variables. 
Sources Sum Degree Mean Significance 

of of of F-ratio Fo-ss 
Variation Squares Freedom Square Level 

a. Total Ponded - 

Between imans 
Within Samples 
Total 

Between means 
Within Samples 
Total 

Area 
Level Code = Plot Treatments 

949276.9 2 474638.46 1.546 3.68 -2452 
4604470.6 15 306964.71 
5553747.5 17 

Level Code = Grid Spacing Treatments 
3334244.7 5 666848.94 3 -605 3-11 ,0319 
2219502.8 12 184958.57 
5553747.5 17 

b. Total Pond Volume 
Level Code = Plot Treatments 

Between means 226210.32 2 113105.16 2.153 3.68 .1507 
Within Samples 788175.36 15 52545.02 
To ta1 1014385.7 17 

Level Code = Grid Spacing Treatments 
Between means 55 1772.64 5 110354.53 2.863 3.11 .O629 
Within Samples 462613.04 12 3855 1 .O9 
Total 1014385.7 17 
c. Average Depth of Depression 

Between means 
Within Samples 
To ta1 

Between means 
Within Samples 
Tot al 

Level Code = Plot 'Zteatments 
3.144 2 1.572 3.044 
7.746 15 .516 

10.890361 17 
Level Code = Grid Spacing Treatments 

6.582 5 1.316 3.667 3.11 -0303 
4.308 12 .359 
10.890 17 

d. Number of Depressions 
Level Code = Plot Treatments 

Between means 145517 2 72758.4 -026 3.68 ,9744 
Within Samples 42066550 15 2804436.6 
To ta1 42212066 17 

Level Code = Grid Spacing Treatments 
Between means 41684698 5 8336939.6 189.703 3.11 
W ithin Samples 527369 12 43947.4 
Total 42212066 17 
e. Macimurn Depth of Depression 

Level Code = Plot Treatments 
Between means 117.701 2 58.851 .585 3.68 -569 
Within Samples 1508.468 15 100.565 
Total 1626.169 17 

Level Code = Grid Spacing Treatments 
Between means 648.849 5 129.770 1.593 3.11 -235 
Within Samples 977.320 12 8 1.443 
Tot al 1626.169 17 



Differences from plot to plot and from g id  spacing to grid spacing could be signi- 

ficant or non-significant depending on the variable considered. As seen in Table ( 5 4 ,  

for almost d key variables, differences in obsewed values for each key variable were 

non-significant among plot treatments while the degree of significance varies among 

key variables regarding grid spacing. Differences in observed values for the number 

of depressions were highly significant among the grid spacings, while for other key 

variables, the differences in observed values were more or less non-significant. 

ki order to further explore the effect of plot treatment on the observed data for 

each key variable, it is helpful to refer to Table (5.4) and Table (5.5) simultaneously. 

From Table (5.4), with the exception of the number of depressions, at least 50% of 

the mriability in the other variables considered (i.e. area of depressions, volume of 

depressions, maximum and average depth of depressions) was attributable to plot 

treatment. Yet, the differences in plot means of these variables were non-significant 

among the plot treatments. In other words, from a nested-design analysis standpoint, 

the variability in observed values from one plot to another was considerable, whiie 

from an analysis of variance standpoint, such variability lacked consistent significant. 

Sirice no significant plot effect was delineated for the surface depression variables, it 

can be argued that the plots were effectively random replications, with the variances 

refiecting random variability. The effect of grid spacing on the observed data for each 

key variable is explored in more detail in subsequent sections,. 

An effort was also made to compare and contrast numericd results of the pond 

analysis with those from similar studies reported in the literature. Due to clifferences 

in study area sizes and diversity in objectives, such a cornparison was found to be 



extremely d i f f i d t  . 

5.6.1 Effects of Grid Spacing on Ponded Area 

As Table (5.3) reveals and Figure (5.12) more clearly demonstrates, the ponded area 

on the micrcxatchments was highly grid-spacing dependent: as grid spacing increased, 

ponded area increased. There is also some evidence in the graph (at least for each 

separate data set) of the existence of a length scale below which the ponded area 

is highly grid-spacing dependent, perhaps due to smd-scale spatial wiability, and 

above which again the ponded area increases with grid spacing, perhaps due to larger- 

scde spatial variability in elevation. For plot 1, this length scale is in the vicinity of 

9 to 15 mm, for plot II, around 6 to 12 mm, and for plot III, between 15 to 18 mm. 

In addition, total ponded area seems. to have more fluctuation with increase in grid 

spacing among the various plots. In between the dependent portions of each cuve  

(i.e. for each plot), the ponded area appears to be relatively stable and grid spacing 

independent. Therefore, the grid spacing in this region constitutes what might be 

termed a "preferred length scale". 

The analyses of variance, summarized in Table (5.5) for each variable, confirm 

the above assertions on a quantitative basis. Taking plof treatment as one source 

of variability, since the calculated F value of 1.55 is less than the tabular value of 

Fo.s5(2, 15) = 3.68, it can be concluded that all the samples were taken from the 

same population at a 5% significance level with regard to plot treatment. Taking 

grid spacing t reatment as another source of variability, since the calculated F value of 

3.605 is greater than the tabular value of k s s ( 5 ,  12) = 3.11, it can be concluded that 



aJl the samples were not taken from the same population at a 5% significance level 

with regard to grid spacing treatment, implying g i d  spacing to be a major source 

of variability in total ponded area In other words, the observed differences in the 

magnitude of total pond area from one plot to another were not statistically significant , 

while variations from one grid spacing to another were statistically significant. 

Figure 5.12: Total ponded area as a function of grid spacing for various plots. 

5.6.2 Effects of Grid Spacing on Total Volume of Depressions 

Figure (5.13) demonstrates also that the total volume of depressions determined for the 

micrecatchments was found to be dependent upon grid spacing. Here, the preferred 

length scale was less distinct, at l e s t  for-plots I and III. For plot II, this hngth scale is 

in the vicinity of 5 to 9 mm. Further, for plot 1, the total pond volume increases upon 

increase in grid spacing, while for plot II and III, the total pond volume increases up 

to a certain grid spacing and then decreases upon further increase in grid spacing. 

The grid spacing corresponding to maximum pond volume was not the same for the 

two plots. 



Comparing the calculated and tabulated values of F in Table (5.5), it can be 

conduded that the samples for observed values of total pond volume were taken from 

the same population at a 5% level of significance, being independent of plot and g i d  

spacing treatments. In other words, the observed difference in the magnitude of total 

pond volume were not statistically significant . 
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Figure 5.13: Total depressions volume iu a function of grid spacing for various plots. 

5.6.3 EfFects of Grid Spacing on Number of Depressions 

The total number of depressions on the micrecatchments was found to be strongly 

inversely related to grid spacing as seen in Figure (5.14), yet the relationship is slightly 

nonlinear as  the slope decreases in a smooth manner implying a pure power law 

relationship on arithmetic coordinate axes. Visual inspection of Figure (5.14) further 

reveals that the relative decrease in the number of depressions for increases in grid 

spacing was much greater than the relative increases noted in Subsection 5.6.1 and 

5.6.2 for area and volume respectively. Close similarity of data points for various 

rnicrecatchments led to the conclusion that the variation of number of depressions 



with grid spacing is plot independent. In other words, the fluctuation in observed 

d u e s  from one plot to another was minimal. 

As seen in Table ( 5 4 ,  the calculated F value of 0.026 is much less than the 

tabular value of Foo& 15) = 3.68 for the case of plot treatments, implying that ail 

the samples were taken from the same population at a 5% significance level. Taking 

grid spacing treatments as onother source of variability, since the calculated F value 

of 189.7 is much greater than the tabular d u e  of Foos(5,12) = 3.11, it can be 

concluded that g i d  spacing was a major source of miability for observed value of 

number of depressions. In other words, the obsewed differences in the magnitude of 

number of depressions from one plot to another were not statisticdy significant, while 

variations from one grid spacing to another were strongly statistically significant at a 

5% significance level. 

Generdly speaking, processes such as micro and macro topography manifest them- 

selves at a range of spatial scales. Different elements, ranging from individual grains, 

aggregates, clods, tillage marks and landscape features contribute to fluctuations in 

surface topography at their respective scales. Data sets with very fine spatial resolu- 

tion at the size of a grain or less could resolve changes in elevation at the grain level; 

while data sets at higher spatial resolutions simply dismiss fluctuations in elevation 

at the ga in  size level. This nested structure of surface topography at different Spa- 

tial scales clearly explains the strong inverse relationship between grid spacing and 

number of depressions. 



Figure 5.14: Total number of depressions as a function of grid spacing for various plots. 

5.6.4 Contributing Area vs. Pond Area 

The program also provided the total pond area for individual pour point(s) dong 

with the corresponding potential contributing areas for the various grid spacings. A 

relationship between pond area and associated contributing area (both in cm2) was 

found to exist for each plot following a linear trend on log-log axes (as shown in 

Figure (5.15)), implying a power law relationship on an arithmetic scale. Inspection 

of Figure (5.15)) showed that: 

The dope of the power-law relationship is constant at a range of grid spacings; 

a The power-law relationship is independent of plot number, following the same 

pattern for each micro-catchent ; 

0 The variance (i.e. band width of variation) is constant, i-e. independent of grid 

spacing; 

0 The variance is also independent of plot number, following the same pattern for 

each micr~catchment ; and 
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( c )  Plot III 

Figure 5.15: Contributing area as a function of pond area in cm2 for various plots 

The distribution of data points vis-a-vis each logarithmic axis is fairly uniform. 

The existence of such a power-Iaw relationship was sornewhat expected, as Rodrig- 

uez et al. (1992) had presented a similar trend in relating incremental channel network 

length to upstream drainage area. The observed independency of the power-law rela- 

tionship with regard to both grid spacing and plot number would appear to be part of 

the self-organization in nature being explored in various branches of science by means 

of fractal geometry (Feder, 1988; Hastings and Sugihara, 1993). The observation of 

relatively constant variance both among plots and various grid spacings implies that, 

when the objective is to develop a relationship between pond area and its corres- 



ponding contributing area, then the seledion of a particular set of grid spacings is 

k a t e r i a l  as far as estimation is concemed. In other words, estimation is equdy  

reliable for different grid spacings. The relatively uniform distribution of data points 

vi s-a-vi s each logari thmic av is  has implications regarding the sde-invariance nature 

of the frequency distribution of ponded area and its corresponding contributing area. 

When contributing area and pond area were graphed in pixel units (Figure (5.16)), 

the same observations noted above were apparent. Furthemore, the dispersion (i.e. 

variance) in the scatter-plot was considerably diminished, implying some sort of scal- 

ing property (i.e. Hurst phenornenon). For both cases, the graphs in each category 

could be matched completely on each other implying that the pattern of variation was 

data set independent. On the basis of the data set established for a 3 mm grid spacing 

as a population, the constant width of dispersion (i.e. constant variance) implies that 

estimation again is equally reliable at different grid spacings. 

5.7 Spatial Mapping of Depressions 

Mapping of the surface depressions for the micro-catchments in a spatial context 

provided results which helped to clarify earlier findings and to explore some hypo- 

theses. For this purpose, an indicator variable was defined to have a zero value for 

pixels belonging to depressions and a value of one for pixels not belonging to de- 

pressions. Those depressions with only one or two pixels were eliminated from the 

spatial mapping exercise. The output results were then linked to the GRID module of 

ARC/INFO to derive polygon coverage of depressional versus non-depressional areas. 

This digital mapping, shown in Figures (5.17) through (5.19)~ provided resdts which 
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Figure 5.16: Contributing area as a function of pond area in pixel units for various plots. 

were very fruitful for the visualization of the locations and topology of potential water 

surfaces, the consideration of discrepancies observed later in catchment response from 

each micrcl-catchment, and further examination of results and discussion reiating to 

pond area, pond volume etc. and grid spacing. 

From the mapped figures, it is clear that at very fine grid spacing (i.e. Ax = 3 mm), 

the depression spatial pattern was almost the same for each plot; and as grid spacing 

increased, some discrepancies in spatial pattern started to develop both within a plot 

for various g i d  spacings and also among plots. These discrepancies were rnainly 

concerned with the number of depressions within a plot and the areal coverage of 



mapped depressions for various grid spacings. As mentioned previously, the total 

number of depressions on the micro-catchments was found to be strongly inversely 

related to grid spacing as seen in Figure (5.14). The mapping of depressions in a 

spatial context further confirmed this hd ing  regarding discrepancies in mapping for 

different grid spacings. At s m d  grid spacings, depression storages at the aggregate 

and clod level, for which the areal extent of coverage was very s m d ,  could be distin- 

guished, while at higher spatial resolution, small depression storages became nested 

in laxge depressions, giving rise to larger areal extent of coverage. Cushman (1987) 

righteously attributed the discrepancies among various grid spacings to the spatial 

resolution of equipment used to observe the phenornenon of interest referring to it as 

another source of randomness. 

A multiple range test anaiysis based on Least Signifiant Difference (LSD) was 

performed on the observed data to investigate the possibility of "plateaus" in g i d  

spacing. A quick glance at the results summaxized in Table 5.6, demonstrated that 

the cited plateau seems to be different for different variables. The star beside a few 

numbers in Table 5.6 implies that the variable mean corresponding to a respective grid 

spacing is significmtly different from the adjacent mean. The values for most of the 

variables corresponding to grid spacing between 9 to 18 mm were not significantly 

different from one another, implying the possibility of a "plateau" in that range. 

However, this similarity in values for each variable, particularly for higher values 

of grid spacing are not so distinct for the same variable in graphical representation, 

perhaps due to the la& of averaging over plot treatment. For example, according 

to Figure (5.13), volume started to decrease after a certain value of grid spacing for 



plots II and III; while the average value over ail plots eliminated this trend, and the 

plateau became more distinct. 

A cornparison was made between the hypsometric hill-shading of each micro- 

catchment surface in a color-map format and between the depression pattern of the 

same surface at various g i d  spacings. From these cornparisons and field observations, 

it was found that a g i d  spacing of 18 mm seemed to capture the spatial pattern of 

depressions (as observed by eye) more accurately than any of the other grid spacings, 

i.e. 18 mm seemed to be an optimum g i d  spacing for visualizing the spatial pattern of - 

depressions. Of course, as has been mentioned earlier, an optimum grid spacing is ob- 

jective dependent. Its value for the reproduction of the spatial mapping of depressions 

is not necessarily the same as its value for the reproduction of some selected geometric 

features of depressions. For example, one could compare this optimum 'visual" grid 

spacing (i.e. 18 mm) for the reproduction of the spatial pattern of depressions with 

the 11 mm "preferred length scalen noticed earlier in Figure (5.12). 

The digital spatial mapping of depressions also aided the evaluation of the altern- 

ative hypothesis regarding the mismatch observed in the original merging of the two 

pieces of digital elevation data available for each plot. The continuity and smooth- 

ness in depression patterns near the middle of each surface verified the alternative 

hypothesis regarding the piecing together of elevation data for each plot. 



Table 5.6: Wts of multiple range analysist for key variabtes n.r.t. g i d  spa- 
cing. 

Grid Code Average Difference between mean for respective variable 
Spacing No. Value Code No. 
a. Area (6) (5) (4) (3) (2) 

3 (1) 954.42 1272.54* 937.83* 837.82 507.90 245-22 

18 (6) 2226.96 LSD(0.95)=937.12 
b. Volume (6) (5) (4) (3) (2) 

3 (1) 79.22 498-7* 399.26 329.97 161.79 97.87 

18 (6) 577.92 LSD(0.95)=427.83 
c. Average depth (6) (5) (4) (3) (2) 

3 (1) .82 1.69* 1.63* 1.30 0.73 0.6 1 
6 (2) 1.43 1 .O8 1.02 0.69 0.12 
9 (3) 1.55 0.96 0.90 0.57 
12 (4) 2.12 0.39 0.33 
18 (5) 2.45 0.06 
15 (6) 2.51 LSD(0.95)=1.30 

d. Maximum depth 
12 

(6) (5) (4 1 (3) (2) 
(1) 12.80 17.8 6.0 5.4 2.97 0.2 

6 (2) 13.00 17.6 5.8 5.2 2.77 
9 (3) 15.77 14.8 3.1 2.5 
15 (4) 18.23 12.4 0.6 
18 (5) 18.83 11.8 
3 (6) 30.60 LSD(0.95)=19.66 

e. No. of Depression (6) (5) (4) (3) (2) 
18 (1) 63.00 4321.7* 760.7* 259.33 94.67 48.0 

t Method: Least Significant Differeoce (LSD) Intervais. 
Difference in Mean is significant 



(d) Ar = Ay = 12 mm 

(e) Az = Ay = 15 mm (f) Ar = Ay = 18 m m  

Figure 5.17: Spatial mapping of depression for various grid spacing, plot 1 
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(d) Ar = Ay = 12 mm 

(f) A r  = Ay = 18 mm 

Figure 5.18: Spatial mapping of depression for various grid spacing, plot II 
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(d) Ar = A y  = 12 mm 

(e) Az = Ay = 15 mm (f) Ar = Ay = 18 mm 

Figure 5.19: Spatial mapping of depression for various grid spacing, plot II1 
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5.7.1 Effect of Re-sarnpling on Spatial Mapping 

It was important and informative to investigate the impact of re-sampling on the 

digital spatial mapping of depressions. The need for su& an investigation arose 

from the fact that development of the digital elevation data sets with different grid 

spacings could have been achieved in two t o t d y  different ways: on the one hand, the 

laser scanner could have been set for each grid spacing, and the surface scanned one 

spacing at a time; while on the other hand, the surface could have been scanned at a 

relatively fine g i d  spacing (such as 3 mm), and subsequent data sets re-sampled from 

this initial data set. In this study, the latter method was adopted. The first row and 

column of laser-scanned data were included in all data sets, and the next one, two and 

three row(s) or column(s) were selectively eliminated depending on the prescribed grid 

spacing. Figures (5.20) through (5.22) illustrate a few spatial mappings of depressions 

for various re-sampling schemes for plot 1. 

As can be seen from these figures and their cornparison with Figure (5.17), at 

both very low (i.e. Ax 5 6 mm) and very high (i.e. Ax 2 15 mm) g i d  spacings, 

the mapping becomes comparable to the results of rnapping for other re-sampling 

schemes and also the earlier pattern observed in Section (5.7). For grid spacings in 

between, the major discrepancies among the various spatial rnappings are around the 

borders. Possible reasons for such discrepancies and the observed patterns from one 

re-sampling technique to another are explained in the following paragraph. 

Visual inspection of the digital mapping of depressions obtained in Section (5.7) 

for the original sampled data sets and the ones from resampling schemes revealed 

that the major degree of discrepancies, i.e. zones belonging to depressional areas 



in one figure and non-depressional areas in another figure, were almost all a roud  

the edges of each figure where the estirnated values had a relatively large confidence 

i n t e d  (i.e. shadowy zones in Figure 5.9). One possible cause of poor estimation and 

wide confidence i n t e d s  around the edges may have been the nature of the Kriging 

process itself, as the necessary condition for this Geostatistical tool to work properly 

regarding a unifonn distribution of data points in alI four quadrants around any point 

of unknown elevation was lacking. 

Another argument here is the continuous nature of the topographie pattern explored 

in variogram modeling (i.e. highly spatially correlated elevation data). The cited 

continuity could be viewed from two totally different perspectives. According to one 

viewpoint, since topogaphy is a continuous process, theù digital spatial mapping of 

depressions should be least affected by re-sampiing. In other words, spatial mapping 

of depressions should not be that sensitive to grid spacing, and the switching of a few 

spots between depressional versus non-depressional areas should be minimal. Poor 

results of estimation in a few pixels on the one hând, and the way the algorithm 

utilized e l e ~ t i o n  data after elimination of one row or column in those regions on 

the other hand, might explain the discrepancies observed from one grid spacing to 

another. Indeed, the algorithm made decisions in light of even a very small change in 

elevotion value giving rise to different spatial mappings even for similar grid spacings, 

but different re-sampling schemes. 

It has been argued that in reality, the spatial mapping of depression storage is 

unique. In other words, if one were to seal the surface completely and then pour 

water on the surface up to the potential capacity of depressions over the surface, it 



should be verifiable that depressiond and non-depressional areas are unique. However, 

tiis cited uniqueness, if it can be seen, cannot be replicated. Hence, the difference 

between observing something in nature and trying to reproduce it. Indeed, science 

i ts elf i s about the difference between knowing something and underst anding the same 

thing. As such, the cited discrepancies were justifiable, and the elimination of one row 

or one column from the whole data set gave rise to different spatial mappings even 

for the same grid spacing. 

At this stage, it has to be stated that such a lack of uniqueness in spatial mapping 

of depressions has least or no impact on subsequent analyses as rainfd-runoff mode1 

structure will benefit from statisticd pattern of depression as opposed to their actual 

pattern. 



(a) A r = A y  = 3  mm ( b ) A t = A y = 6 m m  

(e) A r = A y =  15 mm (f) Ar = Ay = 18 mm 

Figure 5.20: Spatial mapping of depression for various grid spacing, plot 1 (EIimination of first 
column) 



(a) A z = A y = 3 r n m  ( b ) & r = A y = 6 m m  

( c ) A r = A y = 9 m m  (d) A r = A y  = 12 mm 

(e) A z = A y  = 15 mm ( f ) A x = A y = l S m m  

Figure 5.21: Spatial mapping of depression for various grid spacing, plot 1 (Elimination of first row) 



(a) A z = A y  = 3  mm ( b ) & = A y = 6 m m  

(c) A z =  Ay =9mm (d) O z =  Ay = 12 mm 

(e) Az = Ay = 15 mm ( f ) A z = A y = I a m m  

Figure 5.22: Spatial rnapping of depression for various grid spacing, plot I (Elimination of second 
row ) 



5.8 Implications of Pond Results 

Resdts of the analyses of the digital elevation data in both the spatial and frequency 

domains paved the way to address the implications of such analyses. Issues such as: 

1. Dependency of study area size and maximum size of depression storage; 

2. Existence of optimum grid spacing; 

3. Possibility of describing geometric features of depression storage by fractal g e  

met ry ; 

4. Development of meaningfd relationship between contributing area and other 

geometric features of depressions; and 

5. SuEciency of statisticd pattern of depressions for rainfa.ll:ninoff modeling rather 

than their actual patterns. 

are discussed in the foilowing sections under the two broad headings of "scale-invariance 

propertyn and "power law relationshipn building further upon the pioneering work of 

Ullah (1974). In particular, items 1 and 2 above are discussed exclusively under the 

first heading, while the other items are discussed under the second heading. 

5.8.1 Scale-invariance property 

As early as the initiation of the experimental design and performing of the laboratory 

experiment, one of the main issues was the delineation of depression storages on the 

laboratory surface. Adcnowledging the two pitfalls associated with the delineation of 

surface depressions over the surface, i.e. the row-wise pattern and the lack of a nested 
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structure, it became clear after the pond analysis that there was still another pitfall 

associated with the way the depressions were laid down over the fiberglass surface. 

The pitfall was somehow concemed with an interaction between the overall size of 

the study area and geometric features of the depressions such as their maximum size. 

The pond analysis of the smd-scale field plots revealed that in terms of frequency 

of occurrence, the depression storages appeared to be statistically scale-invariant, 

i.e. statisticdy unchanged under magnification or contraction, at least over a fairly 

wide range of spatial scale resolutions (see Section 5.6.4). This scale-inmiance might . 

mean that by increasing the spatial scale (i.e. size of the study area), the probability 

density function would remain invariant even though its parameters might change. In 

light of constant parameters, simple scaling is applicable, while for the case of varying 

parameters across spatial scales, multi-scaling is applicable (DeCoursey, 1996). Such a 

scale-invariance nature of the probability distribution function and the possible change 

in parameter d u e s  from one spatial scale to another could then be interpreted as 

dependency of study area size and size of depression storage implying that depression 

storage could not be located over the fiberglass surface without due consideration to 

size of study area. This assertion conforms with the salient finding of Huang and 

Bradford (1990a) who argued that in a field of high-scde dependency such as surface 

topography, any measure (in this case delineation of surface depression) is controlled 

by not only the global statistics of elevation data, but also the upper and lower cutoff 

length scales of the study area. In their study, the upper cutoff length scale was found 

to be the side length of the test area, and the lower cutoff length scale was the g i d  

spacing. They found that for scaling of depressiond storages, both cutoff length scales 



were key parameters. 

Fkgarding the constant variance attribute and the stability of the pond area versus 

contributing area relationship at a range of grid spacings regardiess of plot number 

explored in Section 5.6.4, the results conform with the assertion made by Hastings 

and Sugihara (1993). They defined a pattern or object to be scale-invariant within 

the scaling region if the pattern or object contained no natural internd measures of 

size, and thus appeared the same at all scales within the scaling region. Here, the 

scaling region is defined as a length scale (time or space) whereby the relationship 

between two variable of interest stays constaat. This relationship could be a linear 

relationship in log-log coordinate system or a frequency distribution. For example, 

in Section 5.6.4, the pond area and its corresponding contributing area of a set of 

depression storages were found to be scale-invariant, despite the fact that the area 

and/or contributing area of each depression could be rneasured. In this case, scale- 

invariance simply means that the s m d  depressions were essentidly reduced versions 

of the large depressions, and the large depressions were enlarged versions of the small 

ones. Extrapolation of results obtained at one grid spacing to another, could be 

considered one direct implication of this scale-invariance behavior. 

More generally, there may be several scaling regions with unique properties, s e p  

arated by breakpoints whereby the inherent organization is still distinct but with dif- 

ferent parameters, with scale-invariance holding within each region but failing when a 

break-point is crossed. Delineation of the cited breakpoints is a matter of accessibility 

to digital elevation data sets at a range of spatial scales. 

Generally speaking, changing the scale of observation or averaging has a significant 



but poorly understood impact on the apparent variability of hydrological quantities 

as explored in this chapter for depressional storages. Interaction between spatial 

miability and spatial scale is also another poorly understood concept and is widely 

perceived as a substantial obstacle to progress in hydrology. In response to the delin- 

eation of the optimum grid spacing, the above insights imply that any rational analysis 

of depressional storages or =off from depressional storages areas must specify "a pri- 

ori" the range of spatial resolution (i.e. scaling region) of the experimental apparatus 

and the associated window size (Cushman, 1987) for which the relationship between 

associated variables conform to a well-defined law. What might be a preferred (i.e. 

optimum) spatial resolution for an experimental apparatus as far as establishing a re- 

lationship between Say pond area and contributing area is concerned would probably 

become an irrelemt concern when working and/or moving in a scaling region (i.e. 

region between breakpoints). 

5.8.2 Power Law Relationship Among Various Geometric Attributes 

Considering depression storages as irregular, seerningly complex shapes that display 

sirnilar patterns over the range of scales (as found in this chapter and elsewhere, 

e.g. Huang and Bradford (1990a)), fractals provide a mathematical framework for 

their treatment. Many objects in nature possess a property cited as statistical self- 

similarity. This may be defined as invariance of the probability distributions de- 

scribing the object 's composition under simple geometric transformations or changes 

of scde. As such, depression storages on the natural surfaces f d  into this class of 

geometric objects. 



On the study of depression storage characterization and inter-relationships, Ullah 

(1974) found that the relation between depth and area or depth versus volume or 

volume versus area, . . . alI exhibit a linear pattern (i.e. power law) in log-log space, 

implying that depressions are fractal objects and the rule of fractal geometry (Feder, 

1988) is exclusively applicable to them. In this study, it was found that the relationship 

between potential contributing area for each depression versus area of depression at 

each pour point exhibited a linear pattern (Le. power law) in log-log space, implying 

that the process is self-organized. 

In response to the question of whether the actud spatial distribution of storages 

or their statisticd distribution should be considered in structuring a rainfall-nuioff 

model, results from the pond analysis and in particda from the ôndysis of variance 

for the number of depressions (Section 5.6.3) clearly reveal that the total number of 

depressions on the micrcxatchrnents is strongly inversely related to grid spacing as 

seen in Figure(5.14). As a result, one may argue that these storage elements manifest 

themselves at a range of spatial scales and that their number approaches infinity for 

very small grid spacing, making consideration of their actud storage patterns non- 

sense. One possible approach whereby statistical patterns of depressions rather than 

their actual patterns could be utilized to structure rainfall-rurioff model, is provided 

in Section 7.9. 



Chapter 6 

Rainfall: Runoff Experimental Result s 

and Discussion 

6.1 Introduction 

The sets of rainfall:runoff data collected nnd assembled from the laboratory experi- 

ments, the field micrcxatchments and the srnall watersheds provided rnuch valuable 

information for consideration of a range of questions such as: What was the impact of 

overall dope on micrecatchment response? How could the nature of water movement 

over the surface (Le. both in the laboratory and field) be explained on the basis of the 

observations of catchment response? What was the impact of surface storage elements 
c 

on catchment response over the range of spatial scales explored? What was the role 

of spatial and temporal variability in rain on catchent  response over the range of 

spatial scales? Could, and how could, results obtained at one scale be effectively used 

at another scale (at least on a qualitative basis)? Such questions are addressed in this 

chapter in light of the various catchment response data and their analyses, compon- 

ents of the lumped water balance equation being addressed fîrst, then the time-wise 
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variation of outlet hydrographs. 

6.2 Small-scde Laboratory Experiments 

Sample results obtained frorn the laboatory experiments for each surface treatment 

are presented and discussed in this section. Details regarding the laboratory experi- 

mental results have been provided in Appendix A. 

6.2.1 Sample Results of Laboratory Experiments 

In the smd-scde laboratory experiments, five surface treatments were considered at 

different levels of complexity, starting with flat surfaces and moving to surfaces with 

different patterns of depression storage and conditions of infiltration. Combining 

these surface treatments with five slope treatments and three rainfall treatments, and 

with two replications for each experimental run, 150 sets of rainfall-runoff data werc 

collected. The following presentation and discussion deals with the experimental 

results in both a iurnped form (i.e. water balance results) and a distributed form (i.e. 

hydrograph analysis). 

Water Balance Results 

The water balance equation, lumped in space and time and treating evaporation as 

negligible, c m  be expressed as: 

P - R - F = A S  (6-1 ) 

where P = rainfall for the period At, R = runoff for the same period, F = cumulative 



infiltration in At, and A S  = amount of water remaining in storage for the same 

time period. Not all components of the water balance equation were present for 

each surface treatment in the laboratory experiment. For surface treatment 1, only 

the first two components (i.e. raidaIl and direct runoff) were present (with the 

exception of water held by surface tension); while for surface treatments II and III, 

the infiltration component was absent, but there were storage elements placed over 

the surface. For surface treatments IV and V, ail components of the water balance 

equation were present. In these latter cases, some of the surface depressions ponded 

water temporarily for subsequent infiltration, while those with no infiltration stored 

water more permanently. 

Rainfd and runoff were measured in d l  experimental runs, while the total amount 

of water trapped in depression storages was measured only for surface treatments II 

and III. For surface treatments IV and V, an effort was made to measure time-wise 

and cumulative infiltration from those depressions for which drainage was allowed. In- 

filtration loss from those depressions was directed to a water collector via transparent 

hoses, and the water collector in turn was comected to the datalogger. During exper- 

imentation, it was noticed that the air entrapped inside the hoses hindered continuous 

flow of water to the water collector. This discontinuous flow of water hampered an 

objective analysis of infltrating water, resulting in data related to idltrating water 

not being analyzed further. 

Table (6.1) summarizes lumped results from the experimental runs for dl slopes 

and rainial1 patterns for surface treatment II. The data in the water loss column were 

determined from the mount  of water trapped in depressions as measured directly 



after each experimental m. 

Table 6.1: Summary of experimental runs (water balance components) for surface t reabent  II. 

In order to investigate the impact of surface treatments on the lumped behavior 

of the system, components of the water balance equation were extracted from similar 

tables for the various surface treatments for a dope of 10% and are summarized in 

Table (6.2). 

An extensive analysis of variance was conducted to explore the impact of surface 

Slope 
Treatment 

% 

6% 

8% 

10% 

12% 

14% 

treatment, dope treatment and rainfall pattern on key variables such as cumulative 

rainfall amount, cumulative runoff amount and cumulative water loss due to depres- 

Equivalent depth of water accumuiated in depression storages. The corresponding volume was 
measured at the end of each experimentai run. 

Rainfd 

Pattern 
LMH 
MLH 
HML 
LMH 
MLH 
HML 
LMH 
MLH 
HML 
LMH 
MLH 
HML 
LMH 
MLH 
HML 

Total 
Rainfaii 

mm 
3.16 
3.28 
3.18 
3.16 
3.28 
3.18 
3.16 
3.20 
3.23 
3.30 
3.27 
3.23 
3.30 
3.27 
3.23 

sion storage and infiltration. Details of this analysis are provided in Appendix B, with 

a surnmary account provided below: 

Runoff 
Coefficient 

% , 
80 
82 
81 
82 
81 
81 
82 
82 
80 
78 
82 
81 
80 
81 
82 

Surface ruoff, mm Water losses: mm 
Average 
Value 
2.54 
2.70 
2.58 
2.60 
2.65 
2.58 
2.58 
2.M 
2.58 
2.57 
2.70 
2.60 
2.63 
2.65 
2.64 

Rep. 
(1) 

2.53 
2.68 
2.57 
2.64 
2.68 
2.55 
2.57 
2.61 
2.58 
2.56 
2.75 
2.63 
2.63 
2-62 
2.59 

Rep. 
(1) 

0.61 
0.63 
O .  
0.63 
0.62 
0.64 
0.62 
0.63 
0.65 
0.62 
0.64 
0.65 
0.62 
0.62 
0.65 

&p. 
(2) 

2.56 
2.72 
2-58 
2.57 
2.62 
2.62 
2.58 
2.66 
2.59 
2.58 
2.65 
2.58 
2.63 
2.68 
2.70 

Rep. 
(2) 

0.63 
0.64 
0.65 
0.62 
0.63 
0.65 
0.63 
0.62 
0.64 
0 .62 . .  
0.62 
0.65 
0.62 
0.61 
0.65 

Average 
Vdue 
0.62 
0.64 
0.64 
0.63 
0.63 
0.64 
0.62 
0.62 
0.64 
0.62 
0.63 
0.65 
0.62 
0.62 
0.65 



Table 6.2: Summary of experiniental runs (wakr balance cornponents) for various surface treatments 

Runoff 
Caefficient 

% 
94 
96 
93 
82 
82 
80 
88 
89 
87 
69 
71 
69 
80 
76 
77 

(S = 10%). 

Measured depression storage for surface treatments II and III, calculated storage plus infiltration 
for treatments IV and V (Le. rainfall-runoff). 

Surface 

Treatment 

1 

II 

III 

TV 

V 

Highlights of Significant Effects 

1. Surface treatment effect- 

Rainfall 

Pattern 
LMH 
MLH 
HML 
LMR 
MLH 
HML 
LMH 
MLH 
HML 
LMH 
MLH 
RML 
LMH 
MLH 
HML 

The effect of surface treatrnent on total runoff amount was found to be 

significant at the 5% level; and correspondingly 

The effect of surface treatment on water losses1 was found to be significant 

at the 5%. 

Total 
Rainfall 

mm 

3.56 

3.16 
3.20 
3.23 

3.12 

3.56 

3.56 

2. Rainfall pattern effect- 

a Variations in total runoff amount from one rainfd pattern to another were 

found to be significant at the 5% level, irnplying importance to quantification 

By rPakr losses , it mant totai volume of water rtored in depressions Cor surface treatments II and III, s t o ~ e  
plus infiltration for surface treatment IV and V. 

surface runoff, mm 
' Rep. 

(1) 
3.37 
3.37 
3.26 
2.57 
2.61 
2.58 
2.72 
2.78 
2.69 
2.48 
2.52 
2.40 
2.87 
2.74 
2.75 

Water losses: mm 
Rep. 
(1) - 
- 
- 

0.62 
0.63 
0.65 
0.35 
0.34 
0.42 
1.07 
1.04 
2.46 
0.68 
0.82 
0.81 

Rep. 
(2) 
3.33 
3.45 
3.34 
2.58 
2.66 
2.59 
2.78 
2.79 
2.74 
2.45 
2.56 
2.52 
2.83 
2.71 
2.73 

Average 
Value 
3.35 
3.41 
3.30 
2.58 
2.64 
2.58 
2.75 
2.78 
2.72 
2.46 
2.54 
1.16 
2.85 
2.72 
2.74 

Rep. 
(2) - 
- 
- 

0.63 
0.62 
0.64 
0.35 
0.35 
0.39 
1.11 
1.00 
1.03 
0.73 
0.85 
0.83 

Average 
Value 

- 
- 
- 

0.62 
0.62 
0.64 
0.35 
0.35 
0.41 
1.09 
1.02 
1.10 
0.70 
0.84 
0.82 



of the rainfd temporal pattern in a typical event; and correspondingly 

The effect of rainfall pattern on water losses was found to be significant for 

the same surface treatment. 

3. Combined effect of surface treatment and slope- 

The combined effect of surface treatment and slope on total -off amount 

was found to be significant for different surface and rainfd patterns; and 

correspondingly 

The combined effect of surface treatment and slope on water losses was found 

to be significant for various r a i n f d  patterns. 

4. Slope treatment effect- 

a The effect of slope treatment on the potential value of depression storage2 

was found to be significant at the 5% level. 

Highlights of Non-significant Effects 

1. Slope treatment effect- 

At the 5% probability level for the same surface treatment, the effect of slope 

treatment was found to be non-significant on: 

Cumulative raid&, 

Total runoff, and 

Water Ioss. 
- - - - - -- - - - 

2The potential utorage defincd by the gcometry of the &pressions. 
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2. Ra idd l  pattern effect- 

The effect of rainfall pattern on cumulative rainfall amount was found to be 

non-significant at the 5% level for the same surface treatment. 

The lack of significant variations in the cumulative rainfall arnounts offered as- 

surance in the reliability of the ra infd  simulator and the rainfall data, freeing 

consideration of impacts of various surface treatments on other key variables. 

Hydrograph Results 

Response hydrographs and cumulative storage (plus infiltration) versus time graphs 

were prepared for the experimentd nuis, and sample graphs are provided in this 

section. Figures (6.1) and (6.2) summarize the time-wise variation of ca tchent  re- 

sponse and cumulative storage with fixed surface treatment and rainfall pattern but 

slope changing. Figures (6.3) and (6.4) illustrate sample experimental results of run- 

off rate and cumulative storage respectively for a fixed slope and rainfdl pattern but 

variable surface treatment . 

Discussion regarding effects noted above and regasding other observations made 

both during experimentation anQafter analysis is presented in the subsequent section. 



Figure 6.1: 

- 0  65 130 195 260 325 390 455 
Tlme (s) 

Catchment 
slopes. 

- 0  65 130 195 260 325 390 455 
Tirne (s) 

response of various surface treatments for different rainfail patterns and 



(a\ MLH rainfall Mtem 

(c)  HML rainfall pattern 

Figure 6.2: Cumuiative stmage of various surface treatments for different rainfall patterns with dif- 
ferent dopes. 
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Figure 6.3: Catchment response of various surface treatments for differeat rainfall patterns, S = 
10%. 
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Figure 6.4: Cumulative storage curves for various surface treatments for various rainfall patterns 
and S = 10% (potential storage=9L 1 cm3). 



6.2.2 Discussion of Experimentd Results 

The mass balance, analysis of variance and time response results for the lab exper- 

iments reveal a number of points worthy of discussion. General observations and 

conclusions relating to ail the runs include the following: 

1. The slopes used for the experiments yielded essentially the same responses re- 

garding surface runoff and water loss, despite the geometry of the depressions 

(and therefore the potential volume available for depression storage) decreas ing 

significantly from 974 to 849 cm3 with increasing dope. Some literature has 

argued that depressional storages lose their effectiveness in attenuating runoff 

hydrographs as overall dope increases (Hairsine et al., 1992; Ullah, 1974). 

2. Surface tension appears to have played a significant role in infiuencing the volume 

of water held on the experimental surfaces. The runoff coefficients of 93 to 96% for 

surface treatment, 1, suggest that on the order of 0.2 mm, or a volume of 210 an3, 

of water might have been retained on the smooth surface. Visual observations 

during the experiments confirmed that considerable water was retained on the 

f l u e  surface due to surface tension effects particularly on small slopes. 

Surface Treatment Effects (in combination with rajnfd a e c t  ) 

The laboratory experiments included five different surface treatments. These treat- 

ments led to runoff responses that were significantly different in magnitude and time 

variation, due to the absence or presence of surface detention, surface depressions and 

infiltration. Key hdings regarding surface treatment effects are discussed here. 

Results of the Iaboratory r u s  for surface treatments II and III reveal a number 
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of significant effects attributable to depression and detention storage, and spatial dif- 

ferences in depression storage, in combination with various raiddl patterns. There 

was consistently more water detained on the s u r f "  and stored in depressions on sur- 

face treatment II, where the largest depressions were near the outlet than on surface 

treatment III. For surface treatment III, it would appear that the surface depressions, 

particularly upslope mes, were never completely filled during the experimentd runs, 

the final cumulative storage remaining considerably below the potentid depression 

storage available (particularly dowing for an appropriate amount of detention stoï- 

age). Again, visual observations confirmed that depressions were not d l  filled with 

water, particularly larger ones located upslope with relatively s m d  contributing areas. 

The rate at which storage accumulated on treatments II and III was also significantly 

affected by the rainfall rate, the rate being greatest at the highest rainfd rate, and 

the differences in rates of accumulation of storage (between II and III) being greatest 

at the highe& rainfâll rate. Whatever the specific reasons for these differences, it 

is clear that variations in the spatial pattern of surface depressions (even when the 

distribution of depression sizes remained the same) can significantly affect the rate of 

accumulation of stored water and the total accumulation of stored water. 
1 

When infiltration was allowed to occ-ur from some of the surface depressions, i.e. 

surface treatments N and V, the occumulated storage plus infiltration amounts for 

these runs surprisingly were not significantly greater than the accumulated storage 

amounts obtained for treatments II and III. As for II and III, the rate of accumulated 

storage plus infiltration (and the total accumulation for each run) for treatment IV 

was significantly greater than the corresponding rate (and total) for treatment V, 



once again the clifference in rates being a function of the temporal pattern of rainfall. 

Since depression storage (and possibly detention storage) was observed for surface 

treatments IV and V to continue to accumulate during the duration of the runs, often 

not becoming full by the end of a nin, it was virtually impossible to separate the 

infiltration amount fzom the stored amont. In fact, it became clear that one had to 

be careful estimating effective infiltration rates from apparent steady state response 

conditions (with fd depression storage). Table (6.3) was prepared on the basis of 

such an assumption, only to yield infiltration rates which could not be rationalized. 

Table 6.3: Summary of infiltration capacity (rnm/hr 
calculations for surface treatment N. 

I Slope 
% 

6% 

8% 

10% 

11.36 12.32 
21 -62 

LMH 
7.27 11.47 11.77 

HML 3.84 4.40 22.52 

HML 
LMH 

When an attempt was made to take into account variations in rate of accumulation 

of depression storage throughout the runs, the estimated infiltration rates became 

those in Table (6.4). It clearly remains very difficult to separate the storage and 

infiltration amounts. 

Therefore, from the Iaboratory experiments, it is clear that the spatial pattern of 

Rainfall 
Pattern 
LMH 
MLH 
HML 
LMH 
MLH 
HML 
LMH 
MLH 

3.01 
8.23 

Rainfall in tensi ty, mm/ hr 

9.0 
5.86 
8.37 
7.03 
2.95 
8.44 
7.54 

IL = 21 
9.61 

5.98 
9.10 

13.9 
6.67 
9.44 
12.46 
6.67 
10.03 
10.88 

22.86 
15.45 

- IM = 32.9 
11.19 

19.3 
23.34 
17.02 
17.92 
23.34 
15.72 
13.28 

IH = 52.9 
21.42 



Tabh 6.4: Summary of infiltration rate (mm/hr) calcu- 
- - 

lations for d a c e  treatment -W. 
Slope 1 Rainfall 1 Rainfall intensitv. mm / hr 1 
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surface depressions in combination with the temporal pattern of rainfall rate, with 

and without infiltration, can have a signifiant effect on the manner and rate at which 

water is stored and accumulated on the surface. If the specific pattern of depressions 

is known, a deterministic component might be considered for the prediction of an 

appropriate effect on response. However, in the absence sf details regarding spatial 

patterns of depressions and temporal patterns of rainfdl, and in light of the fact that 

many characteristics of the spatial pattern are scale dependent (as noted in Chapter 

5), it is likely that effects of depressions on response will have to be linked to some 

average depressional characteristic such as mean depth, with ailowance for statistical 

variability in depressions and possibly in response. 

6% 

8% 

10% 

12% 

14% 

Pattern 
LMH 
MLH 
HML 
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MLH 
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9 .O0 
6.73 
5.08 
1.24 
4.39 
2.57 
0.45 
5.70 
0.82 
4.60 
4.29 
0.48 
4.29 
4.80 
1.27 

IM = 32.9 1 Ig = 52.9 
2.47 1 9.47 
5.59 
6.28 
1.51 
3.19 
2.92 
1.17 
1.44 
1.34 
0.62 
0.62 
0.69 
0.72 
1.17 
0.31 

13.15 
12.60 
8.14 
9.51 
8.86 
7.52 
5.04 
8.17 
3 -67 
5.84 
7.79 
4.94 
4.36 
7.79 



6.3 Small-scale Field Experiments 

In the case of the smd-scale field experiment, it was hypothesized that providing 

simulated rainfall on the three micro-catchments would result in different catchment 

. responses. A main question was how much of the variability in catchment response 

from one micrcxatchrnent to another could be attributed to variability in m i m e  

topography and how much could be assigned to sorne other factors? Then, in light 

of the variability observed, a question would still rernain regarding how a hydrologic 

mode1 should be structured to capture this variability and imitate the behavior of the 

system? With such questions in mind, the experimental results are presented and 

discussed in the following sections. 

6.3.1 Sample Results of Field Experirnents 

In the smail-scale field experiment, three micreplots were considered with three dif- 

ferent antecedent soii-water conditions ranging from dry conditions to wet conditions 

to covering the surface with very thin plastic. Cornbining these surface treatments 

for each plot with three rainfdl patterns and three replications for each experimental 

run, 63 sets of rainfall-=off data were collected. The following presentation and 

discussion deals with the experimental results in a lumped way (i.e. water balance 

results) and as distributed in time (i.e. hydrograph analysis). It should be noted that, 

in the case of the plastic cover condition, only the MLH rainfall pattern was used. 



Dry condition 

One set of runs was conducted for a scxalled dry condition, with existing pre- 

experimental wetting of the surface. As was the case with the laboratory experiment, 

the ra infd  simulator nozzles were installed at 170 cm above the surface and experi- 

mentation was started on plot 1. With the low and medium rate nozzles at the same 

height over plot II, no runoff was generated. Therefore, the nozzle height was reduced 

to 110 cm. With the nozzles at this height, the experiment was conducted for all 

three plots. The first part of Table (6.5) shows the components of the water bd- 

ance equation [i.e. Equation (6.1)] measured for the various plots and ra in fd  pattern 

treatments. It should be noted that neiiher water trapped in depression storages nor 

infiltration was measured during field experimentation. 

Wet Condition 

The second surface treatment used in the course of experimentation involved having 

the soi1 surface at saturation. Under these conditions, the peristaltic pump could not 

keep up with the runoff produced with the ra idd l  nozzle at a height of 110 cm. The 

nozzle height was increased to 130 cm and experimentation for wet conditions was 

initiated. The middle part of Table (6.5) summarizes the results of the water balance 

andysis. 

Plastic cover 

Due to difficulties associated with sorting out the variability in catchment response 

from one p l ~ t  to another caused by either changes in rnicr&opogaphy and/or infilt- 

ration, the surface was covered with a very thin plastic sheet, similar to those used for 

173 



wrapping cold foods. Due to tenting and damming effects introduced by the plastic 

cover, some sort of averaging effect was introduced into the topographic pattern. Fur- 

ther, with d the provided measures, the leakage of water through seams in the plastic 

and perhaps at some edges wuld not be avoided, resulting in the plastic cover runs, 

not representing a completely impermeable surface. However, as this surface codd 

be dealt with as a distinct topographic pattern in its own right, it was considered as 

another surface treatment. 

Once again the parastaltic pump could not haadle the flow generated by the rainfd 

nozzles instded at 110 cm height. The nozzle height was raised to 130 cm and the 

results of the experimental runs for the MLH rainfall pattern are sumrnarized in the 

third part of Table (6.5). 
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An extensive analysis of variance was conducted to explore the impact of plot 

treatments, initia conditions and rainfa.ll patterns on key variables such as cumulative 

runoff amount and cumulative water loss due to depression storage and infiltration. 

Details of this andysis are pr~vided in Appendix B. A summary of key results is 

included below, and a fidl discussion is provided in Section (6.3.2). 

Highlights of Significant Effects 

1. Plot treatment effect 

Although physical characteristics relating to surface depressions were found not 

to be significantly different from plot to plot in the field (as noted in Chapter 

5), significant plot treatment effects were observed in the runoff response, and 

the nature of these effects was related to the surface and antecedent soil-water 

conditions. So, at the 5% probability level: 

0 Variations among cumulative observed runoff arnounts from one plot to an- 

other were found to be significant for both the dry and wet conditions, but 

not significant for the plastic cover condition; and correspondingly 

0 Variations among cumulative observed water losses (i.e. combined effect of 

surface storage, surface detention and infiltration) from one plot to another 

were found to be significant for both the dry and wet conditions, but not 

significant for the plastic cover condition. 

2. Surface and antecedent soil-water condition effect- 

Variations among the cumulative observed runoff amounts from dry to wet 



conditions were found to be significant at the 5% level, implying the import- 

ance of quantification of the initial state of the system; and correspondingly 

a Variations among cumulativeobserved water losses from one initial condition 

to another were found to be significant at the 5% level. 

HighIights of Non-significant Effect 

1. Rainfd pattern effect- 

Variations among the cumulative observed m o f f  amounts from one rainfall 

pattern to another were found to be non-significant for both the dry and wet 

conditions; and correspondingl y 

a Variations among cumulative observed water losses from one rainfall pattern 

to another were found to be not significantly different for both the dry and 

wet conditions. 

It is worth noting that the rainfdl simulator was not calibrated in the field for 

different rainfall patterns. Rather, results of rainfall simulator calibrations in 

the laboratory with the rainfall nozzles installed at various heights were used for 

the field experiments. Indeed, extrapolation of the rainfall simulator caiibrations 

from laboratory to field might have contributed to errors in the field plot results 

as the environmental conditions in the field were somewhat different from those 

in the laboratory. 
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Figure 6.5: Catchment response cornparison for various plots for MLH rainfdl pattern-plastic cover. 
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Figure 6.6: Catchment response cornparison for various plots for different rainfall patterns-wet con- 
dition. 
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Figure 6.7: Cumulative &rage + infiltration curves of various plots for different rainfail patterns- 
wet condition. 
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Figure 6.8: Catxhment response cornpariaon for various plots for different rainfdl patterns-dry con- 
dition. 
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Figure 6.9: Cumulative starage + infiltration curves of various plots for different rainfall patterns- 
dry condition. 



6.3.2 Discussion of Experirnentd Results 

A discussion of field plot experimental results, in light of the questions raised in 

Sections 6.1 and 6.3 dong with some explanation regarding the causes of similarities 

and clifferences in catchment response and their possible implications are provided in 

some detail in subsequent sections. 

Detention Storage 

From the portions of Figures 6.5(b), 6.7 and 6.9 for the period of times after the 

sirnulated raiddl  had ceased, it is clear that the amount of water detained on each field 

plot during the course of each m, and which subsequently drained from the surface 

by surface runoff, was dependent on the surface and antecedent soil-water conditions. 

The amounts were greatest (about 650 to 750 cc) when the plots were covered with 

plastic, somewhat less (30 to 400 cc) under wet conditions, and virtually zero under 

dry conditions. There was also some evidence that the arnount of water detained on 

the surface was directly related to the rainfd rate. For alrnost al1 experimental runs, 

regardless of initial conditions, the amount of water detained being greatest for the 

highest rainfall rate. The nature of these results were not unexpected; and it was 

important to take the magnitude of detained water into consideration when knalyzing 

other effects. 

Plot Treatment Effect 

Andysis of Variance results indicated that there were significant plot treatment effects 

under wet and dry conditions; and the response graphs in Figures 6.5 through 6.9 

confirm these results, the largest differences in response occurring under the dry 
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conditions. Taking into account that plot III may have experienced somewhat different 

pre-wetting conditions for the wet runs, possibly being inundated twice, it may be 

that only under dry conditions did the plots behave differently. Certainly for the 

dry antecedent conditions, runoff response from the three plots varied significantly, 

probably indicating the different rates that such s m d  plots can wet up and generate 

nuioff, even when the surface depression characteristics are not sigriificantly difierent. 

According to Figure (6.8), the catchment response for plot II appeared to be governed 

totally by the surface; while for plots 1 and III, the ca tchent  responses were governed 

partly by the surface and partly by rainfd. Furthemore, as Figure (6.8) clearly 

reveals, the peak values for the various rainfall patterns on the three plots lag a 

certain amount, which might be attributed to the nature of the surface storage. The 

peak for plot II had the largest lag due to the presence of a drainable micro-depression 

near the outlet. Plot 1 had the smallest lag compared to the other plots, possibly due 

to an extensive sealing process. 

During removal of the vegetative cover and sealing of the surface, it was noticed that 

the higher parts of the micro-topography (i.e. residud of vegetation) were occupied by 

cracks and large holes, and therefore the likelihood of greater hydraulic conductivities 

as confirmed in an earlier study by D u n e  et al. (1991). This apparent non-uniform 

spatial distribution of hydraulic conductivities over the surface might also be a part of 

the cause for variability in micrc+catchment response from one plot to another. In the 

field, variability in apparent or effective infiltration rates from one micro-catchment to 

another was one of the main obstacles to aa objective evaluation of eEects of wiability 

in surface micro-topography on system response. Sealing of the surface dong with 



controLling the initial conditions was an attempt to minimize the dec t s  of wiability 

in infiltration. Indeed, for such a small-scale micrc~catchment, variability in hydraulic 

conductivity from one plot to another seem to have ben more dominant than any 

other factors in shaping the timing of outfiow hydrographs. 

Sudace and Antecedent Soii-water Condition Effect 

The water balance and hydrograph results from the s m d  field plots reved some 

very significant differences due to surface and antecedent soil-water conditions. For 

example, about 69% of the input ra idd l  ran off the plastic surface; about 28% of 

the input rainfall ran off the plots under wet initial conditions; and about 17% of the 

input rainfall ran off under dry initial conditions. 

Since accumulated depression storage volumes might have been expected to be in 

the order of several hundred cm3 (from the results in Chapter 5), the accumulated 

storage plus infiltration values in the order of 5, 10 and 15000 cm3 are likely to 

reflect primarily leakage (through the plastic) and infiltration rates for the wet and 

dry initial conditions. Whatever the exact magnitude of these rates, certainly they 

were significant and significantly different. 

The accumulated storage plus infiltration curves may give some indication of the 

role of depression storage. According to Figure ( 6 4 ,  depression storage probably 

filled rather quickly (during the first 90 s), decreased a bit during low rainfall (due 

to leakage), and likely filled even further at the start of a higher rate of rainfdl. 

Figure (6.7) suggests that depression storage may have filled in 90 s to 135 s under 

initial H or M rainfd; may have emptied a small amount under secondary L rainfall 



and secondary M rainfall (although the short dips may have been drops in detention 

storage) and likely increased under tertiary H rainfd. For the case of dry conditions, 

Figure (6.9) suggests that depression storage may not have Wed very much at ail. 

The loss rates are virtually constant for each rainfd rate, suggesting very significant 

infiltration into the dry soils; and very little runoff occurred, so there was very little 

ponding . 

In conclusion, for the field plot responses, it seems that: 

There is evidence of depression storage; 

The maximum amounts of depression storage realized are Likely to have been of 

the order of magnitude estimated in Chapter 5. 

It remains difficult if not impossible to ascertain amounts of depression storage 

from runoff response done; and 

The rate and extent to which surface depressions fill appears to be a function of 

factors such as  degree of impermeability of the surface, infiltration rates under 

different antecedent soil-water conditions, and the temporal pattern of rainfall 

rates. 
6 

Again, it seems difficult to have a totally deterministic approach to characterizing 

how and to what extent depression storage affects runofT response. 

6.4 Large-scale Field Experiments 

It was acknowledged at the start of the experiments that separation of depression 

storage eEects would be extremely difficult if not impossible on the ba i s  of run- 
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off response from selected small watersheds. At this scde the temporal and spatial 

variability in rain and soi1 hydraulic properties dampen catchent  response to such 

an extent that direct effects of depression storage and surface storage in general are 

t o t d y  obscured. Yet data from this scale have been included in this study to address 

the topic of developing and applying a model with a structure appropriate for a vari- 

ety of scales, from lab flumes to s m d  watersheds. In addition, the pair-wise nature 

of the selected watersheds, with regard to different remedial measures, provided a 

unique opportunity to explore the possibility of relating different remedial measures 

to mean depth of storage over the surface, such measures directiy affecting the surface 

features of each watershed. For each watershed, temperature, rain, solar radiation, 

wind speed, wind direction and streamflow rate were extracted from tables prepared 

by BEAK Consultants (1994). Almost all data were collected on an hourly basis, 

while relative humidity was collected on a daily basis. The climatological as well as 

streamflow data covered approximately four years, from 1988 to 1992. 

6.4.1 Sample Results of Field Experiments and their Discussion 

For the purpose of the modeling exercise, discussed fully in Chapter 7, al1 hydrological 

and climatologicd data were carefdy andyzed and a few sample events during the 

period between early June and late September of each year were selected from each 

watershed for further analysis. Each event was selected in such a way that it was 

preceded by a prolonged dry period. This initial condition allowed the model storage 

component to be assumed empty at the beginning of simulation. 

In Table (6.6), characteristics of a few typicd events, dong with drainage area, 



cumulative rainfd and runoff are summarized. Figures (6.10) and (6.1 1) present 

sample results of runoff rate and cumulative storage m e s  of the same events. 

Table 6.6: TypicaI rainfall-runoff events on the selected s m d  watersheds. 
Basin Basin Drainage Rainfali Runoff Riuioff 

Date Ar ea coefficient 
Name m e  (ha) (mm) (mm) % 

test Sept. 6, 1990 435 86.3 44.76 52 
Essex 

control Sept. 6, 1990 281 86.3 51.6 60 

test July 13, 1990 410 44-9 6.2 14 
Kettle 

control July 13, 1990 348 44.9 7.8 17 

test July 8, 1990 359 60.5 5.65 9.3 
Pittock 

control July 8, 1990 378 60.5 3 -54 6 



(a) Essex, Test Watershed 

(c )  Kettle, Test Watenhed 

(b) Essex, Control Watershed 

(d) Kettle, Control Wakrshed 

(e) Pittock, Teat Waterahed (f) Pittock, Control Watershed 

Figure 6.10: Sample observed runoff hydrographs-PWS Watershed in Southern Ontario. 



(a) Easex, Test Watccshcd 

(c) Kcttle, Test Watecshed 

(e) Pittock, Test Wakmhed 

(b) Essex, Control Watershed 

(d) Ktttle, Control Watershed 

fRrw, hr 

(f)  Pittock, Contml Watershed 

Figure 6.11: Sarnple observed storage graphs-PWS Watershed in Southern Ontario. 



Visud inspection of the collected data and obsemed hydrographs revealed that: 

The watershed runoff responses resulting from distinct rainfall events were them- 

selves distinct and shôrply peaked, rising very abmptly and faUing h o s t  as 

abmptly with some t a i h g  off. 

The volumes of runofi, and the relative runoff volumes, i.e. relative to rainfd 

amount (revealed in runoff coefficient), varied dramatically from event to event 

and f ~ o m  watershed to watershed. Variations from event to event on any given 

watershed could be attributed to variations in antecedent soil-water conditions 

and stages of vegetative growth. For example, nuoff from ra infd  during spring 

months was usually significantly greater (in volume, in peak and as a percentage 

of rainfall), where the vegetativecover was sparse and antecedent soil-water con- 

ditions were relatively wet. Variations in response from watershed to watershed 

for similar rainfd events were likely due to differences in physiography. For 

example, runoff volumes and percentages tended to be greatest for the Essex 

watersheds, where soil contains a significantly higher percentage of clay. 

0 Differences in the runoff volumes and the nuioff hydrographs for the test and 

control watersheds at each of the three sites revealed effects primarily attributable 

to remedial measures implemented on the test watersheds for the management 

of runoff and associated soil erosion and non-point source pollution. 

0 The sample storage gaphs (Figure 6.11) clearly reveal that only the Essex wa- 

tersheds exhibited a significant and marked depletion from detention storage at 

the end of most rainfall events. The significant detention storage on these water- 



sheds is attributable to the less penneable clay mil, particularly in the extensive 

surface drainage ditches. 

6.4.2 Discussion of Comparative Results 

It is helpfd at this stage to discuss salient points brought out in disparate f o m  in 

w ious  parts of previous sections when viewed together. Analysis of the observed 

=off data obtained at the various spatial scdes and for various experimental designs 

revealed the following. 

Within the laboratory, moving from a smooth surface to surfaces characterized by 

various patterns of surface depressions, the system response became less replicable. 

Moving from the laboratory experiments to the field plot experiments, the system 

response became even less replicable as more environmental factors such as wind anc! 

soi1 variability were introduced. hdeed, within the lab experiments, the depressions 

were very organized in a physicd sense due to being row-wise and lacking a nested 

structure. Yet even here there were a few probabilistic components associated with 

runoff response, one of which was due to the manner in which runoff was generated on 

the surface through and among the depressions. When infiltration was added, there 

was an additional source of randdmness, relating to the way infiltration and depression 

storages interacted with each other. Some depressions held water on a permanent 

basis, while others upon drainage provided more room for further storage. In the 

field plots, the nested structure of the depressions dong with wiability in infiltration 

added more complexity into the system. When it came to the s m d  watersheds, lack 

of certainty about inputs (i.e. spatial and temporal wiability in rainfdl) in addition 



to the other factors wntributed further to the probabilistic behavior of the system. In 

general, as the size of the study area increased, the lack of knowledge and certainty 

about each system regarding quantification of input variables and identification of 

system parameters increased. The apparently hierarchid nature of randomness at 

the various spatial scdes prompted the notion of taking a holistic approach to the 

structuring of a raidd-=off model. 

Regzvding the flexibility in choosing treatments, treatments relating to overall 

slope, surface storage spatial pattern, and ra in fd  tempord pattern could be con- 

trolled in the laboratory. In the smd-scale field experiment, neither overall slope nor 

surface storage spatial pattern could be controlled; but by keeping the study area s m d  

enough, the temporal pattern of rainfall could be considered controllable. Moving to 

the large scale field experiment, alrnost none of the treatments could be controlled, 

and replicability in a statisticd framework made no sense at all. 

Variability in runoff coefficients within a particular experimentd setup and among 

the various spatial scales was another common feature of this research. The vari- 

ability in runoff coefficients in the laboratory experirnents could be easily attributed 

to seemingly known factors; and in the small-scale field experiments, explanation of 

sources of variability in nuioff coefficients was still possible to some extent. However, 

for the small watersheds, the variability in coefficients could be attributed oniy to a 

wide variety of sources, including climatic parameters such as spatial and temporal 

variability in precipitation and temporal dependent parameters such as percent cuver, 

soi1 soil-water balance and farm management. 

Difficulties involved in partitioning water loss between depression storage and in- 



filtration was another common problem in this research for the range of spatial scales. 

Among other things, it was found that the manner in which storage filled with time 

was a function of position of depressions, rainfall rate and also infiltration rate; and 

without detailed knowledge of each component, such partitioning was hast im- 

possible. 

On one occasion, the response from lab surface treatment IV and the response 

from small field plots covered with thin plastic were found to resemble each other 

for the MLH rainfd pattern. This similarity in catchment response somehow related - 

to the nature of 0ow on each surface. When the field plots were covered with thin 

plastic, direct observations noted that droplets of water merged to create droplets of 

increasing size, similar to w hat happened in the laboratory experiments. Furthermore, 

leakage from overlapping parts of the plastic cover resembled drainage from sorne of 

the depression storages in the laboratory setup. For both the laboratory and smdl 

field plot cases, the contribution to storage during low rainfail intensities was minimal 

as can be seen in Figure (6.12). 

In response to the question: Can, and how c m ,  results obtained at one scale be 

effectively used at another scale (at least on a qualitative basis)?, the following points 

are noteworthy: 

For the small-scale laboratory experiments, given the temporal pattern of rainfdl 

in advance, it was found that temporal resolution of the runoff measurement 

facility could not be selected arbitrarily. A direct implication of this finding is 

that the temporal scale of r u o f f  and the spatial scale of the study area could not 

be selected independently, as they are highly interconnected. 
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(a) Surface treatment N 

m m *  8 

(b) Plastic cover 

Figure 6.12: Cornparison of cumulative storage curves for laboratary and field experiment, MLH 
rainfall pattern 

0 At the small scdes (both laboratory and microplot), quantification of the tem- 

poral pattern of rainfall was found to be quite important, directly affecting the 

timing of the runoff hydrograph. At the small watershed scale, the effect of the 

temporal pattern of rainfd is less since the routing of runoff through channel 

storage smoothes out the runoff response. At the watershed scale, the spatial 

pattern of rainfd may be more important than the temporal pattern. 

0 Antecedent conditions were very important at al1 scales. Their description and 

the manner in which they affected response were much more easily deah with at 

the lab and small field plot scales. At the watershed scale, its quantification is a 

major obstacle in objective evaluation of rainfd:runoff models. 

Surface treatment was dso important at al1 scales. For the lab scale, it was 

relatively easy to identify the treatments and their effects on runoff response. 

For the small field plots, it was less easy to quantify the treatments, dthough 

the effects were clear. For the s m d  watersheds, the surface treatments could be 



named (Le. remedid measures) , but not quantified, and investigation of effects 

is not a simple task. 



Chapter 7 

MODELING STUDIES 

7.1 Introduction 

The sets of rainfall-runoff data collected and analyzed at a range of spatial scales, 

including the s m d - s d e  laboratory experiment, the smd-scale field experiment and 

the small watersheds, provided much valuable information for a consideration of ques- 

tions such as the following: How can rainfd-nuioff models be structured to take into 

account deterministic and statistical characteristics of depressions? Can results from 

model studies conducted at one scde prove to be useful as input to studies at other 

scales? In other words, con, and how can, mode1 results obtained at one scale be 

effectively used at another scale (at least on a qualitative bais)? Such questions are 

addressed in this chapter in light of modeling studies conducted over the range of 

spatial scales dealt with earlier in the thesis. 

It may be informative to summarize the main points of previous two chapters with 

regard to model building as far as depression storages are concerned. Extensive ana- 

Iysis of pond prompted the idea that many of the characteristics of depression storages 



were scale dependent which made deterministic representation of their spatial pattern 

an impossible task; observation of catchment response from depressiond qeas  added 

more probabilistic components, even for a Mly-controlled situation of Iaboratory ex- 

periments. Generation of runoff through and among the depressions in a random way 

and interaction between infiltration and surface storages add more complexity to the 

model-building process. 

In this chapter, two possible approaches to the structuring of rainfdl-runoff models 

are considered in some detail. The first approach, an electrical analogy, is applicable 

to a hypothetical example; the second approach, a holistic type analogy, applicable to 

some of the data sets presented earlier for a range of spatial scales. Advantages and 

disadvontages of each approach are included in the discussion of results. 

7.2 Identification of Stores 

As was emphasized in Section (2.9.6), for a redistic simulation of watershed response 

in a distributed manner, a conceptual hydrologic mode1 must account for the rate of 

accretion to and depletion from each depression storage. Up to nomr, identification of 

stores-for the purpose of delaying and routing water flux in each store-has been 
6 

mainly concerned with conceptud stores. In considering the whole watershed in terms 

of conceptud store, the modeler has assumed that a linear or non-linear reservoir acts 

as a routing component, and that a linear or non-linear channel acts as a lagging or 

delaying component. The modeler has not been concerned about the spatial loca- 

tions of such conceptual stores or about their intenelationships (Dooge, 1959; Sug- 

awara, 1961). At most, in some of the conceptual rnodels, the effect of ca t chen t  



configuration was introduced by incorporating the s-called area tirne-' vs. time 

curve (Dooge, 1959; Laurenson, 1964), while some "distributed type" models, have 

assigned conceptual stores to grid squares or other spatial units and thus have dealt 

with those elements in a spatial context. If the reproduction of ninoff at the mouth 

of a nonvarying-configuration watershed is the main objective in a modeling exercise, 

then perhaps there is no need to be concemed about intemal interrelationships among 

depression storage components. However, if an objective is to search for source areas 

or assess the sensitivity of overland flow to the spatial distribution of depression stor- 

age under different conditions of rainfd, infiltration, land use changes, depth to water 

table and so on, then there may be a need to think more specifically in terms of the 

physical nature of depressional storage. 

It is clear that the response of pixels belonging to surface depressions is different 

from the response of pixels not in depressions. That is, assuming that the surface 

soi1 profile is at a saturation state at the beginning of a rainfd event, only those 

portions of the landscape which do not involve depressions generate ninofT. As the 

ra infd  continues, s m d  depressions become filled up, and part of the surface area 

under depressions starts contributing to runoff. With further passage of time, larger- 

sized depressions are filled up and begin to contribute to nuioff. This process will 

continue until practicdy al1 the area of depressions contributes to nuioff, the areal 

increase occurring in a stegwise manner (Moore and Larson, 1979). As a result, 

it would seem to be crucial to attempt to physically characterize depression stores. 

Figure (7.1) shows a schematic arrangement of stores for a typicd hill-slope. 



Figure 7.1: Schematic arrangement of stores in a typical Mi-dope 

7.3 Mathematical Formulation-Electrical Analogy 

From the point of view of an electrical analog, each depression storage can be r e p  

resented by a capacitor, and the Channel connecting two depression storages in a 

particular direction can be represented by a resistor. Ln this way, the whole system 

can be simulated by an RC circuit network. Each resistor in the RC network r e p  

resents the resistance to flow in one specific direction across opposite extremities of 

the area associated with that resistor. The resistors therefore simulate the energy- 

dissipating or damping characteristics of the origind field. The capacitors, on the 

other hand, represent the energy-storage properties-in this case, potential energy. 

The mathematical formulation of the problern in terms of electrical terms demands 

the specification of a number of items, as presented below. 

System Configuration 

When the landscape is conceptualized in terms of a discrete number of reservoirs and 

conduits, the system can be represented by a number of depression storages and their 

associated connecting conduits in the x and y-directions, Figure (7.2). Figure (7.3) 



illustrates a typical node with its associated resistors and capacitor for the cases of 

bot& non-leaky and leaky depression storages. 

Q(t) 

Figure 7.2: Typical network of reservoirs and conduits. 

ta1 Cb! 

Figure 7.3: A typical node (a). Non-leaky capacitor (b). Leaky capacitor. 

System Field Parameters 

The system field parameten consist of channel resistances in the x and y-directions, 

the capacitance for each node, and the resistance associated with each leaky capacitor. 

These parameters can be defined as follows: 

202 



Channel resistance in the x-direction 

Defming RX(i ,  j )  as the resistance of the charme1 connecting nodes (i, j )  and 

(i + 1, j ) ,  the resistance matrix in the x-direction is: 

Channel resistance in the y-direction 

Defining RY (i, j) as the resistance of the Channel connecting nodes (i, j )  and 

(i, j + l), the resistance matrix in the y-direction is: 

Subsurface resistance associated with each depression 

Defining RG(i, j) as the resistance of the leaky capacitor at node ( 2 ,  j ) ,  the 

resistance matrix associated with the whole network is: 



4. Storage coefficient of each capacitor 

This coefficient can be considered to be either constant or a function of the voltage 

level of the capacitor at each node. In the case of variable capacitance, the shape 

of each depression can be easily simulated. With reference to implications drawn 

from the pond analysis in Section (5.8.1) and other studies in the literature and for 

a landscape that has not b e n  dishrbed, then the geometric shape of depressions 

follows a set pattern which cm be explained in terms of fractal geometry. On 

this basis, one can assume that c = avb, where c is capacitor coefficient, v 

is voltage level across the capacitor, a and b are intercept and slope of power 

law relationship. Coefficients a and b remah the sarne from one depression 

(capacitor) to another (Haan and Johnson, 1968; Ullah, 1974). 

System State Variable 

0 v ( i ,  j, n - 1) : Voltage of node (i, j) at the beginning of time step n 

0 v( i ,  j, n) : Voltage of node (i, j )  at the end of time step n 

OX( i ,  j, n) : Outflow from node (2, j )  in the x-direction during time step n 

OY(i ,  j, n) : Outflow from node (i, j) in the y-direction during time step n 

TO(i, j, n) : Total outflow from node (i, j )  during time step n 

T l ( &  j, n) : Total inflow to node (i, j) during time step n 



System Initial Conditions 

Numerical simulation of any field problem requires the specification of initial condi- 

tions. Here the voltage level at each node (Le. the voltage across the capacitor) must 

be specified at the beginning of each simulation, i.e. v(i, j, 0) is known everywhere 

throughout the domain. 

System Boundary Conditions 

Defining a series of fictitious nodes along x = O and y = 0, the boundary conditions 

take the following forms: 

Along x = O (left side) 
OX(0 ,  j,  n) = O 

where OX(0 ,  j, n) is the outflow from fictitious node (O, j) to node (1, j) during 
time step n. 

Along y = O (top side) 
OY (i, O, n) = O 

where OY ( i ,  O, n) is the outflow from fictitious node (i, O) to node (i, 1) during 
time step n. 

Along x = L (right side) 
O X ( I ,  j, n) = O 

Along y = M (bottom side), the condition is determined by simulation. 

1 

Interna1 Distributed System Excitation 

Interna1 excitation due to direct rainfall is proportional to rainfdl intensity times 

the contributing area associated with each depression. This excitation is applied at 

each node (i, j) during time step n. Regarding the spatial and temporal variability of 

rainfall, four different situations can be considered as follows: 



1. Constant rainfd with regard to both space and time 

2. Constant rainfall w.r.t space, but variable w.r.t. time 

3. Constant ra in id  w.r.t. time, but variable w.r.t. space 

4. Variable rainfdl w.r.t. both time and space. 

S ystem Physical Constraints 

As was emphasized in previous sections, each depression does not contribute to ruoff 

until such time as the depth of water in that depression exceeds the ovedow depth 

(pour depth). This threshold imposes a physical constraint on the RC network. 

Defining a breaking voltage for each node, the above constraint simply means that 

the voltage level at each node is not responsible for induced current, but the net 

voltage beyond the breaking voltage is responsible for induced current. The breaking 

voltage is a matrix corresponding to the ovedow depth at each depression, i.e. 

As the depth of water in each depression cannot exceed a certain Iimit dictated 

by the detention depth, the voltage level at each node will have a maximum value 

corresponding to the maximum detention depth. Again, the maximum voltage level is 

a matrix with its elernents corresponding to maximum detention depths plus ovedow 

depths. It worths noting that in hydrological system, Manning equation serves to link 





where vo is the voltage for the node under consideration. Rearranging te-, 

Equation (7.4) is the finite difference form of the diffusion wave equation. With the 

identification of boundary and ini tid conditions and dso field paramet ers ( res i s t ance 

and capacitance coefficients) for the whole network, Equation (7.4) can be solved 

subject to the cited physical constraints. Based on the defmition of current through 

a resistor, one can mite the component of outflow from each node as follows: 

Outflow from node (i, j) in the x-direction: 

Outflow from node (i, j) in the y-direction: 

ü(i, j, n) - û(i, j + 1, n) 
OY (i, j, n) = 

R Y W  

where, for example, ü(i, j, n) is the net average voltage level during time step n, defined 

as: 

Total outflow from node ( i ,  j), taking into account leakage from the capacitor is: 



Total i d o w  to node (i, j), including direct rainfd,  is: 

TI(& j , n )  = OX(i  - l , j ,n)  +OY(i ,  j - 1,n) + Ruin(i, j,n) (7-9) 

After expanding the right hand side of Equation (7.4) in finite difference forrn: 

It is clear that u(i, j, n) appears on both sides of Equation (7.10). As a result, an 

iterative approach must be adopted to determine the voltage level at the end of each 

time step. 

7.4 AnaIogy Between Electrical and Hydrological System 

Generally speaking, each parameter and variable in the electric analog proposed above 

should correspond to a parameter or variable in the hydrological system (Karplus, 

1958). In order to design an electric circuit which reasonably relates such an elec- 

trical system to its hydrological couterpart, and also makes amilable the solution of 

the problem in a reasonable length of time, it is necessary to select scale factors. These 

scale factors are conversion constants relating the corresponding prvameters and vari- 

ables in the two systems. A summary of analogous relationships in the electric and 

hydrologie systems is presented in Table (7.1). These analogous quantities include 

three dependent variables, two field parameters and the independent time variable. A 

scale factor must be selected to relate each of these analogous quantities. These scale 

factors are not independent, but are related by three basic equations. In the case of 



the electrid system, these equations include the following: 

Sirnilar relationships exist for the hydrologic system. It is apparent, therefore, 

that only three of the six scale factors relating the hydrologic system to the electrical 

system can be independent. It is also apparent that the three independent scale factors 

cannot be chosen arbitrarily. For example, basic scale factors relating current, charge 

and time in the electrical system to the correspondhg variables in the hydrological 

system would not constitute an independent set, because al1 three of these quantities 

appear in the first of the preceding three equations. 

To assure complete independence of the basic scale factors, the quantities in Table (7.1) 

can be divided into two groups: the first including tirne, resistance and capacitance; 

and the second including voltage, charge and current. A basic requirement of the 

scaling process is that two scale factors be selected from the first group and that only 

one be selected from the second group. 

The three basic scale factors are defined as 



where the subscripts e and h refer to the electrical and hydrological systems. Rela- 

tionships between the other parameters and variables of the two systems in tems  of 

- 1, m and n can be derived by dimensional analysis and are induded in Table (7.1). 



Table 7.1: Cornparison of analogoua quantitiee in electrical and hydrological eystem 
Parameter or 

variable 
Acrosa variable 

Through variable 
Integral of through variable 

Time 
Dissipating or damping par. 

Pokntial energy res. 

Electrical 
Description 

Voltage 
Current 

Stored charge 
Tirne in eh.  circuit 

Resistance 
Etectrical capacitance 

Scale 
factor 

Au= lAz 
i = -!-oh 
qc =-;vh 
t ,  = nih 

&=mnRb 
Ce = 2 

H ydrological 
Symbol 

Au 
i 

q, 
1 , 
R e  

Ce 

Description 
Elevation diff, 

Discharge 
Volume 
Tirne 

Channel resistance 
Depression Storage area 

Unit 
Volt 

Ampere 
Coulomb 
Second 
Ohm 
Farad 

Symbal 
Az 
Qh 
V 
t h  

R h  

Ch 

Unit 
meter 
- ma 1 

m3 
h r 

m2 



7.5 A Hypothetical Example 

S ystem Configuration 

In order to check whether the methodology proposed in the preceding section can 

satisfy expectations relating to the hydrologie system, a simple example is provided 

in this section. Figue (7.4) illustrates a system configuration dong with directions 

of overland flow from one depression to another. 

Figure 7.4: System configuration. 

Field Parameters 

The field parameters for the above configuration are: 

3 1 2  

5 3 1  



In the following simulation exercises, the three depressions near the outlet are given 

a generic name according to ranking of their capacitance values. Thus, node (2,3) is 

referred to as s m d  depression, while node (3,3) is called large depression. 

Breaking Voltage 

The minimum voltage level corresponding to each depression storage is given by the 

mat rix, 

Maximum Voltage level 

As was mentioned before, the voltage level at each node cannot increase without lirnit. 

In this example, it was assumed that the maximum voltage level corresponding to the 

maximum detention depth had a constant value of 25 units everywhere within the 

system. 

Initial condition 

The voltage level in each depression was considered to be zero at the start of simula- 

tion. 



Boundliry conditions 

Flow along the left, right and top boundary of the test area was considered to be zero 

(Le. neflow-at-boundary conditions). 

The rainfall input was considered to be constant with respect to both time and space. 

Its base value for subsequent simulation runs was 175 unj ts  and lasted for 0.2 second 

corresponding to ten tirne i n t e d s  (Le. At = 0.02 s). 

7.6 Simulation Run 

With a rainfall intensity of 175 units and the base values selected for other input 

parameters, the mode1 was run and the results summarized in Figure (7.5). As ex- 

pected, outflow from depressions with high storage capacity is not only delayed, but 

also attenuated to a certain extent, while outflow from depressions with low storage 

capacity is peaked without any delay. 

Micro-Catchment Hydrograph 
Orrtfrow /mm difleten! dtpnssions 

Figure 7.5: Micro-catchment outflow hydrograph for nodes (1,3), (2,3), (3,3). 
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7.6.1 Scale Issue in the Proposed Methodology 

The outflow hydrograph from the whole surface is shown in Figure (7.6). Based on 

the model structure proposed in this methodology, there is a strong justification for 

minor peaks such as those occurring in the micrecatchment hydrograph. In essence, 

runoff from upslope contributing areas are utilized to fil1 the depressions near the 

outlet. As soon as depth of water in those depressions exceeds ovedow depth for the 

corresponding depressions, they will start to contribute to runoff while at early period 

of runoff generation, there are no contributions from those depressions. Conventional 

rainfall-runoff models do not often yield such minor bumps in outflow hydrographs 

for s m d  scale catchments like the one considered in this example, rnainly because the 

model does not accommodate such phenornenon in its structure. 

One important aspect of the proposed methodology is its scale independence. That 

is, the model works at a range of scales provided the data resolution is consistent with 

that scale. Therefore, such a model opens up the possibility of addressing the issue of 

dominant processes at a range of scales. It may happen that for a small scale micro- 

catchment, surface resistance has a dominant effect on shaping the runoff hydrograph; 

while at a larger scale, surface resistance may have a minor effect and surface storage 

components may shape the moff  hydrograph. Furthemore, questions such as what 

happens if a large depression is located near the outlet can be addressed by this 

methodology very easily. 



- - - . . - - - - - - .- 

Micro-Catchment Hydrogaph 

Figure 7.6: Totd outflow from the micrwcatchment. 

7.6.2 Effects of Storage Capacity of Each Depression 

When the storage capacity of a depression near the outlet was increased significmtly 

(i.e. 2.5 x larger), outflow from that depression was greatly altered, as shown in 

Figure (7.7). Moreover, the shapes of hydrographs from other depressions can also be 

affected, the nature of the effects being related somewhat to the relative positioning 

of the large depression. To further explore the relative positioning of the large depres- 

sion on outflow response, the storage capacity of a depression distant from the outlet 

was increased. Outfiow from the individual depression near the outlet was changed 

and the minor bump in lumped response of the catchment disappeared completely. 

Figure (7.8) clearly demonstrates the lumped and individud responses for this scen- 

ario. The dramatic change in the shape of catchment response caused by changing 

the relative positioning of large depression implies the importance of consideration of 

actud pattern of depressions for this hypothetical scenario. 



1 Micro-Catchment Hydroguph 

Figure 7.7: Effects of d a c e  storage cornponents on outflow hydrograph. 

1.6.3 Effects of Channel Resistance 

When the resistance of channel connecting node (2,2) to (2,3) was increased, it was 

found that the outflow from node (2,3) was diminished. Figure (7.9) surnmarizes 

the results of this simulation run. Moreover, the shapes of hydrographs from other 

depressions were also affected due to a change in resistance coefficient of a particular 

channel. To further explore the impacts of channel resistance in different positions, 

channel resistance of a channel distant from the outlet was altered. Figure (7.10) 

clearly illustrates the impact of such a change implying that the effect somehow related 

to the relative positioning of the changed chamel resistance. 

7.6.4 Effects of Initial Condition 

As mentioned before, the rainfdl intensity for a l l  previous simulation runs was 175 

units for a specified period and the voltage levei in each depression was considered 

to be zero at the start of simulation. When the rainfdl intensity was decreased 

to r = 75 units, it was found that the outflow from nodes (1,3) and (3,3) were 



(a) Lumped rcaponse 

f 

Micro-Catchment Hydrogrqh 
Totd outflow fiom the catchment 
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(b) Component mponne 
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Figure 7.8: Outflow hydrograph for changed position of one large depressions. 

diminished to zero, as can be aeen in Figure (7.11). In essence, the rainfall amount 

was not enough to satisfy depression storage demand for their contribution to runoff. 

When the voltage level in each depression was increased to 100 units (i.e. change of 

initial condition), then the outflow hydrograph for those depressions did appear even 

for rainfall intensity as low as i = 25 uni ts  (for the same time period) as could be 

seen in Figure (7.12). 

7.6.5 Capability of the Mode1 

At first, it has to be said explicitly that this electrical model-was not meant to actually 

be applied to a watershed but rather be used to explore the relative roles of resistance, 

capacitance and perhaps leakage along with their relative spatial positions on catch- 

ment response. Further, results of simulation nins given in previous sections clearly 

demonstrate that investigating the relative roles of resistance, capaci tance and per- 

haps leakage along with their relative spatial positions on catchment response should 

be done in ways that are consistent with data resolution and also the way the mode1 



Figure 7.9: Effects of chamel resistance on outflow hydrograph. 

was stmctured to utilize those data. In other words, the model structure should have 

room for incorporation of change in channel resistance, depression storage capacitance 

and its subsequent effect on catchment response. In a majority of cases, either the 

data needed to support the model structure are not available or the model structure 

could not accommodate the data available. In either case the data resolution and 

model structure should interact and be consistent with one another. For example, the 

electrical analog could accommodate actual spatial locations of depression storages. 

As a result, it is feasible to investigate the impact of the relative spatial positions 

of depressions on catchment response. However, if a model structure is based on 
s 

statistical pattern of depressions, then explicit investigation of the impact of relative 

spatial location of depressions is not considered feasible. 

Another major capability of the model is that it is not only possible to determine the 

runoff hydrograph at the outlet of the micro-catchment, but also to output the runoff 

hydrograph at any point within the catchment or the water leve1 at any depression 

within the micro-catchment. It is also possible to map contributing areas at any 



(a) Lumped ccsponse (b) Cornponent rtsponse 

Figure 7.10: Outflow hydrograph for dNerent position of resistive elements. 

instant during the course of a rainfall event. Figure (7.13) illustrates the time variation 

of voltage level at node (2,3). The cuve consists of three segments. The rising part 

of the curve corresponds to rising limb of actual hydrograph, while the flat part 

corresponds to a steady state situation implying that the response is governed by 

ra infd  for that segment. Finally, the recession part corresponds to depletion of 

detention storage over the surface. 

7.6.6 Discussion of Mode1 

Application of electricd analog on a hypothetical example and the obtained results 

provided an opportunity to touch on some of the salient features of both small-scale 

laboratory and field experiments. The following points must be noted in this regard: 

Cornparison of both lumped and time-wise variations of response for surface 

treatments II and III (see Section 6.2.2) clearly revealed that due to difFerent 

spatial pattern of depressions for these two surfaces, the response was signi- 



1 Micro-Cutchment Hydrogrph 

Figure 7.11: Effects of rainfd intensity on outflow hydrograph. 

Micro-Catchment Hydrograph 
Uutflow from difl'ent depressions 
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, EKect of initiai Condition 
I - Smdl 

Figure 7.12: Effects of initial condition on outflow hydrograph. 

ficantly different. Application of electrical analog on different spatial pattern of 

depressions and subsequent results clearly confirmed the laboratory experimental 

observation. 

While delineation of de pression s torages over the fiberglass surface suffers from 

a few pitfdls including la& of nested stmcture, being row-wise and independent 

from the size of the study axa, its electricd counterpart dso have a few similar 

pitfails including the need for previous designation of direction from one depres- 



Voltage kvel Vwiation 
at Nodc (2,3) 

Figure 7.13: Variation of voltage level at node (2,3) with tirne. 

sion to another and also assignrnent of maximum voltage !evel at each node which 

are not consistent with its physical counterpart. 

For both laboratory and field experiments, separation of infiltration from de- 

pression storages was found to be extremely difficult if not impossible. Modeling 

of infiltration (i.e. leakage from capacitance) in electrical analog shares sim- 

ilar concerns. While in hydrological system, upon passage of time, infiltration 

approached steady state condition, leakage from capacitance is directly propor- 

tional to voltage level across the capacitance, i.e. the higher the voltage value, 

the higher the leakage rate implying that the two systems are not consistent in 

this respect. 

In smd-scale field experiments, initial conditions were found to have a significant 

effect on ca t chen t  response. Application of electricd analog with different 

initial conditions clearly confirmed the above hding. 



While, the use of an electrical analogy to simulate hydrologic response is quite 

attractive and also very easy to understand, it sders from shortcomings associated 

with assumptions of linearity. That is, the relationship between cause and effect in 

an electrical system is linear (Ohm's law), while this relationship is not necessarily 

linear in the case of a hydrological system (Shen, 1965). The governing equations of 

an electrical system couid be nonlinear with regard to field parameters, but they are 

linear with respect to state variables. The governing equations of a hydrologic system 

are not only nonlinear with respect to field parameters but also nonlinear with respect 

to state variables. In deriving the governing equations for the electrical system, there 

is no need to link Ohm's law to Kirchoff's current law by an ernpirical equation, but 

to assign the maximum voltage at each node. However, in the case of a hydrologic 

system, one has to introduce a weak link (e.g., Manning equation) in order to create-a 

combination of the continuity and momentum equations which is arnenable to solution. 

Another shortcoming is the issue of time hg. For the case of the electrical system, 

application of even a localized excitation causes sudden effects to appear everywhere 

within the system; while for the case of a hydrological system, it can take considerable 

tirne to establish flow everywhere within the system. 

In addition to the linearity and time lag issues, a number of other assurnptions 

have been made in constructing the model. One of the more obvious is that ra infd  

is applied only onto the surface area of each depression and infiltration occurs only 

under the depression. These assurnptions imply that the time of t rave1 of water from 

the time it enters a depression until it appears at the catchment outlet is much longer 

than the time of travel from the instant rainfd strikes the ground until it reaches a 



depression. 

Due to the above cited shortcomings, in the next section, a more holistic type 

approach is developed to be applied to the hydrological system directly at a range of 

spatial scales. 



7.7 Decision on Model Structure 

To further address the question of how to structure a hydrologie model, having a place 

for depression storage, including even some treatment of the spatial pattern of such 

storage, three alternative approaches were considered: 

a A method of analytid mechanics, i.e. a physically-based distributed parameter 

approach (i.e. deterministic approach); 

A method of statistical mechanics, i.e. a stochastic approach; and 

a A holistic approach, i.e. a method somewhere in between a totally deterministic 

and a totally stochastic approach. 

Unfortunately, in many fields of enquiry including hydrology, the key problems do 

not fall within the scope of either ana.lytical mechanics or statistical mechanics (Dooge, 

1985). In the case of catchment hydrology, the watershed can be treated neither as 

a large number of objects which are independent of each other (Le. unorganized 

complexity) nor as a well-defined system in which the relationships between various 

components are fully established (Le. organized simplicity), but rather somewhere 

in between with a relatively high degree of complexity dong with some degree of 

organization. 

The availability of a body of knowledge in hydrological science on one hand, and the 

inherent self-organization in some hydrological processes such as depression storage 

on the other hand, favored the rejection of a totally stochastic approach in stmcturing 

a rainfd-runoff mode1 for this project. As for a totally deterministic approach, the 

Control Volume-based Finite Element Method (CVFEM) was considered seriously. 
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Four major advantages of this numericd method can be summarized as follow (Bdiga, 

1996): 

Its formulation is amenable to easy physical interpretation; 

Its solution satisfies both local and global conservation requirements even on 

coarse grids; 

It provides the geometric flexibility that is traditionally associated with Finite 

Element Methods (FEMs); and 

Each depression could be treated as a control volume. 

LANDFLOW (Gottardi and Venutelli, 1997), a Fortran program with coding 

based on CVFEM, was tried and made operational. However, in the end, adopting a 

totally deterministic approach was rejected due to the existence of many unresoived 

problems such as the uniqueness issue, the parameterization issue, the numerical diffu- 

sion and dispersion issue and hypothesis testing issue, al1 rnentioned in the li terature 

review. As a result, an intermediate secalled holistic approach was tried, incorpor- 

ating much of what has been learned from both andytical and statistical mechanics 

in such a way that hypotheses incorporated into the mode1 structure could possibly 

be verified independently (Dooge, 1985). In Chapter 2, Section (2.9.1), the phrase 

"grey box approach" was assigned to this method to indicate an approach somewhere 

between a black box and a white box approach. In what follows, some background is 

provided to pave the way for the chosen approach. 



7.8 Two Main Processes in Rainfdl-Runoff Modeling 

In the past 100 years, many efforts to model the way that rainfall is converted to 

runoff have been reportedon. A common f o m  of model is a network of nodes r e g  

resenting conceptual storages within the catchment, with the directed links between 

the nodes representing pathways by which water is transmitted from one storage to 

another, indicating flux to the catchment outlet as 'measured' s t r e d o w ,  to the at- 

mosphere as evaporation (including transpiration), or to losses from the catchment 

by deep percolation. The processes of storage and transmission have been deah with 

by "lagging and routingn, "convection and diffusionn, and use of continuity and m e  

mentum equations. There is now evidence that storage and transmission, and the 

response discharge at w ious  spatial scales are self-organized and can be considered 

to be fractal objects. Some background regarding the self-organization of storage, 

transmission and discharge processes is provided in what follows. 

7.8.1 Storage Processes 

For the sake of the present research, some physical stores as opposed to conceptual 

stores were considered. One basic candidate for a physical store is depression storage 

over the ground surface. These geometric configurations are a direct resuit surface 

topography structure (i.e. point elevation) and are, in turn causes of self-organization 

for other key hydrological variables in a typical watershed (Huang and Bradford, 

1990a; Huang and Bradford, 1992; Tarboton et al., 1988). Quite interestingiy, for 

chmacterization of depression storage, each depression storage was envisioned as a 

container with the following geometric features: 



Measure of length, such as the maximum depth of depression; 

O Measwe of area, such as the surface area of the depression at the pour point and 

the potentid contributing area for each depression; 

O Measure of volume, such as the volume of depression at the pour point; and 

a Frequency of ocwrence of the above featuies. 

Referring back to the results of the pond analysis and its implications cited in 

Section (5.8.1), and also the pioneering work of Ullah (1974), it was found that the 

inter-relationships among the above measures can be explained by power law rela- 

tionships, and hence they cm be considered to be fractal objects. 

7.8.2 Translation processes 

Extensive research was conducted in Australia and elsewhere during the 1960s and 

1970s to delineate isochrones of travel times and the distribution of flood storage. 

Pioneering work to address this issue was conducted by Pilgrim (1966a; 1966b; 1976; 

1977). Pilgrim (1977), in his concluding paper, introduced six parameters to explore 

relationships with time of travel: 

Parameter 1 

Parameter 2 



Parameter 3 

Parameter 5b 

where li = length of reach; si = slope; r h  = hydraulic radius; n = Manning's roughness 

coefficient; L. = distance to the point dong the stream from the source of the strearn 

on which the point lies; O, p = subscripts referring to the watershed outlet and the 

point considered; and m = exponent in parameter 5a or 5b. 

Al1 except parameter 5b is expressed as the summation over al1 reaches of the 

streams from the point considered to the watershed outlet. 

Parameter 1 implies a constant velocity throughout the watershed for any given 

runoff event. Research conducted by Pilgrim (1977) has indicated that despite de- 

creasing slopes, average velocities tend to remain constant or to increase slightly in 

a downstream direction in a given river system. The combined effects of hydraulic 

radius and roughness are assumed to be the same for ail reaches in parameter 2. Some 

measure of stream length divided by slope to a power in the order of 0.5 has been 

used successfully in many correlations of time parameters (such as lag time) between 



watersheds. Parameters 3 and 4 are based on the Manning equation. As hydraulic 

roughness is difEcult to estimate, n was omitted from parameter 3, while it was re- 

tained in parameter 4 for the sake of completeness and cornparison. Parameter 5 is 

based on hydraulic geometry relationships and takes account of increases in velocity 

in the downstream direction. 

In summary, based on extensive collected data sets, Pilgrim (1977) demonstrated 

that the 

ships in 

variation of travel time with various cited parameters exhibit linear relation- 

log-log space, indicating relationships of the form: 

travel time = a(parameter)b 

Relationships of this type are an indication of the fact that translation time exhibits 

fractal behavior and the laws of fractal geometry are applicable. Although the spatial 

scale of the above findings was limited to in-channel processes, one can safely argue 

that the same idea is applicable to hill-slope processes as well. 

7.8.3 Power-law Distributions of Discharge 

One of the main obstacles to understanding surficial hydrologic processes has been 

the high spatial variability of surface features in river basins to which those processes 

are intimately linked. River runoff is a key flux in climate systems. It occurs over a 

wide range of spatial scales, from a micrescale of 1 x 1 m to the hill-slope through 

to the mesoscale of drainage basins, to the macrescale of continents. In the early 

1990s, a group of well-honored hydrologists met to outline research topics for future 

consideration in hydrological science (Opportunities in the Hydrologie Sciences, 1991). 



An excerpt of the2 agreed document deserves to be mentioned here: 

The search for an invariance property across scales as a basic hidden order 

in hydrologic phenornena, to guide development of specific models and new 

efforts in measurements, is one of the main themes of hydrologic science 

( Opportunities in the Hydrologie Sciences, 1991) [p. 1971. 

Based on extensive field work on overland flow at a hillslope scale, Emmett (1978) 

found that for either turbulent or laminar flow, the relationship between discharge per 

unit width and depth codd be expressed as: 

where q = discharge per unit length; D = flow depth; K = roughness factor and M 

is the exponent for depth and reflects, in part, the degree of turbulence. The value of 

M is 1.67 for fully turbulent flow and 3 for fully-laminar flow. Thus, with increases 

in discharge, depth increases more rapidly in turbulent flow than laminar flow. For 

mixed flow, which Horton postulated to occur in nature, values of M would range 

between these two extremes. Recently, Rodriguez et al. (1992) explored the same 
8 

type of relationship for mass discharge and energy in river systems. The above power 

type relationship implies that discharge is dso  a fractal process, and actual cumulative 

river discharges are aggregations of smder discharges. 



Figure 7.14: Point representation of nuioff production 

7.9 Mathematical Formulation-Hydrological Analogy 

In response to the question of whether the actuai spatial distribution of storages 

or their statisticd distribution should be considered in structuring a rainfd-nuioff 

model, one may argue that these storages manifest themselves at a range of spatial 

scales, and since the number of depression storages approaches infinity, consideration 

of actual storage units seems nonsensical. Since the average depth of depressions for 

a specified study area is the most stable parameter with regard to grid spacing (as 

shown in Section 5.6), the process of runoff generation at any point within a typical 

hillslope can be represented by a simple storage or reservoir characterized by its depth 

or capacity, c'. The depth of water in each storage can be increased by rainfdl, P, 

dephted by evaporation, E, and depleted by infiltration. As soon as the depth of 

water exceeds the ovedow depth, the surface storage will start to generate runoff, 

Figure (7.14). 

A t y p i d  hill-dope may be considered to be made up of many such storage ele- 

ments, each characterized by its store depth, c, and acting either dependently or 

independently of its neighboring element . As a wnsequence, the spatial variability 



in depression storage depth, c, may be viewed as a random variable with probability 

density function, f (c, O ) ,  where O 5 c < cm, and 0 being a vector of parameters. If the 

hillslope area is A, then an area A f (c, 0)dc of the hillslope has surface storage depth 

Iying between (c, c + dc). A mathematical form must be specified for f (c, 8 )  and the 

quantities B must be either specified or estimated from input/output data. 

If depression storages of a l l  possible different depths are wnceptually arranged 

in ascending order of depth as in Figure (7.15), with their open tops positioned at 

the same horizontal level, then a wedge-shaped diagram results if lines AB and AA ' . 

are drawn through the store tops and bottoms. The diagram does not represent the 

statistical population of stores, but stores of different depth; and the wedge-shaped 

diagrarn can be used to establish the water level profile across stores of different depth 

resulting from a sequence of wet and dry periods. The probability of occurrence of 

stores of a particdm depth is specified through the density, f ( c ) ,  and exemplified 

alongside the wedge-shaped diagrarn in Figure (7.15). 



Figure 7.15: Basin representation by storage elements ofdifTerent depths and their associated density 
fmction. 

At this stage, it is important to draw a clear distinction between two totally dif- 

ferent types of runoff regime: infiltration-excess overland flow (i.e. Hortonian mech- 

anism) and saturation-excess overland flow (i.e. Dunne mechanism), each explained 

in some detail in Chapter 2. Concentration on infiltration capacity emphasizes the 

influence of rainfd intensity and soi1 hydraulic properties, which somehow does not 

fit easiiy into the concept of soil water storage. As a result, it becomes difficult to 

assess changes in infiltration capacity during a complex storm. The infiltration Ca- 

pacity approach differs from most hydrologicd storage models by emphasizing the 

rate of infIow (or, strictly, maximum rate of inflow) rather than the rate of outflow 

(Kirkby, 1976). It dso emphasizes Hortonian, or 'infiltration-excess' overland flow, 

at the expense of Dunne or 'saturation-excess' overland flow which a ises  when the 

soil can accommodate no more water, at which point overland flow occurs even at 

low raid& intensities. Giving more emphasis to surface storage is an alternative 

approach which overcornes some of the difficulties noted above by concentrating on 

the storage capacity of the near surface soil including depression storage. 

In the following section, the structure of the mode1 is explained for each of the 



above mechanisms in some detail. Further attention is given to dariking whether or 

not there is a redistribution of runoff. In some models, it is explicitly or implicitly 

mentioned that, if a point generates runoff on a typical hillslope, runoff will reach the 

outlet without being lost dong the route (i.e. with no redistribution in between). In 

other models, dowance is made to have some form of redistribution of runoff dong the 

route. The mode1 structure presented below takes into account both non-interacting 

(i .e. independent ) and interacting storage (i .e. dependent ) elements . 



7.10 Theory of Nominteracting Storage Elements 

For non-inter acting storage elements, if a depression generates runoff, that runoff will 

reach the outlet (without the possibility of being lost between the depression and 

the outlet). Consider the case when the basin is saturated following a prolonged wet 

period, with ail surface depressions fidl and evaporation occurring at the potential 

rate. At the end of a unit time i n t e d ,  the water level profile can be represented as 

shown in Figure (7.15). If a rainfall amount, P, occurs in the next unit time intenml, 

then the water level at the end of this interval can be illustrated by line AWW' in 

Figure (7.16). The hatched triôngular area on the figure indicates the volume of direct 

runoff produced in the interval as a result of depression storages of increasing depth 

being progressively replenished and starting to spill. The actual volume generated 

can be obtained by weighting the nuioff generated from a depression of a given size 

by its probability of occurrence as specified through the density function, f ( c ) ,  as 

described below. 

At the end of the unit time interval, al1 depression storages of capacity less than 

P will be contributing direct runoff, the critical capacity below which d l  depression 

storages are full at some time, t, being denoted by C* r CB(t). Obviously enough, in 

this example C'(t) = P. The proportion of the basin occupied by depression storages 

with depths less than or equal to Cœ(t) will be: 

in which the function F(.) is the cumulative distribution function of depression stor- 



Figure 7.16: Direct runoff production from a population of stores 

age depths, related to the probability density function through the relation f(c) = 

dF(c) /dc .  Since F(Cœ(t))  defines the saturated proportion of the basin, it follows 

that the contributing area of direct runoff generation from a basin of area A is: 

The instantaneous rate of runoff generation per unit area from the entire basin, q( t ) ,  

is obtained by multiplying the net rainfdl rate, denoted by n(t),  by the proportion of 
8 

the basin which is saturated, so that: 
- 

where q( t )  is the time-wise vaziation of =off at the point where it was originally 

generated. Later on, a kernel will be introduced to translate the generated runoff 



to the basin outlet. The expanding and contrading nature of the area of storm 

runoff generation is an attractive feature of this mode1 that accords weU with the 

contributing area concept (i.e. partial area concept) in hydro10gy (Van de Griend 

and Engman, 1985). 

For the i-th wet interval, ( t ,  t  + At), for which the net rainfall rate is constant and 

equal to iri = Pi - E:, the critical capacity will increase according to: 

C 9 ( r )  = Cœ(t) + zi(r - t )  V t 5 T < t  + At 

In the case of r = t  + At, Equation (7.14) becomes: 

C*(t + At) = C*(t)  + niAt 

and the volume of basin-direct runoff pei unit area generated in this interval is: 

t,t+At 
V ( t  + At) = ri F (Ca(r))dr 



Figure 7.17: Evolution of the water profile acr- non-interacting stores of different depth in response 
to net rainfail. ni = (-2. -2,2, - 1,5), falling in successive time intervals with storage 
full at t = 0. 

The evolution of the water profile across depression storages of different depths as a 

consequence of a series of net rainfalls, r i  = Pi - E,', in successive unit time intervals, 

i = 1,2 ,3 , .  . . , fdling on an initially saturated basin, is illustrated in Figure (7.17). 

A number of horizontal (or deficit) segments, Ds a Dk(tj, and sloping (or content) 

segments, Ck Ck(t), are formed across the assemblage of depression storages as a 

result . This particular water surface profile (i .e. combination of content and defici t ) 

is due to the embedding of a non-interacting nature of depression storages into the 



mode1 structure. 

Instantaneous direct runoff, q(t ) ,  resulting from this series of net ra idds  is con- 

trolled solely by the temporal evolution of C'(t) over this period, and may be calcu- 

lated using Equations (7.13) and (7.14) for an appropriate distribution of depression 

storage depths. 

The critical capacity, C*(t), wiil vary according to (7.14) during a wet interval. The 

interval At is equal to the sarnpling interval T, except when more than one content 

segment controls surface =off generation within the interval T. In this case, the net 

roinfdl ni in the interval t < T 5 t + At exceeds the deficit of the shallowest deficit 

segment Di, and so the interval At must be chosen such that: 

D;T 
At = - (7.16) 

r* 

For example, in the interval (4,5) in Figure (7.17), at time 4.6 the critical capacity 

C*(t) jumps abruptly from 3 to oo as the deficit segment is fully replenished, so two 

intervals, (4,4.6) and (4.6,5), must be used. Then: 

Also, if the density, f (c) ,  is bounded to the right by cm=, the maximum depression 

storage depth (as would be the case for triângular or power distributions), and Cœ(t + 
At) would exceed cmax according to (7.14), then A t  must be chosen when C*(T)  

first equals cmax, and C*(T) = cmax used over the remainder of the rainfall sampling 

interval. It is to be understood that integrals developed Iater involving an i d n i t e  



upper limit on c should be replaced by cmax in the case of right-bounded density 

functions. 

7.10.1 Calculation of basin soiI-water deficit 

At this stage, a distinction has to be made with regard to whether the surface is 

impermeable or not. In light of having an impermeable surface, the deficit is solely 

related to depression storage, while in the case of permeable surface, the deficit cd- 

culation cover depression storage plus storage in top soil. Now consider a basin to 

be in the state depicted in Figure (7.18), with k, content (sloping) segments and kd 

deficit (horizontal) segments, and Cl = m. Then the area between the ground surface 

level AB and the water surface level WW', when weighted in accordance with the 

weighting distribution of depression storage depths, dF(c)  = f (c)dc, will give the in- 

stantaneous basin soil-water deficit. By considering the area partitioned as indicated 

by the vertical dashod lines in Figure (7.18), the soil-water deficit at time t is: 

Here = Ck = O, kd = k+ 1, and k, = k. 



Figure 7.18: Calculation of basin soil-watu deficit and actual evaporation at time t .  

An expression describing the potential (i.e. maximum) volume of distributed soil- 

water over the basin as a whole can now be developed. The total storage available in 

the basin is given by: 

Combining Equations (7.17) and (7.18), the available soil-water at any instant t cari 

be calcdated to be: 

7.10.2 Relation of Actual to Potential Evaporation 

Since evaporation occurs only from depressions which contain water, the actual evap 

oration loss from the basin is usually less than the potential rate. A continuity equation 

gives the actual evaporation over the i-th interval, (t, t + At), to be: 



S(t) - S(t + At) i f p i = O  

if P; >, & 

fiAt + S(t)  - S(t + At) if O 5 Pj < E; 

For the no net rainfall condition, actud evaporation is governed by the amilable 

soil moisture condition. In the case of a rainfd rate greater than the potential evapor- 

ation rate, actud evaporation will be governed by potential evaporation while for the 

case of Pi 5 Ei, the actud evaporation rate will be governed partly by soil moisture 

availability and partly by precipitation. One basic shortcoming of the above formula- 

tion is that the role of soi1 hydraulic properties as another controlling agent has not 

been taken into account. Using D* D*(t)  to denote the depth of the minimum 

deficit segment, the instantaneous rate of actual evaporation at time t will be: 

7.10.3 Incorporation of Drainage into Mode1 Structure 

To this point in the mode1 development, it has been assumed that each depre 
Z 

can potentidy lose water from only elaporation. An extension of the approach is 

possible to account for drainage of water from each depression. When a depression 

storage dows  drainage to occur at a constant rate, 7, until the store empties, then 

the instantaneous drainage rate, b(t), from the population of storage elements at tirne 

t c m  be calcdated for three different conditions. 



Dry Condition (no Raïnfall) 

At some time t during a dry period, consider the water level surface across a pop 

dation of depression stores to be as illustrated by the line AWW' in Figure (7.18). 

Further, consider drainage to occur at the instantaneous rate 7 from d depressions 

containing water, i.e. from all depressions of depth greater than Dkd = D'(t ). Then 

the instantaneous drainage rate from the basin at time t is: 

Over the dry interval, (t, t + At), the critical deficit, D*(r ) ,  will vary according to: 

D*(T) = D*(t )  - (ri  - - ) (r  - t )  

If r = t + At, Equation (7.21) becomes: 

Dœ(t  + At) = D0( t )  - (ni - y ) A t  

where the interval, At, is usually the sampling interval, but may be a shorter time 

interval if a content segment is fully depleted during a full-length sampling interval. 

Note that the emptying of a content segment will result in an abrupt instantaneous 

increase in D' ( r ) ,  in a manner analogous to the replenishment of a deficit segment 

during a wet period, causing CU(r )  to diange its value abruptly. 

The volume of water drained in the i-th in te rd ,  (t, t + At), can be calculated to 

be: 



t+At D0(t+At) 
B(t + At) = 1 b(r)dr  = 7At - F(z)dz 

t 

Wet Condition (Pi _< Ei) 

For rainfd conditions involving raiddl rates less than potential evaporation, Equa- 

tions (7.20) and (7.22) clearly stili hold, as the state of deficit segments and D' (t) do 

not change. 

Wet Condition (Pi 2 Ei) 

When raidad rates exceed the potential evaporation rate, then drainage from depres- 

sions with depth less than D*(r)  must also be considered, even though some or all 

may remain empty due to drainage losses. Two cases must be considered: 

Case 1: q27 

When the net rainfdl, ni = Pi - E,!, exceeds the drainage rate, then there is no limit 

to the availability of water and dl depression storages will drain at the instantaneous 

rate, y. As a result, the instantaneous drainage rate from the basin over the wet 

interval, (t, t + At), is: 

That is, the drainage rate remains constant and equal to the maximum rate, 7. In 

addition, the volume of drainage over the interval , (t, t + At) will be: 

B(t ,  t + A t )  = ?At 



Case 2: ni 5 7 

When the net rainfd rate (i.e. s = P' - E,') is less than the drainage rate, then 

depressions with depths less than D*(T) will lose water by drainage at a rate ni, while 

depressions with depths greater than D9(r) wiU drain at the maximum kstantaneous 

rate, 7. Consequently the instantaneous basin drainage rate is given by the sum of 

two integds: 

Integrating b(r) over the interval, (t, t + At),  to obtain the volume of basin drain- 

age, B(t + At), results in the same expression derived for the no-rain case, given 

by Equation (7.22). It is worth noting that, since ri < 7, the minimum depth of 

depressions containing water, D 1 ( r ) ,  wiU increase over the interval (t, t + At), and 

At must be chosen such that Equation (7.21) is satisfied. Thus the time t + At may 

coincide with the time at which a content segment is fully depleted and not the end 

of the sampling interval. 

The above discussion completes the development of the probability-distributed the- 

ory for the case of non-interacting depression storage elements, providing expressions 

for basin direct runoff, drainage, and actual evaporation, both in terms of instantan- 

eous rates and volumes (expressed as depths over the basin) over any interval of time. 

Expressions for basin soil-water storage and soil-water deficit at any instant in time 

have also been derived. 



7.1 1 Theory of Interacting Storage Elements 

If the assumption that depression storages act independently of each other is relaxed, 

and water is allowed to redistribute itself between adjacent depressions, then the 

probability-distributed based approach becornes both simpler and more flexible. In- 

deed, relaxation of the cited assumption is more consistent with mality as part of 

the generated runoff at a point is likely to be lost dong the way to the outlet. Two 

modes of redistribution are considered initidy. The first mode allows water to re- 

distribute in such a way as to cause ail depression storages to have an equal depth of 

water, C*(t), with the exception of those with depths less than C*(t) which are full. 

This mode is called "equal storage redistributionn. A second possibility is to imagine 

that water redistributes itself such that a constant deficit , D' ( t  ), is maintained across 

the population of stores, except for stores with depths less than Dœ( t )  which remain 

empty. This second mode is called "equal deficit redistribution". 

The effect of dlowing redistribution according to these two modes of behavior is to 

replace the water level profile of deficit and content segments shown in Figure (7.18) 

by either a single content segment or a single deficit segment depending on the mode 

assumed. The equd deficit redistribution mode was quickly rejected as a realistic 

candidate, since immediate redistribution according to this mode would result in an 

abrupt switch from no areas contributing direct runoff to the total basin contributing 

as the deficit D*( t )  is cornpletely replenished by rainfd. Such a result is contraclictory 

to physical reality. On the other hand, the equal content redistribution mode seems 

attractive, since the temporal evolution of Cœ(t) will reflect the overall wetness state 



of the basin, and it is CD(t)  which is used to determine the contributing area of direct 

ruuoff generation. The equd storage redistribution mode was therefore adopted for 

subsequent developments. 

7.11.1 Cdculation of Basin Water Storage 

Consider the water level across the assemblage of depression storages of different 

depths to be as ihstrated in Figure(7.19), so that al l  depressions contain water to a 

depth C'(t), except those that are smaller than C'(t) which will be full. Then the 

total water in storage over the basin is: 

Making use of the generd result: 

Equation (7.28) takes on great importance, since it allows the basin water storage 

(i.e. S( t ) )  to be calculated for a given criticd content, C'(t),  and vice versa. Given a 

cumulative distribution function for depression storage with respect to critical content, 

S ( t )  represents the area above that function between zero and C*(t) .  Figure (7.20) 

presents a clear graphical illustration of this statement. 

Over a wet interval, (t, t  + At) ,  the critical capacity, C*(r),  will vary according 



Figure 7.19: Water level across stores of different depth according to the equal storage mode of water 
distribution. 

to Equation (7.14), the instantaneous direct -off given by Equation (7.13), and the 

volume of basin runoff generated in the intenal given by Equation (7.15). When the 

net rainfdl $ O in the interval (t, t + At), then no direct runoff is generated. In 

that case, the basin water storage c m  be determined by continuity to be: 

and Equation (7.28) c m  be solved for C*(r) ,  given S( r )  when required at the begin- 
8 

ning of a subsequent wet interval in order to calculate basin direct runofl. 

7.11.2 Relation of Actual to  Potential Evaporation 

The allowance for redistribution of runoff between depression storages has a major 

weakness. As each depression contains either the same depth of water or not, the 

occurrence of evaporation at the potentid rate is ensured throughout the basin until it 



Storage capacity, c mm 

Figure 7.20: ~ r a ~ h i c a i  representation of storage capacity distribution and its relationship to S(t)  
and other variables. 

dries up completely. This pitfdl is readily overcome by allowing the actual evaporation 

rate to depend upon the basin soi1 moisture deficit, Smax - S(t) .  One possible 

relationship in this regard could be the linear one proposed by Moore and Clarke 

where dependence on storage S(t)  at the beginning of the i-th interval, ( t ,  l + At) 

is assurned for simplicity so that actual evaporation, E,!, is also constant over the 

25 1 



interval. The continuity equation for basin storage (i.e. Equation (7.29)) then requises 

modification, substituting T,! = Pi - Ei for s and changing the boundary condition to 

ri' 5 o. 

7.11.3 Incorporation of Drainage into Mode1 Structure 

Generalization of the mode1 to accommodate drainage to base-flow from depression 

storages, 7i, can also be accomplished by substituting (Pi - E: - 7;) for ni in the 

continuity Equation (7.29) and in the expressions used to compute direct =off gen- 

eration in a wet interval (Equations (7.13), (7.14) and (7.15)). It is dso possible to 

take into account temporal variability of drainage rate, 7, by correlating it with water 

storage level. To take account of the dependency of drainage on the amount of water 

storage, S( t ) ,  a simple linear relation may be invoked: 

where kb is the percolation rate (i.e., gound water recession rate) with units of inverse 

time. The continuity equation in this general case becomes: 

during a period, ( f ,  t + At), when no moff  generation occurs. 

The general development of the probability of the probability distributed theory of 

interacting storage elements is now complete. Again, it should be emphasized that, 

for interacting storage elements, no distribution of water is necessary during periods 



of direct =off generation since a l l  stores will contain the same depth of water, except 

of course those of smaller depth which will be fd. Redistribution of water to equalize 

the depth of water in each depression storage only occurs during periods when stored 

water is being depleted. Equalization of storage levels during inter-storm periods does 

not seem too unreasonable, and the unique relationshi p between soil-water storage, 

S(t), and critical capacity, Cm(t), which results leads to considerable simplification. 

7.11.4 Transmission of Runoff 

Up to this point, only the characteristics of basin storage have been considered. A 

second important function of the basin is to translate the direct runoff and drainage, 

generated at points within the basin, to the basin outlet. The translation function or 

time of travel function has been incorporated in some models by the area tirne-' vs. 

time rnethod to take the catchment properties (e.g. shape, hydraulic length, surface 

roughness) into accouat. One could consider time of travel at each point to be a 

random variable with probability density function p ( t ,  &), where O 5 t < m. Thus an 

area of size Ap(t,#)dt would consist of points for which the translation time to the 

basin outfall would lie in the range (t, t + d t ) .  

By assigning randomness to time of travel, it mems that it will take a miable 

amount of tirne, t, for a droplet of water to cover a fixed distance , z, based on the 

physical characteristics of the pathway. It is worth noting that the function p ( t ,  #) 

conveys physiogaphic features of the study area, and will not in general be of the 

same f o m  as p ( c , d )  used to describe depression storage distribution. These two 

functions may be dependent or independent of each other. 



The translation hinction is essentially quivalent to the instant aneous unit hydre 

graph for the basin, representing the response to an instantaneous unit depth of rain 

f&ng when all depression storages have been filled. Assuming that the random vari- 

ables c and t are independent and their bivariate distribution is dF = p(c ,  B)p(t, 4)dcdt, 

then the rate of translated runoff at the catchment ou t fd  at time t is given by: 

where q(r) is given by Equation (7.13). 

In light of the random variables c and t being considered to be dependent, the 

translated =off at the ca t chen t  outfall at time t is given by: 

7.12 Selection of Probability Density Function for Depression 

Storage 

From the extensive work conducted by Ullah (lW4), the three geometric properties 

of depression storage (Le. depth, surface area, and volume) can be expected to have 

similar types of frequency distribution. This warranted an investigation into the 

applicability of theoretical probability distributions to describe the cited properties. 

The exponential and Weibull distributions were among those selected for that study. 

Since in that and the present study, the average depth of depressions was found to be 

the most coosistent parameter with increasing grid spacing, the following exphnation 



is limited to depth of depression. 

7.12.1 The Exponential Distribution 

For a specific grid spacing, Ullah and Dickinson (1979b) asserted that when the depth 

of depression storage decreases, the number of depressions N increases. In the limit, 

when D -+ O, then N -t m. Also, it was observed that the number of depressions 

decreases with increasing depth of depression; that is, when D + w, then N + 0. 

One probability distribution mode1 which suits a variable with the above description 

is the exponential distribution. The exponentid density function f (x) is given by the 

relationship: 

f (x) = A exp(-Az), V X Z O  and A > O  

The unbiased estimator of the parameter A is obtained as follows: 

The discussion provided by UlIah and Dickinson (1979b, p. 86) noted that histo- 

grams of observed depths of depression and the corresponding values estimated by 

means of an exponential distribution indicated varying degrees of discrepancies. It 

was therefore decided that a distribution with a greater degree of flexibility would be 

more appropriate to describe the geometric features of depressions including depth. 

The Weibull distribution, known for its extreme flexibility in fitting exponentially 

distributed and also skewed data, is considered below. 



7.12.2 The Weibull Distribution 

The Weibull distribution hct ion ,  though lacking a sound theoretical bas-is, has suc- 

cessfdy been applied not only to life expectancy problems for which it was origindy 

intended but also to other fields such as breaking strength, and reliability studies. 

An early application of this distribution in the field of hydrology was undertaken by 

Haan and Johnson (1968) to describe geometric properties of pothholes to synthesize 

a watershed model. The frequency density function is given by the relationship: 

where a, ,û, and +y are the location, scale and shape parameters and z is a random 

variable. The quantity a corresponds to the position of the mode, the quantity P is 

the scale parameter analogous to standard deviation, and the term 7 represents the 

skewness, 

The frequency distribution function for the Weibull distribution has the simpler 

form: 

7.13 Selection of Probability Density Function for Time of 

Travel 

Based on the work of Pilgrim (1977), i t  was clear that time of travel falls into fractal 

geometry (i.e. power law). However, the choice of an appropriate travel time distri- 



bution is not immediately obvious as  extensive data are stilI required for verification. 

Moore and Clarke (1981) selected the exponential distribution for translation times 

for a simple oneparameter translation model for a prelirninary analysis. One short- 

coming of the cited mode1 when applied to rainfall--off data from a number of s m d  

upland basins was i ts inabili ty to represent recessions which decayed rapidl y initial1 y 

and then at a much slower rate. Gamma and Weibull distributions of travel times 

were also considered as more suitable candidates due to their positively skewed and 

unimodal shapes, but little improvement was obtained, the tails of these two distribu- 

tions not being too different from the exponential. They were dso  unable to represent 

the "heavy-tailedn nature of observed recessions. In order to overcome some of the 

shortcomings of the above cited distributions, Moore and Clarke (1983) proposed to 

look at hydrodynamics and the associated convection-diffusion equation of transport 

processes for the development of a possible translation model. 

7.13.1 The Convection-Diffusion Equation 

Wide use of the convection-diffusion equation in transport theory suggests that it 

warrants serious consideration in the development of a suitable kernel function for flow 

over the landscape. The convection-diffusion equation of discharge can be expressed as 

the parabolic partial differential equation, neglecting the inertia terms in the linearized 

St. Venant equations, (Ponce, 1989) as follows: 

The left side of Equation (7.38) is the kinematic wave equation, with ôQ/âA = P 



as the kinematic wave celerity. The right side is a secondorder (partial differential) 

term that accounts for the physical diffusion effect. The coefficient of the second-order 

term has the units of [L2T-'1, being referred to as the hydra.uk diffusivity, or channel 

diffusivity. The Manning equation is the resistance formula used in the development 

of Equation (7.38). 

The hydraulic diffusivity is a characteristic of the fiow and channel, defined as: 

in which q. = Q,/T is the roference flow per unit of channel width. Here Q,, S., and 

T are the reference fiow rate, channel bottom dope aad top width. When the Chezy 

formula is considered as the friction formula, then Equation (7.38) becomes: 

here the wave celerity parameter is v = 3Q,/2Ao, and D = 02/2 is the hydraulk 

diffusivity. 

The solution of Equation (7.39) for a Dirac delta function at x = O and t = O gives 

the impulse response function, equivrrlent to a probability density function: 

where 2 / v  is the mean translation time, and o2 is a diffusion constant. By invoking 

randomness on time of travel, direct runoff is assumed to be generated only from 



those points in the basin at a distance x from the basin outlet, traveling at a constant 

velocity v dong paths of different length. The time taken to reach the basin outlet 

depends upon the particular path taken; hence, it is a rmdom variable. 

Reparameterization of the density b c t i o n  (i.e. Equation (7.40)), such that p = 

x / v  and A = x 2 / 0 2 ,  leads to the following density function: 

where the paameters p and X are positive, and of dimension [Tl. The above transform- 

ation has essentidy led from a Lagrmgian description of the transport phenornenon, 

in which both space and tirne coordinates are considered, to an Eulerian description 

in which z is a specified distance. The density function in this form is more appropri- 

ate for incorporation into a probability-distributed based raid&-runoff mode1 when 

the fixed distance x is considered to be a characteristic iength of the basin. Tweedie 

(1957) termed the density (i.e. Equation (7.41)) an inverse Gaussian pdf; Folks and 

Chhikara (1978) provided a review of its development; and Johnston and Kotz (1970) 

summarized its properties. The mean and the w iance  of this distribution axe p, 

and respectively, so the parameter p may be interpreted physically as the mean 

translation time. The distribution i s  positively skewed and unimodal, with the mode 

(or tirne-tepeak) given by: 

An important special case is obtained for zero wave celerity (v = O) or no convec- 



tion when p + w and: 

A 
f (t; A) = (-)Il2 

2 ~ t 3  e x p ( p  

which is the impulse response function corresponding to the diffusion equation: 

This is a density function having a single parameter, A, which is unimodal (t, = 

X/3) and positively skewed. 

Both density functions offer promise as suitable functions for representing the trans- 

port of water to the basin outlet. The cumulative distribution functions conesponding 

to functions are given by: 

where O ( . )  is the normal distribution function: 



7.14 A Bivariate Exponential Storage-Tkanslation Model 

Up to now it has been assumed that the depression storage depth c and the translation 

time t are independent, so that the weighting dF = p(c, t)dcdt can be expressed as 

dF = p(c)p(t)dcdt. However, the random variables c and t in generd will not be 

independent. It was found by UUah (1974) that upon increasing the overall slope, the 

size of depression storage will decrease. Since points far from the channel network are 

likely to be located on higher slopes, their storage capacities can be expected to be 

lower than points neor the channel network. Furthemore, points fw from the channel 

network have higher times of travel than compared to points near the channel network. 

In conclusion, one may argue that these two random variables are negatively correl- 

ated. Although there are a number of different bivariate exponential distributions 

(Johnston and Kotz, 1972), only two are known to give the desired negative correla- 

tion. These two distributions give a correlation p in the range -0.40365 5 p 5 0, and 

-0.25 5 p 5 0.25. Gumbel's bivariate exponential distribution giving the largest neg- 

ative correlation can be considered as one candidate for incorporation into a bivariate 

exponential storage-transport model. Its joint density function is: 

In light of the probability distribution function suggested for both storage and time 

of travel, Table (7.2) sumrnarizes possible combinations for the univariate case. 



7.15 Probability Distributed Mode1 of Infiltration-excess Over- 

land Flow 

Table 7 -2: Possible combinations of pdf for storage and time of travel. 

So fa., the modeling approach was revolving around a central theme, i.e. the soil can 

accommodate no more water, at which overland flow can occur even at low rainfall 

intensity. The emphasis was on the rate of outflow rather than rate of inflow (or, 

strictly, maximum rate of inflow). Other research on the application of the probability- 

based approach to derive models of direct runoff generation has not been based on 

the variability of surface storage over the surface but rather on the spatial variation 

in the rate at which water can enter the soil. This runoff mechanism invariably called 

infiltration-excess overland flow or Hortonian mechanism is generdy more common 

on those ripslope areas where surface hydraulic conductivites are relatively low and 

during periods when rainfall intensities are high. For the sake of completeness, a very 

Code 
No. 

Model 1 
Mode1 2 
Model 3 
Mode1 4 

8 

brief account of this approach is provided in this section. 

Generdy speaking, for a given watershed and at a given rainfall intensity (P) only 

those small areas with i 5 P generate runoff. Other areas of the soil surface absorb 

Frequency distri bution 

rainfall only at the rate P, which is less than their respective values of i. As the 

Storage 
Exponentiai distribution 
Exponentiai distribution 

Weibull distribution 
Weibuii distribution 

rainfall intensity increases it exceeds the i values of on increasing proportion of the 

Time of travel 
Exponential distribution 

Inverse Gaussian 
Exponential distribution 

Inverse Gaussian 

surface which is brought to saturation and started to generate runoff. The spatially 



averaged infiltration rate increases with raidad intensity until ail part of the plot are 

sat urated. 

Again, as mentioned before, accumulation of nuioff at the mouth of the ca t chen t  

could be achieved in two steps. At e s t ,  runoff has to be generated at a point and 

then via a proper translation rnechaaism and convolution integral, is transferred to the 

outlet. Considering f (i) as the probability density function for infiltration capacity, 

the runoff rate per unit area for a plot or s m d  watershed generated at a point then 

becomes: 

where P is the rainfdl intensity, and f( i)  is the pdf of i which weighs the rainfall 

excess in the integral. 

Perhaps one of the best known example of the probability-based infiltration ca- 

pacity approach . to rainfdl-moff modeling is contained in the Stanford Watershed 

Model which uses a rectangular density function to describe the spatial variation of 

infiltration capacity over the basin, dowing the maximum infiltration capacity para- 

meter to vory as a function of soil-water storage (Crawford and Linsley, 1966). 

As a simple illustration of the type of runoff calculation made in the Stanford 

Watershed Model, consider a rectangular pdf for f (i), then the cumulative distribution 

function of infiltration capacity becomes: 



Graphid  representation of Equation 7.49 was presented in Figure (7.21). Rain fa,lling 

at a rate P in a unit intenal generates nuioff at ail points in the basin with infiltration 

capacity less than P. The direct runoff rate per unit area in the basin indicated by 

the hatched area in Figure (7.21), bewmes: 

+ l i m a i  f ( i )d i  V P > i,, P = P - 2maz 

Again, the runoff rate represented by either Equation (7.50) or (7.51) is the generated 

runoff at a point which has to be transfered to the outlet through proper translation 

mechanism. 

Different probability density function of infiltration capacity have been developed 

and used by other workers. While rectangular probability density function was used 

in Stanford Watershed Mode1 for infiltration capacity, Freeze (1980) used lognor- 

mal probability density function for infiltration capacity at a hillslope scde to mode1 

rainfall-runoff process. 



Figure 7.21: Basin direct runoff production for probability-based infiltration capacity model. 



7.16 Development of Probability-distributed Approach for Par- 

ticular Distribution 

Further development of the general theory for a particular distribution of depression 

storage and time of travel will serve to clarify the approach outlined in previous 

sections. Development of the probability-distributed approach for some of the com- 

binations noted above are provided in what follows. 

For the secalled Mode1 1 combination, the probability density functions for both 

depression storage and time of travel are exponential and independent of each other, 

so that dF = p(c, B)p( t ,  #)duit,  and: 

where 0 is the mean storage depth, and # is the mean translation time. Substituting 

the distribution functions in Equation (7.33) results in: 

During periods of rain, when n( r )  2 O, an exact solution to the integral in (7.52) may 

be obtained as follows: 



The usefhess of the above closed form solution is assessed later for testing a 

number of hypotheses. 

A special case of the above formulation is the case when the surface lads any 

depressions (Le. flat surface). In that case, the exponential population of depressions 

tends to a spike at the origin c = O. Consequently, this store represents the translation 

phase of runoff generation only. The surface behaves as a simple linear reservoir, such 

that : 

Again, the usefdness of this single parameter mode1 is utilized later for testing some 

hypotheses relating to a flat surface. 

For this combination, the probability density function for depression storage is ex- 

ponential while that for time of travel is inverse Gaussian, and the two functions are 

independent of each other, so that dF = p(c, 9 ) p ( t ;  p, X)dcdt. I t  was shown earlier that 

the translation of nuioff to the basin outlet led to the following convolution integral 

expression: 



Here 8 is the rnean storage depth. Upon replacing p(t  - r )  with its equivalent Inverse 

Gôussian distribution (i.e. Equation (7.41)) in the above equation: 

Evaluation of the above convolution to give volumetric 0ow rate Q ( t )  is not straight- 

forward, as there is no closed form solution available, except for the case of the 

exponential density function. Therefore, the integral is evaluated as the s u m  of al1 the 

Mt past At increments during which net rainfd is T ( T )  > O. Thus: 

where 

and tl is the time at the end of the ith wet i n t e r d  of duration At when n(r) > O. A 

simple and computationally efficient approximation to the integral in Equation (7.57) 

is the mid-point approximation: 



where t i ,  = tf - k ~ t  2 

Mode1 Structure Formulation in Light of Drainage Component 

In preceding sections, the model structure without a drainage component was for- 

mulated in some detail for a few specific distributions. In this section, the mode1 

structure with a particular distribution is formuiated in light of dowing drainage 

from each depression storage. At this stage, it might be helpfd to compare and con- 

trast non-interacting versus interacting storage elements in the context of having or 

not having a drainage component. Indeed, interacting storage elements have a distinct 

advantage for the accommodation of drainage. Usage of the non-interacting storage 

assumption is greatly hampered because of the difficulty associated with linking stor- 

age to drainage. For non-interacting storage elements, storage is related to soil-water 

deficit via Equation (7.19), for which quantification is not a simple task. However, for 

an interacting storage approach, storage can be related to the cumulative distribution 

function via Equation (7.28), for which quantification requires only the choosing of a 

form for F(c ) .  

In light of the above discussion, accommodation of a drainage component into the 

model formulation was undertaken with the interacting storage assumption in mind. 

With the provision of exponential distributions for both depression storage and time 

of travel, and on the bais  of Equation (7.28), the storage at time t becomes: 

After the introduction of Equation (7.59), critical depth can be expressed in terms of 



storage as: 

Once critical depth has been determined, the calculation of moff  becomes similar to 

the non-interacting case considered above. In short, the procedure for runoff calcula- 

tion in light of having drainage can be summarized as follows: 

1. Assuming an initial value for S(t = O), the following equation can be used to 

update storage at time (t + At); 

2. Then Equation (7.60) can be used to update critical depth; 

3. Having updated critical depth, then Equation (7.53) can be used to update flow 

rate at (t + At). 

For other pdf combinations, similu formulations could also be established. 

7.17 Mode1 Application 

With the provision of a few mode1 structures for different combinations of frequency 

distributions, the effectiveness of such modeling structures can now be evaluated with 

regard to the sets of data collected at different spatial scales. 



7.18 Model Structure Identification and Verification 

Model structure identification includes the selection of an efficient algorithm dong 

with a set of input/output data (Le. rainfd and its corresponding runoff). For the 

- purpose of this research, the so calied Shufaed Complex Evolution (SCE) algorithm 

(Duan et al., 1992; Duan and Sorooshian, 1993; Duan et al., 1994) was used for 

parameter estimation purposes. Some of the features which the SCE algorithm was 

designed to address c a .  be summarized as follows (Duan and Sorooshian, 1993). 

There rnay be several major regions of attraction into which a search strategy 

rnay be trapped delineating local as opposed to global optimum. 

Each major region of attraction rnay contain numerous (possibly uncountable) 

local minima (stationary points where the fiat derivatives axe zero and the Hes- 

sian matrices are positive definite or positive semidefinite). These local optima 

rnay occur both close to and at various distances from the best solution. 

The objective function surface in the multi-parameter space rnay not be smooth 

and rnay not even be continuous. The derivatives rnay be discontinuous and rnay 

vary in an unpredictable manner through the parameter space. 

The parameters may exhibit wying  degrees of sensitivity and a great deal of 

interaction and compensation. Much of the interaction can be highly nonlinear. 

The response surface near the tme solution is often non-convex. 

The Shuffled Complex Evolution (SCE) method is based on a synthesis of four 

concepts that have proven successfd for global optimization: 
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1. Combination of random and deterministic approaches. 

2. The concept of clustering. 

3. The concept of a systematic evolution of a complex of points spanning the space 

in the direction of global optimization. 

4. The concept of cornpetitive evolution. 

In brief, the first concept is very important. The use of deterministic strategies 

allows the SCE algorithm to make effective use of response surface information to 

guide the search, while the inclusion of random elements helps to make the algorithm 

flexible and robust. The search begins with a randomly selected complex of points 

spanning the entire feasible space Q. A large enough number of points helps to ensure 

that the complex contains information regêrding the number, location and size of the 

major regions of attraction. The implementation of an implicit clustering strategy 

helps to concentrate the search in the most promising regions identified by the initial 

cornplex. The use of a systematic complex evolution strategy helps to ensure that the 

search is relatively robust and is guided by the structure of the objective function. 

The robustness is a result of the fact that the complex structure is able to cope very 

well with rough, insensitive and highly non-convex objective function surfaces, and is 

relatively undected by small local minima enwuntered enroute to the global solution. 

F'urthermore, no derivative information is required. 

The algorithm was structured in a modular way so that one could attach his or her 

own rainfd-=off mode1 to it for mode1 identification purposes; and the algorithm 

benefits from two objective functions: Simple Least Squares (SLS) and the Heteros- 



cedastic Maximum Likelihood Estimator (HMLE) (Sorooshian and Dracup, 1980; S e  

rwshian, 1981). 

The above global optimization method has been applied in this study for the cases 

of one, two and three parameter models proposed earlier. 

The application of the models is discussed with regard to their suitability to r e p  

resent in particular surface storage effects in the smd-scale laboratory experiments, 

smd-scale field experiments, and large-scale field experiments described earlier. 

7.19 Mode1 Sensitivity Analysis 

The analysis of model sensitivity is a very powerfd and important component of 

a model development and application process. It can assist in keeping the mode1 

relatively simple when it reveals model parameters appearing to have insignificant 

effects. It can dso be a tool to identify interactions arnong mode1 components and 

parameters. When conducted prior to a model being applied in a predictive mode, a 

sensitivity analysis can help to identiSr the possible stability of results in relation to 

uncertainties associated with assumptions. 

The simple form of sensitivity analysis adopted in this study involved the visuai 

cornparison of graphs of mode1 outputs produced on the basis of various assumptions, 

including initial conditions, different model stmctures and systematic adjustments to 

input data. This particular approach was found to be quite straightforward, surpris- 

ingly powerfd and easily understood. 



Model Application for Small- Scale Lab Experiment 

Model application for the smd-scale laboratory experiments consisted of running 

some of the developed models on data sets collected at a range of conditions includ- 

ing various rainfall patterns applied on different surface treatments set at diserent 

slopes. The surface treatments involved surfaces with no depressions, and a random 

mix of unnested depressions with and without leôkage. This miety  of conditions 

provided much valuable information for consideration of a range of questions such as: 

Can, and how can, information contained in such data be utilized to enhance model 

perfomiance? Could such models be used to link surface characteristics to outflow 

response? Can a hierarchy of complexity in surface treatments be incorporated into 

model structure in a modula manner? Can some of the key observations in previous 

chapters be confirmed via modehg exercises? Such questions are addressed in this 

section in light of modeling applications to rainfd-runoff data collected and analyzed 

in previous chapters. For each surface treatment, after nuining the r e l ewt  model on 

associated data, results have been summarized either in tabular or graphical format, 

and then key obscnations have been highlighted and discussed. 

7.20.1 Smooth Surface Xkektment 

For the case of the smooth surface treatment (i.e. no depressions), five slopes dong 

with three rainfall patterns were available. Some of the specific issues that were 

addressed by this modeling exercise can be s~~lllflarized as follows: 

a Sensitivity of model structure to various data sets; 



Effect of slope on optimum model parameters; 

a Effect of data smoothing on goodness of fit criteria; 

Effect of mode1 stmcture on goodness of fit criteria; 

Delineation of instrument imperfection; and 

Effect of goodness of fit criteria on mode1 results. 

One Parameter Mode1 

The one parameter model is a special case of the scxaIled uModel 1" ( s e  Section 7.16) 

involving no depressions. The apparent physical meaning of the parameter incorpor- 

ated into this model stmcture is the mean travel time of runoff over the surface- 

Results from m n i n g  the model for various slope treatments and rainfdl patterns are 

summarized in Table (7.3). Inspection of Table (7.3) has led to the following key 

observations: 

Mean time of travel (4)  fluctuates minimally for a particular dope among various 

rainfall patterns, but decreases with increasing slope. 

Among the various rainfd patterns on a particular slope, the sum of squares 

(SS) has the highest value and the coefncient of determination (R2) the lowest 

value for the HML rainfall pattern. Eliminating this pattern, the coefficients of 

determination were always greater than 92%. 

For a selected rainfd pattern, the optimized parameter has virtually the same 

value for both the SLS and HMLE objective functions. 



Table 7.3: Mode1 output for combination of siope and &- 
f d  treatmentdhe parameter model, flat surface 
(without data smoothing). 

Simple Least Square 
Heteroscedastic Maximum Likelihood Estimator 
Sum of Squares 
Coefficient of detemination 
Normalized Weighted Sum of Squares 

An extensive andysis of variance was conducted on the q5 pararneter values obtained 

with both objective functions. It was found that while its variation was significantly 

different at the 5% level among the various slopes, it was not significantly different 

among rainfall patterns within a particular dope. 

It has been argued in the literature that system identification is often highly data 

set dependent, creating a non-uniqueness problem. An inability to clearly identify 

the initiai state of the system has b e n  cited as a major cause of this non-uniqueness. 

The very careful control of initial conditions for the relatively simple smooth surface 

laboratory experiments for various rainfall patterns allowed the determination of es- 

sentially unique values of 6. The lack of variability of + dong with the high R2 values 



dso imply to some extent the soundness of the model structure. 

The deczeasing trend in 4 with increasing slope can be attributed to the fact 

that tirne of travel is velocity dependent (Laurenson, 1964; Pilgrim, 1977). As slope 

increases, gravity potential becomes dominant, giving rise to an increase in velocity. 

The increase in velocity in turn causes a decrease in time of travel. 

During the course of conducting the laboratory experiments, it was found that the 

HML raiddl  pattern was the least replicable of the various rainfdl patterns (as men- 

tioned in Section (4.2.4)). This la& of replicability may be reflected in the relatively 

high values of sums of squares (and low values of coefficients of determination) for 

the HML results. It may also be the case that this particular model structure could 

not capture the dynamics of flow when high rainfall intensity started first. 

One might argue that the lack of sensitivity of the optimized parameter (4 )  to 

the different objective functions implies that the model structure selected was able 

to capture the information content of the data. However, the overd soundness of 

the model stnicture or reliability of the data set cannot be assessed until a unified, 

universally accepted goodness of fit criterion has been adopted. Here, the criterion 

was to minimize the sum of squares for point-wise =off data. If the objective were 

to match tirne to peak or volume of runoff, then the above interpretation might take 

a different route. 

As the graphical presentation of observed versus simulated runoff results can often 

be instructive of a modeling exercise, such example graphs are given in Figure (7.22) 

for the various rainfall patterns on a dope of 10%. Examination of Figure (7.22) has 

led to the following key observations: 



(a) Hh'fL raiddl pattern (b) LMH rsinfdl pattern 

( c )  MLH Rainfall pattern 

Figure 7.22: Graphical representation of observed vs. sirnulated runoff for various rainf'l patterns 
before data smoothing, flat surface at S = 10%. 

The rainfall intensity for the high intensity nozzle appears to have b e n  a little 

bit underestimated. 

a The model structure has not captured data information content at the very be- 

g i ~ i n g  of the simulation mus. 

Some sort of smoothing of the highly fluctuating runoff data would seem to be 

advantageous. 

The experimentd runoff tirne series data was passed through a third order rnoving 

average filter, and the model results for these data are summarized in Table (7.4). 



These results reveal that no remarkable improvement in R2 was achieved &ter such 

smoothing of the -off data; however, the cited smwthing caused the optiroized 

parameter value to become more stable for the vasious rainfall and slope treatments. 

Table 7.4: Mode1 output for combination of 
fa11 treatmentsane parameter mc 
(With data smoothing). 

LMH 37.5 180 0.96 35.9 
MLH 40.1 229 0.94 35.1 

1 I I 1 

1 1 HML ( 36.7 .( 266 ( 0.86 1 31.2 

1 14% 
LMH 42.6 167 0.96 40.4 
MLH 39.0 250 0.93 34.0 

slope and rain 
,del, flat surfacc 

a Simple Least Square 
Heter~~cedastic Maximum Likelihood Estimator 
Surn of Squares 
Coefficient of determination 
Nonnalized Weighted S m  of Squares 

The graphical display of results also reveals that there is a discrepancy between 

observed and the simulated -off at the early stage of simulation. Some possible 

causes of this discrepancy are as follows: 

The laboratory flume detained water on the surface due to surface tension; 

Flow velocities of initial shallow depths were likely slow. 

Since the mode1 used for this surface treatment did not explicitly take these p r e  

cesses into account, a modification was introduced to the fitting procedure to enhance 
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model performance. Forcing the simulated moff to be zero during the early stage 

of simulation (until ruoff  was observed) led to a remarkable improvement in good- 

ness of fit. Table (7.5) summarizes model simulation results with this modification. 

The comparable graphical presentation of observed vs. simulated runoff is given in 

Figure (7.23). 

" Simple Least Square 
Hetetmced astic Maximum Likelihood Estimator 
Surn of Squares 
Coefficient of determination 
Normalized Weighted Sum of Squares 

Table 7.5: Model output for combination of dope and rainfali 
t reatments-ûne parame ter Model, fiat surface ( After 
zero correction). 

The results reveal that the simple one parameter model was quite flexible with 

SIope 
% 

6% 

8% 

10% 

12% 

14% 

regard to imitating the behavior of the smooth surface system. This success may 

be attributable to the recursive nature of the model formulation. The first term in 

Rainfall 
Pattern 
HML 
LMH 
MLH 
HML 
LMH 
MLH 
HML 

' LMH 
MLH 
HML 

Equation (7.54) conveys the background conditions (Le. persistent behavior of the 

system), while the second term acts as a correction factor incorporating the impact 

SLSa 
# 

20.94 
31.1 
34.5 
31.58 
29.86 
32.0 
23.6 
27.03 
25.55 
27.1 

HMLEb 

27.25 
27.38 
23.34 
29.05 
24.34 

' LMH 
MLH 
HML 

' LMH 
MLH 

SSc 
119 
75.0 
182.0 
212.0 
77.0 
153.0 
128.0 
69.3 
69.1 
196 
85.3 
107.0 

Rxa 
0.93 
0.97 
0.92 
0.87 
0.97 ' 

0.93 
0.91 
0.97 

21.34 
30.92 
30.93 
26.38 
29.63 ' 

28.3 
21.45 
27.19 

27.1 
28.9 
27.3 
28.3 
23.9 

Rzd 
0.93 
0.97 
0.94 
0.88 
0.97 
0.94 
0.91 
0.97 
0.97 
0.88 
0.97 
0.96 

NWSSe 
1.53 
0.82 
1.63 
2.24 
0.93 
1.45 
1.59 
0.82 

1.04 
1.11 
1.92 
116  
0.80 

26.27 
22.34 

0.97 
0.95 
0.89 
0.96 ' 

0.97 ' 

179.0 1 0.90 

0.80 
2.14 

88.3 
63.5 

0.97 
0.87 

0.96 
0.97 



(a) HML rainfall pattern (b) LMH rainfall pattern 

(c) MLH Rainfall pattern 

Figure 7.23: Graphicd representation of observed vs. simulated runoff for various rainfail patterns 
after zero correction, flat surface at S = 10%. 

of the temporal pattern of rainfall and drainage area. 

Two Parameter Mode1 

The two parameter model basically involves an exponential density function for both 

time of travel and depression storage. The first parameter h a  sornething to do with 

mean time of travel (+), and the second parameter relates somehow to the mean 

storage depth over the surface ( O ) .  For application of the two-parameter model to 

the smooth surface laboratory conditions, it was specdated that the mean storage 

depth would be near zero and that the mean time of travel 

the same as for the one-parameter model rus. Preliminary 
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( 4 )  would remain about 

sensitivity analysis with 



the tweparameter rnodel revealed that a s m d  change in mean depth of storage (0) 

gave rise to a dramatic fluctuation in the magnitude of mean time of travel (+), 

implying a sensitivity of the response surface to covariation of the model parameters. 

One direct implication of rnodel parameter covariation and their interaction with one 

another is the possibility of mislocating the global optimum parameters associated 

with minimum sum of squares. As a result, two scenarios were used in nuining 

the tweparameter model on data sets for surface treatment 1: in one set, the two 

parameters were optimized; for the other set of m s ,  the mean time of travel was . 

optimized for various fixed values of mean depth of storage. After confirming that 

the optimization algorithm located global values by providing essentially the same 

values for both scenarios, the results of calibration runs for the tw-parameter model 

for various rainfd and slope treatments were summarized in Table (7.6). Results of 

simulation runs with the one-parameter model are dso included in that table for the 

sake of cornparison. These results prompted the following key observations: 

When both t$ and 0 were optimized via the two-parameter model, B was found 

to be very s m d .  

The mean time of travel compared well for both the one and tweparameter 

models. 

The goodness of fit was excellent for virtually ail r u s ,  being slightly and con- 

sistently better for the tweparameter model, and being consistent1 y poorer for 

the HML rainfdl pattern. 



Table 7.6: Mode1 output for combination of dope and rainfaii treatments- 
One and tw-parameter modeis, flat surface (after correction for 
zerwwnoff period). 

-- 

a Sum of Squares 
Coefficient of Determination 

Srna110 values obtained from simulation runs with the two-parameter model imply 

that surface storage (or permanent surface detention) was small, Le. consistent with 

the physical situation. The best fits, the lowest 0 values and virtually identical val- 

ues of mean time of travel for both one and tweparameter models are encouraging, 

suggesting the best 4 values are somewhat unique and the model structure is sound 

regarding imitating the behavior of the system. 

The HML rainfd pattern again created responses that were difficult to fit well. 

This is likely due to the relatively poor spatial uniformity of the high rainfall intensity 

and the model stmcture itself which may not have been able to keep Pace with the 

rapid rate of mof f  generation during the early stage of the experimental runs when 

high intensity rainfail started first. 



The table clearly shows that the mean storage depth was near zero. The model 

structure selected in fact dowed detection of the smooth surface condition when fitted 

to the nuioff response. finaldo et al. (1995) also addressed the question : UCan we 

gage the shape of the basin from the runoff response?" in the same context with 

partial success. 

7.20.2 Other Surface Treatments 

The optimum parameter values obtained from the set of input/output data for the 

smooth surface provided an excellent background for discussing application of the 

models to response data for the surface treatments characterized by depressions with 

and without drainage. Modeling applications are pursued in this section with inclusion 

of 'zero correctionn results d e s s  otherwise stated. A main objective here was to 

test whether the model structure could capture the additional storage elements and 

infiltration in the other surface treatments. 

Surface Tkeatment II: 

For this surface treatment, relatively large depressions were located near the outlet; 

and the efTect of these on the response hydrograph was expected to be reflected in O, 

the mean depth of storage parameter. Table (7.7) summarizes the results of model 

applications for surface treatment II, leading to the following key observations: 

The fits remain excellent, but are still not quite so good for the HML rainfall 

pattern. 



a Q values remained essentidy the same as those obtained for the smooth sudace 

condition. The mean q5 value for the srnooth surface wnditions was 24.35 s 

including the HML ra idd l  pattern and 26.55 s without HML, while the mean 

4 value for surface treatment II was 22.96 s induding HML rainfd pattern and 

27.46 s without HML, the values comparing quite well to one another. 

B values are almost an order of magnitude greater than those for surface treatment 

1. The mean 9 value for the smooth surface condition was 0.011 cm; while for 

surface treatment II, i t  was 0.067 cm. 

0 Neither 4 nor 9 values are correlated with slope. Results of analysis of variance 

showed that no statistically significant correlation exists between either 4 or 0 

and dope at a 5% probability leyel. 

a The "Zero correctionn runs provided slightly better fits than the "no correction" 

runs: the optimum q5 values were not significantly different, but the optimum 

0 values were significantly less for the "zero correction" r u s ,  implying (quite 

correctly) that less storage was required when a significant part of the initial 

storage available was accommodated by means of "zero correction*. 

In response to the question: Can some of the key observations in previoua chapters 

be confirmed via the modeling exercises?, one could argue that assuming the calibrat- 

ing parameters represent system response for each event, some of the key observations 

in Chapter 6 were captured in the modeiing exercises. The finding that calibrated 

parameter values were statisticdy insignificant with regard to slope treatment con- 

h e d  the non-significant effect of slope on runoff response. In Chapter 6, the effect 



a Sum of Squares 
Coefficient of De termination 

Table 7.7: Model output for combination of slope and rahfaü treatmenb-Twc 

of surface treatment on total runoff amount and water loss was found to be signific- 

ant at the 5% probability level. Assuming that the main difference between surface 

treatments 1 and II was reflected in incorporation of depression storage, the finding 

that mean depth of storage for surface treatments 1 and II differed by an order of 

magnitude confirmed the significant effect of surface treatment on runoff response 

from a modeling point of view. 

i 

The actual mean depth of storage governed by the geometric shape of depressions 

over the surfaces (from Chapter 6) ranged from 0.081 to 0.093 cm, depending on the 

overall slope of the surface. Variations in mean depth of storage obtained via the 

modeling exercise on surface treatment II closely matched these d u e s .  A possible 

parameter rnodel, d a c e  treatment II. 
Slope 

% 

6% 

8% 

10% 

12% 

14% 

Mean 

Pooled 

W a l l  
Pattern 
HML 

' LMH 

No zero correction Zero correction 
# 

15.42 
27.86 

4 
23.64 
28.29 

SSa 
259.03 
198.65 
221-70 
292.97 
130.1 
198.84 
191.39 
119.65 

8 
0.083 
0.088 
0.046 
0.081 
0.081 
0.048 
0.053 
0.061 
0.051 
0.077 
0.084 
0.045 

33.54 
12.91 
26.15 
28.46 
18.85 
28.31 
28.91 
11.29 

MLH 1 31.91 

RzD- 

0.88 
0.92 
0.87 
0.85 
0.95 
0.89 
0.90 
0.95 

8 
0.053 
0.065 

90.8 
194.0 
125.0 
141.0 
141.0 
99.9 
136.0 

0.005 
0.053 
0.071 
0.014 
0.028 
0.043 
0.017 
0.053 

HML 
LMH 
MLH 
HML 

' LMH 
MLH 

0.083 
0.077 
0.049 
0.075 
0.078 
0.048 

1 0.067 

0.97 
0.92 
0.95 
0.96 
0.96 
0.95 
0.95 

23.32 
0.87125.79 

20.81 
26.37 
26.87 
19.36 
28.38 
27.39 

HML 
LMH 
MLH 
HML 
LMH 
MLH 
mean 

SS 
150 
176 

188.66 
254.31 
180.35 
134.74 
285.66 
151.58 
299.24 

- 
- 
- 

1 - 

18.51 
24.60 
26.13 
19.92 
26.30 
27.56 

1 24.59 

RZ 
0.94 
0.94 

0.89 
0.88 
0.94 

HML 
LMH 
MLH 

179.0 17.30 
23.85 
25.50 

0.93 

0.93 
0.96 
0.96 

- 
- 
- 

0.95 
0.95 

0.053 
0.059 
0.006 
0.048 
0.060 
0.014 

0.064 
0.029 

0.87 
0.96 
0.87 

- 
- 
- 

0.041 1 - i - 

178 
134.0 
157.0 

- 
- . 

- 

161.0 
120.0 

11.29 
24.31 
28.0 
13.95 
25.99 
28.94 

i - I 22.96 i 



reason for the 8 values being consistently lower than the "geometric values" is that the 

fd volume of depression storage was not utilized effectively in any of the experimental 

runs. As for the lower values of mean depth of storage for the zero correction scenario, 

the zero correction essentidy elùninated the initial abstractions leading to lower 6 

values. At this stage, it has to be acknowledged that mathematical optimality is not 

necessarily in total agreement with physical optimality. W l e  zero correction has led 

to a better goodness of fit, the physical meaning of mean depth of storage is somewhat 

lost in this process, implying that some sort of compromise has to be made between 

mathematicai and physical optimdity. 

Again, the best fits, the consistent variation of 0 values and virtually identical 

values of the mean time of travel for both surface treatments I and II are encouraging, 

suggesting the best 9 values are somewhat unique and the model structure is sound 

regarding imitating the behavior of the system in presence of depression storages. 

Surface Treatment III 

For this surface treatment, relatively large depressions were located remotely from 

the outlet; md the effect of these on the response hydrograph was expected to be 

reflected in 6, the mean depth of storage parameter. Table (7.8) summarizes the 

results of model applications for surface treatment III, leading to the following key 

observations: 

The fits remah excellent, and consistently better thaa for surface treatment II. 

# values remained essentially the sôme as those obtained for surface treatment 1 

and II. 



8 values are wnsistently in between their corresponding values for surface treat- 

ments I and II, the mean 9 values being 0.01 1, 0.017 and 0.067 cm for surface 

treatments 1, II and III respectively. 

An analysis of variance revealed that neither 4 nor 6 values are significantly 

correlated with dope at a 5% probability level. 

As before, the "zero correction" runs provided slightly better fits than the "no 

correctionn m s .  The optimum 4 values were not significantly different, but the 

optimum B values were significantly less for the "zero correction" runs, implying 

(quite correctly) that less storage was required when a significant part of the 

initial storage anilable was accommodated by means of 'zero correction". 

Differences in observed catchment response between surface treatments II and III 

due to differences in the spatial patterns of depressions were explored in Chapter 6. 

If differences in response attributable to differences in spatial patterns of depressions 

could be captured by the numerical values obtained for mean depth of storage for 

the respective surfaces, results of the modeling applications did reveal that simulated 

response for these two surface treatments differed. The 6 value for surface treatment 

s 
II was 0.067 cm, while that for surface t-atment III was 0.017 cm. It is worth noting 

that the potential volumes of depressions (governed by the geometry of the surface) 

were the same for both surface treatments, while the actual volumes of depressions 

for the two treatments were different due to the fact that when the relatively large 

depressions were located far from the outlet, they had smaller upslope contributing 

areas and were never completely filled with =off water. 



Table 7.8: Model output for combination of dope and raidail treatments-Two 
paramefer rnodei, surface treatment III. 

" Sum of Squares 
Coefficient of Determination 
Data not collected 

Surface Treatment IV 

For this surface treatment, relatively large depressions were located near the outlet 

and drainage from some of them was allowed. Two versions of the model structure 

seemed applicable for this surface treatment. A three-parameter model with a drainage 

module was calibrated in addition to the previous two-parameter model structure. 

Table (7.9) summarizes the resdts of these model applications. 

With a prime focus on the threepârameter model, Table (7.9) prompted the fol- 

lowing key observations: 

The fits are still quite good, but not as good as for the earlier treatments con- 



Table 7.9: Model output for combination of dope and tainfail treatmenta-Two and 
three parameter model, surface treatment IV. 

a Surn of Squares 
Coefficient of determination 

sidered. 

The parameters once again are not sensitive to dope changes, but are somewhat 

sensitive to the rainfall patterns, paxticularly the HML pattern. 

The 4 values are consistently lower than their corresponding values for the earlier 

surface treatments considered (excluding HML rainfd pattern). The overall 

mean for surface treatment IV is 21.18 s, while the means for the earlier surface 

treatments were 24.35, 22.96 and 24.45 s, corresponding to surface treatments 1, 

II and III respectively. 

The 0 values are consistently higher than their corresponding values for surface 

treatment II. The overall mean 9 value for surface treatment IV is 0.095 cm, while 
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the mean value for surface treatment II was 0.041 cm. This trend in variation 

is also evident in the mean 9 values for each rainfd pattern for the two surface 

treatments. 

The three parameters reveal some codependence, paz-ticularly 19 and kb. To min- 

imize sum of squares, 0 is hi& when kb is 10w and vice versa. 

0 The two-parameter mode1 fit the data almost as well as the three-parameter 

model, with an increase in B accommodating the drainage component effect. 

The overall mean O value for the two-parameter model is 0.117 cm, while that 

for the three-parameter model is 0.095 cm. 

In Chapter 6, catchment response data were less replicable for the surfaces char- 

acterized by various patterns of depressions with and without drainage than for the 

smooth surface. This lack of replicability was dso reflected in the goodness of fit 

achieved in the model applications. Coefficients of determination for surface treat- 

ment IV were somewhat less than 0.90, while those for the earlier surface treatments 

with few exceptions were greater than 0.90 for similar condition. 

The overall mean 8 value for surface treatment IV is significantly greater than that 

for surface treatment II, reflecting to some extent the effect of drainage occurring for 

surface treatment W .  

Surface Treatment V 

For this surface treatment, relatively large depressions were located far from the outlet 

and drainage from some of them was allowed. Again, two model structures were 

applied, in light of the nature of this surface treatment. In addition to the previous 
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twwparameter model stnicture, a model with a drainage module (i.e. three parameter 

model) was dso tried. Table (7.9) sllmmarizes the results of mode1 applications 

for these two structures. Inspection of Table (7.10) has led to the following key 

observations: 

O The fits are still quite good, but not as good as for the earlier surface treatments 

without infiltration. 

The parameters are very consistent for all slopes and rainfall treatments. 

O The q!~ values are consistently lower than their corresponding values for surface 

treatment IV. The overall mean for surface treatment V is 16.45 s, while that for 

surface treatment IV was 21.18 S. Further, the 4 values had the least variability 

among the various surface treatments. 

The three parameters are somehow codependent, particularly û and kb. When û 

is high, then kb must be low to minimize the s u  of squares, and vice versa. 

a The 6 values had the least variabiiity among the various surface treatments. 

Covariation of 19 with kb made parameter cornparison a bit misleading. Taking 

the covariation of B and kb into account , while the overall mean û value for V is 

higher than the corresponding d u e  for IV, the overall mean kb for V is lower 

than that for surface treatment IV. 

a The tweparameter model fits almost as  well and the goodness of fit criteria 

are consistently better than those for the threeparameter model. Further, the 0 

values for the two-parameter model are very variable with rainfdl pattern. 



Table 7.10: Mode1 output for combination of siope and r d a i i  treatments-Two and 
three-parameter m d e b ,  surface treatment V. 

a Surn of Squares 
Coefficient of determination 

The 4 and B values are significantly different for the two and three-parameter mod- 

els, implying a codependence on model structure. It seems the three-parameter model 

structure triggers another aspect of the information content of the data to optimize the 

calibration parameters. It should be emphasized that in reality for a typical surface, 

the mean time of travel for a specific event is unique but inaccessible and doesn't 

depend on different ways of wnceptualizing it. Other researchers have reached the 

same conclusion but in different contexts. A numerical experiment conducted on 

TOPMODEL by Franchini et al. (1996) raised several serious questions concerning 

process representation and physical credibility of the model. TOPMODEL's success 

in predicting catchment response derives from its ability to model contributing areas 



(using the topographie index curve), something at which ARNO model is equally 

successfd (Todini, 1996). However, both models predict diffennt contributing areas, 

which must therefore be regarded as model dependent and not necessarily represent- 

ative of real contributing areas in a catchment. 

The noisy nature of the original observed data created a major problem for the 

optimization algorithm to function properly. A direct consequence of such noise was 

to cause the objective function to be highly non-linear and non-convex. Sensitivity 

of the response surface to covariation of model parameters in a certain region, and 

inherent interactions among the model parameters, may have been a result of the 

apparent flatness of the response surface in the generd region, a series of dternating 

localized peaks in the response surface, the noisy nature of the data sets thernselves, 

characteristics of the optimization routine, or al1 of the above. Whatever the causes; 

interactions among the parameter values and sensitivity of the response surface in 

light of model parameter covariation suggest a non-uniqueness of parameter values, 

and that the values are somehow dependent on the nature of the optimization al- 

gorithm rather than being related closely to and indicative of physical processes. In 

addition, the results of modeling applications with the twc+parameter model proved 
8 

to be as good as those with the three-parameter model even though there was no 

drainage component incorporated into its model structure. This is truly an example 

of achieving a right solution for a wrong reason. In light of such circumstances, the 

physical meaning of input parameter will be totdly lost. 



Modeling Application for Small-Scale Field Experiments 

In the case of the smd-scale field experiment, neither the overall slope nor the Spa- 

tial pattern of surface storage was controlled. However, as was mentioned before, 

keeping the size of the study area s m d ,  rainfall treatment and antecedent soil-water 

content could be controlled. The surface treatments involved three micreplots with 

three levels of antecedent soil-water conditions with nested depression storage and 

allowance for infiltration. This variety of field conditions provided much valuable 

information to evaluate the soundness of model structures at a range of semi-natural 

field conditions in addition to those questions raised in Section (7.20). Modeling 

exercises were conducted on all surface treatments for various rainfdl patterns and 

antecedent soil-water conditions. The main objective in this part was to test whether 

the developed model structure could capture the variability in surface storage from 

one micrecatchment to another. 

In this part, the suitability of the three-parameter model was explored. In addition 

to the "zero correction" option, the original data were passed through a moving av- 

erage filter of order five for possible mode1 performance enhancement. Two scenarios 

were used in running the model on data sets for ail combinations of plot, rainfdl and 

initial condition treatments: in one set, the three-parameter model was calibrated us- 

ing the original data sets; while for the other sets of runs, the three-parameter model 

was calibrated using smoothed data sets. Results of simulation runs for various ini- 

tial conditions, plot treatments and rainfall patterns ore summarized in Table (7.11). 

Inspection of Table (7.11) has led to the following key observations: 



0 Mean time of travel (4)  values varied essentially in the same range as the ones 

obtained from simulation runs on the laboratory data sets. Further, while # 

values were very similar for the wet and plastic cover conditions, the values vary 

from plot to plot for the dry conditions. 

The mean depth of storage ( O )  d u e s  decrease with increase in level of antecedent 

soil-water conditions. Thus, on the average, the upper and lower limits of mean 

depth of storage correspond to dry and plastic cover conditions respectively. 0 

has its lowest d u e  for the plastic cover condition, which is a result similar to the 

9 values for lab runs with depressions (i.e. surface treatment IV). The 0 values 

ranged from 0.097 to 0.924 cm for dry conditions, from 0.140 to 0.767 cm for 

wet conditions, and from 0.090 to 0.100 for plastic cover conditions; while the 0 

values for surface treatment IV (which behaved hydrologically in the same way) 

ranged from 0.018 to 0.173 cm, with an o v e r d  mean value of 0.095 cm. 

The mean depth of storage ( O )  values reveal no consistent variation among the 

various plot, rainfdl and initial condition treatments for the small-scale field ex- 

periments; while they did vary consistently among the various surface treatrnents, 

slope orientations and to some extent r a in fd  patterns. 

The recession coefficient values m i e d  significantly among the antecedent soil- 

water conditions, plot and rainfd conditions. They were definitely highest for 

the plastic cover condition; but showed no consistent variation among the wet 

and dry conditions. They were inversely related to mean depth of storage, O. 

The kb values ranged from 0.001 to 0.290 s-' for the dry conditions, from 0.007 



to 0.028 s-' for the wet conditions, and from 0.029 to 0.030 s-' for the plastic 

cover conditions; while the kb d u e s  for surface treatment IV ranged from 0.006 

to 0.089 s-', with an overd mean value of 0.025 s-'. 

0 Fits were all pretty good, being poorest for the plastic cover conditions and 

somewhat poorer for dry than for wet conditions. 

The three parameters are somehow codependent, particularly 9 and kb. When 9 

is high, then kb must be low to minimize the sum of squares, and vice versa. 

Table 7.1 1: Summary of simulation runs for small-scale field experiment. 
Initial 

condition 

Dry 

Condition 

Wet 

Condition 

Plastic 

Cover 

Plot 

No. 

Plot 1 

Plot II 

Plot III 

Plot 1 

Plot II 

Plot III 

Plot I 
Plot II 
Plot III 

fiainfail 

Pattern 
HML 
LMH 
MLH 

HML 
LMH 
MLH 

HML 
LMH 
MLH 
HML 
LMH 
MLH 

HML 
LMH 
MLH 

HML 
LMH 
MLH 

MLH 

- - - -  - 

T hree paramekr mode1 
?Gîx 
Squares 

88.7 
115 
107 

7.9 
11 -9 
47.9 

16.9 
29.8 
31.9 
12.3 
38.1 
25.9 

14.5 
36.2 
47.8 

100 
60.0 
91.7 
705 
667 
526 

Runoff 
Coefficient 

% 
23 
25 
30 

11 
10 
8 

18 
16 
14 
25 
29 
22 

27 
27 
14 

33 
37 
37 
68 
66 
73 

" Recession constant 
Coefficient of Determination 



In earlier sections, it was mentioned that the mean time of travel has something 

to do with the physiography of the catchment such as drainage area. As the drainage 

area of both small-scale laboratory and field experiments were about the sarne, the 

hding of a similar range of values for 4 seems reasonable. Further, even though the 

tme value of mean time of travei was not accessible for either scale, yet in tems of 

order of magnitude, the optimized values seem appropriate for a spatial scale of 1 x 1 

m. 

The mean depth of storage parameter conceptually reflects the geometric character- 

istics of the surface and to some extent characteristics of the upper horizon soil-water 

storage condition. The substantial variability in 0 values, particulady for dry condi- 

tions, closely reflected the variability in micro-catchment response from one surface 

treatment to another. Further, eliminating a few exceptions, the optimized values of 

û found in this part were Likely to be in the order of magnitude estimated in Chapter 

5. The B values had the least variability for the plastic cover conditions, and the 

variability increased from plastic to wet and from wet to dry conditions. 

Covariation of 9 with kb made parameter cornparison a bit rnisleading. Taking the 

covariation of B and kb into account, it can be seen from Table (7.11) that relatively 

high values of 9 correspond to low values of kb and vice versa. This trend of variation 

in parameter values hindered exploring the impact of surface conditions (i.e. micm 

topography) on runofF response. 

A few simulation nins with the tweparameter model confirmed the fact that the 

optimum values of the calibrated parameters were model structure dependence. One 

model structure was triggered by one aspect of information contained in the data; 



while another model structure was triggered by another aspect, leading to significantly 

different values for the parameters of each model. Yet ad model structures led to 

plausible values of the goodness of fit criterion. The three-parameter model with 

three degrees of freedom was found to be more flexible in capturing the behavior of 

the system, as reflected in relatively high values of R2 and low values of sums of 

squares (SS) compared to the tw-parameter model. The high values of the sum of 

squares for the plastic cover conditions may reflect the fact that this criterion depends 

on the numerical value of flow itself: the higher the relative flow volume, the higher 

the sum of squares and vice versa. Malfunctioning of the runoff measurement facilit y 

during experimentation with the plastic cover conditions might be another cause for 

high values of sum of squares. 

Physically speaking, one would expect kb to be negatively correlated to runoff 

coefficient. Among other factors, interaction between the calibrated parameters and 

hence possible violation of a fundamental assumption behind the model formulation 

might have b e n  the cause of inconsistent parameter variation in the modeling applic- 

ation to the field data set. One direct implication regazding the interaction between 

parameters is that more than one combination of model parameters gave rise to plaus- 

ible fits causing them to be not physicdy realistic. One basic assumption behind 

model formulation is that the model is solely applicable to those scenarios whereby 

saturation-excess overland flow is dominant. While the o v e r h d  flow mechanism in 

the laboratory was runoff dominated, in the small-scale field experiment the runoff 

mechanism was more infiltration dominated. Lack of consistent variation in para- 

meter values might also be due to improper incorporation of the infiltration process 



into the model structure, implying that the current model structure may not be suit- 

able for field conditions for which infiltration is dominant. 

As the gaphicd presentation of observed versus simulated runoff results c m  often 

be instructive of a modeling exercise, such example gaphs are given in Figure (7.24) 

for the various r a i d d  patterns, plot treatments and antecedent soil-water conditions. 

Examination of Figure (7.24) has led to the following key observations: 

The degree of match is excellent, particularly during the rising and fding limbs 

of each hydrograph. 

The recession constant contributed to the plateau portion of each hydrograph, 

e.g. higher values of kb had more effect in leveling off the hydrograph. As an 

exampie, the recession constant for Figure (7.24~) was 0.001 s-', while that for 

Figure (7.24d) was 0.016. The distinct contribution to a leveling off of the runoff 

rate can be easily seen in Figure (7.24d). 

In all presented hydrographs, the observed flows are those of the original data 

set, suggesting that passing the data through a moving average filter was not 

necessary to improve model performance. 
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(a) Plot 1, dry condition (b) Plot 1, wet condition 

( c )  Plot II, dry condition (d) Plot II, wct condition 

(e) Plot III, dry condition (f) Plot III, wet condition 

Figure 7.24: Graphicd presentation of observed vs. simulated moff for various rainfall, plot treat- 
ments and antecedent moisture conditions 



7.22 Modeling Application for Large-Scde Field Experiment 

Data from the Pilot Watershed Study (PWS) research basins were employed to eval- 

uate the usehhess of the proposed model structure at a large scale. For the purpose 

of this modeling exercise, a few sample events during the period between early June 

to late September of each year for all research basins were selected for analysis. Each 

event was selected in such a way that it was preceded by a severe dry period. This 

initial condition allowed the model storage component to be assumed empty at the 

very beginning of simulation. 

The two and three-parameter exponential models were calibrated for all events 

collected for the various subwatersheds. It was onticipated that differences in the 

model parameter values for the paired sub-watersheds would provide a unique oppor- 

tunity to compare the paired sub-watersheds on the basis of the degree to which each 

sub-watershed was subjected to conservational and conventional remedial measures. 

The numericd results obtained from fitting the two and three-parameter exponen- 

tial models are summarized in Table (7.12), with two typical example graphs given 

in Figure (7.25). With a prime focus on the three-parameter model, inspection of the 

tabulated results and graphical display has led to the following key observations: 

Most notable is the high degree of mode1 fit achieved by the simple mode1 

structure, with R2 values in some cases above 0.90 being obtained for test sub- 

watersheds of Essex and Pittock. 

0 Mean time of travel (4)  values exhibit the least amount of variability from one 

sub-watershed to another. 



The mean depth of storage ( O )  values axe more variable among the various sub- 

watersheds, and are negatively correlated with the coefficient of runoff, i.e. the 

higher the mean depth of storage, the lower the coefficient of runoff. 

The three parameters are somehow codependent, particularly B and kb. When 0 

is high, then kb must be low to minimize the sum of squares, and vice versa. 

The graphical display of results reveals that the peak of simulated responses 

were consistently underestimated, which can be attributed to either an underes- 

timation of rainfall amount and intensity or to the model structure itself being 

unable to keep Pace with the rapid rate of increase in the observed response. 

The irregularity in the simulated runoff of Figure (7.25a) on the rising limb may 

be attributed to an erratic rainfall temporal pattern. While effects of variable 

rainfdl were detected in the simulated response, they appeared to be totally 

damped in the observed response. 

The two-parameter model fit the data as well as the three-parameter model, with 

an increase in B accommodating the drainage component effect, particularly for 

the Essex sub-watersheds. 

The most striking thing in these results is that the kb parameter played virtually no 

role. With the exception of the Kettle test sub-watershed, the kb d u e s  are essentially 

insignificant (like some of the laboratory runs). Therefore, not surprisingly, the two 

and three-parameter models have almost identical parameter values and R2 values. 

These results may be explained in two ways. First, O and kb were found to be 

codependent, as found in earlier model applications with the data obtained at smd- 
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a Coefficient of Determination 
Recession constant 

Table 7.12: Mode1 output for two Exponential Distribution Function Models. 

scale laboratory and field experiments. To explore the impact of this codependence, a 

few simulation runs were conducted on the Essex test sub-watenhed data by fixing kb 

at different values and optimizing the other two parameters. Results of the simulation 

x-uns, given in Table (7.13), show that while r$ values remained essentially the sarne, B 

increased when kb was decreased and vice versa to minirnize sum of squares. Secondly, 

as the formulation for both the two and three-parameter mode1 stmctures was based 

on saturation-excess overland flow, the similarity in results might simply be due to 

the fact that both model structures simulated the near-channel contributing areas in 

which the soi1 m a d e  had no further room to drain water, hence the low values of the 

recession constant. 

The coefficients of determination for the Kettle subwatersheds in general and the 

control subwatershed in particular were considerably lower than for the other sub- 

watersheds in the same region. Inspection of the observed rainfdl and runoff showed 

that a remarkabie lag, on the order of 2-3 hours, existed between rainfdl and its 

Basin 

Name 

Essex 

Kettle 

Pittock 

Basin 

Type 
test 

control 
test 

control 
test 

control 

Two parameter mode1 &off 
Coefficient 

% 
52 

60 
14 

17 
9.3 

6 

RZa 
% 
94 

91 
82 

28 
94 

93 

Three parameter mode1 
9 

(hr) 
11.75 

11.90 
6.57 

7.86 
10.0 

7.52 

4 
(hr) 
11.01 

11.56 
6.67 

7.86 
9.96 

7.51 

19 
(mm) 
43.56 

35.55 
134.61 

111.282 
333.11 

606.08 

e 
(mm) 
85.82 

80-18 
136.84 

134,026 
361.77 

667.53 

kbb 
h l )  
0.001 

0.012 
0.196 

0.010 
0-001 

0.001 

R~ 
% 
93 

90 
81 

50 
93 

93 



(a) Essex test rrakrahed (b) Pittock contml nstershed 

Figure 7.25: Graphical presentation of observed vs. simulated runoff for two typical events 

Table 7.13: Results of simulation nins with 
various fixed values of kb, Essex 
test subwatershed. 

Simulation parameter d u e s  RZ 

run 
1 
2 
3 
4 
5 
6 
7 

corresponding runoff. Further, the observed runoff increased dramaticdly from 12 to 

over 1000 L/s in less than perhaps half an hour. The low values for R2 might be due to 

the fact that the model stmcture was not able to keep pace with this rapid increase in 

observed runoff, and aiso could not represent the initial lag between observed rainfdl 

and runoff quite well. This situation was aiso noted in model fitting for the HML 

rainfall pattern in the laboratory experiments. 



Discussion of Resuits 

It is appropriate at this stage to discuss and evaluate salient points brought out in 

disparate form in various parts of previous sections regarding the modeling applica- 

tions performed at various spatial scales for various experimental settings. Although 

some cornparisons have already been made among the modeling results, a broad corn- 

parison of mode1 applications over the range of scales investigated has proven to be 

quite edightening. Key observations from this cornparison include the following: 

1. Regarding goodness of fit between simdated and observed response hydrographs: 

0 Various versions of the mode1 structure proposed (1, 2 and 3 parameter), 

provided very good to excellent estimated response hydrographs over the 

wide variety of slopes, surface treatments, ra iddl  patterns and antecedent 

soil-water conditions, and for the range of scales. In the case of the small- 

scale laboratory experiments, modeling applications with data sets collected 

for smooth surface provided an excellent fit, while the goodness of fit in- 

dices consistently decreased in passing from surface treatment I to surface 

treatment V. Indeed, the lack of replicability in observed runoff response 
s 

mentioned in Chapter 6, moving from the smooth surface to surfaces with 

depressions and drainage, was also observed in the simulated response. In 

the case of the srnall-scale field experiments, the rnodeling applications with 

data sets collected for wet conditions provided an excellent fit, and the de- 

gree of match consistently decreased from wet to dry and then from dry to 

plastic cover conditions. As for the large-scde field experiments, R2 was 



above 90% for some events and below 50% for others. 

2. Regarding 4 (conceptudy the mean time of trave1)- 

0 Across all scales andconditions considered, $ was a very stable, and the 

most stable, model parameter. 

Conceptually (Le. in the model structure) 4 represented the mean travel 

time. For the scales investigated, 4 took optimized d u e s  that seemed quite 

indicative of the physical conditions and scdes. 

3. Regarding 6 (conceptudy the mean depth of surface storage)- 

0 For the experimental conditions in which infiltration/drainage was not a 

factor, 9 proved to be a stable parameter; and took on optimum values 

indicative of the volume of surface depressions and of the relative location of 

significant depressions. 

For conditions involving infiltration/drainage, 9 could take on a wide range 

of values, at times apparently indicative of the extent of surface depressional 

storage and/or soi1 moisture storage, and at times perhaps merely exhibiting 

a codependence with the infiltration parameter, ,b. Therefore, under infilt- 

ration conditions, the B values could not be counted on to be representative 

of the nature or extent of depression storage. 

4. Regarding ks (conceptudy drainage recession constant)- 

0 This parameter proved to be the least stable parameter in the three-parameter 

version of the model, probably lasgely because of the strong codependence 
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between 0 and ks. Therefore, the kb values could not be counted on to be 

representative of the extent of infiltrationldrainage. 

5. Regitrding the codependence of 6 and kb- 

For ail experimental situations involving idtration/drainage, 9 and kb were 

found to be highly codependent. Although somewhat inconvenient from 

a modeling standpoint (one would prefer the parameters to be quite inde- 

pendent), this result should perhaps not be unexpected. Conceptually and 

mathematically, B introduces a storage effect and a water loss effect i.e. it 

can dampen response and can remove water from the =off response (i.e. 

reduce the runoff coefficient). kb can also remove water from rapid runoff 

response. Physically, depressional storage and infiltration might be expec- 

ted to be directly related i.e. the more and larger the depressions, the more 

water would be stored to infiltrate. However, in the mode1 results, B and kb 

were found to be inversely related i.e. when the optimum û value was relat- 

ively high, the optimum kb value was relatively low, and vice versa. In other 

words, the optimization routine found these two parameters very convenient, 

moving the values up and down to achieve an optimum. 



Chapter 8 

CONCLUSIONS AND 

RECOMMENDATIONS 

8.1 Introduction 

This thesis was undertaken to investigate the effects of surface storage elements on 

catchment response at a range of spatial scales and experimental settings. The spatial 

scales included small-scale laboratory experiments, smd-scale field experiments and 

largescale field experirnents. Interaction of surface t reatments, dope orientations, 

rainfdl patterns and initial soil-water conditions on one hand and surface storage 

elements, a d  resulting effects on nuioff response including the timing of outflow 

hydrographs on the other hand, were considered at these spatial scales. Direct char- 

acterization of surface storage elements was pursued in Chapter 5 ,  indirect character- 

ization of surface storage elements via observation of rainfall and its corresponding 

runoff at different spatial scales was continued in Chapter 6, and modeling exercises 

were undertaken in Chapter 7 to quantify these features. With reference to these 

results chapters, conclusions and recornmendations for further studies are provided in 
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the folIowing sections. 

8.2 Conclusions 

The study reported in this thesis has Ied to the following conclusions: 

1. From the analysis of pond, it became clear that most estimates and/or geometric 

characteristics relating to size and spatial location of depression storage, includ- 

ing area, volume and depth, are scale dependent. We should perhaps abandon 

the notion of trying to rneasure/estirnate deterministic quantities related phys- 

ically to surface depressions. These geometric objects may best be described 

by resorting to fractd geometry, a popular tool for quantiSing variability across 

scales. We should possibly dismiss the notion of optimum grid spacing or for 

that matter representative elementary area or volume as these concepts are very 

rnuch objective and scde dependent; and instead try to delineate scale-invariance 

relationships between variables of interest at a range of spatial scales, with break- 

points separating scaling regions. 

2. From the analysis of runoff response data, it was found that: 

When there is no infiltration, depression effects can be detected in response, 

i.e. effects due to size of depressions and spatial location of different sizes. 

So, if such spatial information is available, one could delineate and attribute 

such spatial effects to response. Unfortunately, in general, such detailed 

information is lacking in practical situations. 



a In the presence of infiltration, i t  is extremely difficult if not impossible to 

distinguish depression effects from infiltration effects on catchment response. 

0 Regarding the interaction between infiltration and surface storage, it became 

dear that one has to be very carefd estimating effective infiltrability from 

apparent steady state response conditions (with full depression storage). 

Therefore, since there are effects, but we can't distinguish the sources from the 

response even for simple systems, perhaps we should look into probabilistic or 

other ways of describing/modeling the system. 

3. From modeling applications, it was found that : 

O For simple depressional cases with no infiltration, differences in response 

due to various spatial patterns of depressions can be delineated well with a 

simple holistic model. In such situations, the parameters can take on values 

which appear to have physical meaning in terms of physical characteristics 

such as mean time of travel and mean depth of depressional storage. 

O For simple and more complex situations involving infiltration at a range of 

scales (from s m d  plots to s m d  watersheds), response can be estimated well 

with a simple holistic model. hwever ,  the parameters can take on values 

which may or may not have any physical meaning at dl.  

In short, we should be very cautious assuming parameters of conceptual mod- 

els actually represent physical processes and take on values indicative of physical 

processes. Further, we should be very cautious using model parameter values ob- 

tained at one spatial scale to be legitimate and /or appropriate values for other spatial 
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s d e s  of application, even though the mean time of travel parameter appeared to 

preserve a physical meanhg at a range of spatial scales in this study. . There are 

still niany ambiguities associated with the routing and partitioning of water between 

surface and subsurface flows, and estimating associated parameters. We should per- 

haps try to develop concepts and theories directly at the scale of interest (Rodriguez 

and Valdes, 1979), and possibly dismiss the notion of transferring information across 

scales in a quantitative way if not in a qualitative marner. 

8.3 Recommendations for Further Research 

Based on the results of the study, the following are recommended for further invest- 

igation. 

1. The pond analysis and associated cited implications involved small spatial scale. 

There is a need to collect digital elevation data with fine resolution at larger 

spatial scales, and address the following questions: 

a C m  one describe depressional storages via fractal geometry at larger spatial 

scdes? 

6 

Fixing the size of the study area, does the frequency distribution remain 

similar at different g i d  resolutions and various spatial scales? 

Fixing the size of the study area, do the frequency distribution parameters 

(i.e. characteristics of surface depressions) remain similar at different grid 

resolutions and various spatial scales? 



What do measurements show about the interaction of spatial scale and spatial 

variability? 

2. There is a need to investigate the effects of nested structure of depressional 

storages on catchment response in situations where there is no infiltration. 

3. There is a need to refine mode1 structures to eliminate parameter interaction and 

better accommodate the infiltration process. One possible suggestion might be 

to introduce storage as a second state variable, and try to have a close match 

between observed and simulated storage as well. Stnicturing a mode1 by consid- 

ering cumulative values of response variables might be asother possibility. 
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Appendix A 

Laboratory Experimental Results 
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Figure A.l:  Catchment response of surface treatment 1 for different rainfall patterns and dopes. 
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Figure A.2: Catchment response of surface treatment II for different rainfall patterns and slopes. 
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Figure A.3: Catchment reaponse of surface treatment III for different rainfall patterns and dopes. 
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Figure A.4: Catchment response of surface treatment IV for different rainfall patterns and dopes. 
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Figure A.5: Catchment response of surface treatment V for different rainfail patterns and slopes. 
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Figure A.6: Catchment response of various surface treatrnents for diflerent slopes, LMH rainfall 
pattern. 
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Figure A.7: Catchment response of various surface treatments for different siopes, HML rainfdl 
pattern. 
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Figure A.8 : Catchment response of various surface treatments for different dopes, M LH rainfall 
pattern. 



Appendix B 

Results of Analysis of Variance 



-- Table B.1: Oneway analysis of Variance of data for key variables. 
Sources Sum Degtee Mean Significant 

of of of F-ratio F0.95 

Variation Squares F'reedom Square Level 
a. Total Runoff Amount (same surface treatment 

Level Code = Slope Treatments 
Between means .O03 4 .O01 -267 3.48 -893 
Within Samples .O28 10 .O03 
Total .O3 1 14 

Level Code = Rainfall Patterns 
Between means ,021 2 -010 11.552 3.89 .O02 
Within Sam~les .O11 12 .O01 
Total .O31 14 
b. Total Runoff Amount (different surface treatment 

Between means 
Within Samples 
Total 

Between means 
Within Samples 
Total 

LeveI Code = Surface Treatments 
1.241 4 -310 85.392 3.48 .O00 
.O36 10 .O04 
1.277 14 

Level Code = Rainfall Patterns 
-015 2 .O08 .O72 3.89 -93 1 
1.262 12 .IO5 
1.277 14 

Mean 
Slope tr. 
Surface tr. 
Combined effect 
Error 

Level Code = Surface Treatments and Slopes 
312.93 I 312.93 154152.7 4.35 

. . 0.041 20 2.03E-3 
a. Total Rainfall Amount 

Level Code = Slope Treatrnents 
Between means .O15 4 .O05 1.529 3.48 .267 
Within Sarnples -024 10 .O02 
Tot al .O39 14 

Level Code = Rainfall Patterns 
Between means .O07 2 -004 1.437 3.89 0.266 
Within Samples -031 12 -003 



Table B.2: One-way analysis of Variance of data for key variables. 
Sources Sum Degree Mean Significant 

of of of F-ratio F0.95 

Variation Squares F'reeàom Square Level 
a. Potential Volume of Depressions 

Level Code = Slope Trestments 
Between means .O27 4 .O07 999.999 3.48 .O00 
Within Samples .O00 10 .O00 
Total .O27 14 
b. Actual Volume of Depressions 

Level Code = Slope Treatments 
Between means .O001 4 2.675005 .160 3 -48 -954 
Within Samples -002 1 O 1 -67E-004 
Total -0018 14 

Level Code = F b b f d  Patterns 
Between means .O01 2 6.473-004 16.167 3.89 -0004 
Within Samples -00048 12 4.00E005 
Totd .O018 14 

Level Code = Surface Treatments 
Between means 1.995 4 -499 287.763 3.48 .O00 
Within Samples .O17 10 .O02 
Total 2.012 14 

Level Code = Surface Treatments and Slopes 
Mean 16 -47 1 16.47 26252.9 4.35 
Slope tr. 0.08 4 0.02 33.47 2.87 
Surface tr. 6.78 3 2.26 3604.14 3.10 
Combined effect 0.22 12 0.02 29.32 2.28 
Error 0.01 20 6.28E-4 



Table B.3: Oneway anaiysis of Variance of data for key variables. 
Sources Sum Degree Mean Significant 

of of of F-ratio Fo.9s 
Variation Squares Reedom Square k v e l  

a. Total Runoff Amount (dry conditions) 
- Level Ccde = Plot TIeatments 

Betweenmeans 8.800 2 4.400 39.680 5.14 0.0003 
Within Samples -665 6 .Il1 
Total 9.465 8 

Level Code = Rainfall Patterns 
Between means .O11 2 .O06 .O04 5.14 .996 
Within Sômples 9.454 6 1.576 
Total 9.465 8 
b. Totai Runoff Amount (wet conditions) 

Level Code = Plot 'Ikeatrnents 
Between means 2.911 2 1.455 10.577 5.14 .O11 
Within Samples -826 6 .138 
Total 3.736 8 

Level Code = Rainfall Patterns 
Between means ,422 2 -211 -382 5.14 -698 
Within Samples 3.314 6 .552 
Total 3.736 8 
c. Total Runoff Amount (plastic cover conditions) 

Level Code = Plot Treatments 
Between means 1.036 2 .518 2.312 9.55 .247 
Within Samdes -672 3 -224 
Totd 1.709 5 
d. Totd Runoff Amount 

Level Code = Plot Treatments 
Between means 77.014 2 38.507 50.523 3.55 .O00 
WithinSarnples 13.719 18 -762 
Total 90.733 20 



Table B.4: One-qay anaiysis of Variance of data for key variables. 
Sources S u .  Degree Mean Significant 

of of of F-ratio Fo-9s 
Variation Squares Fîeedom Square Level 

a. Total Water L o s  (dry conditions) 

Between means 
Within Samples 
Total 

Between means 
Within Samples 
To ta1 

. - 
Level &de = Plot Treatments 

6.434 2 3.217 29.571 5.14 .O01 
-653 6 -109 

7.087 8 
Level Code = Rainfall Patterns 

.O09 2 -004 -004 5.14 .996 
7.078 6 1.180 
7.087 8 

b. Total Water Loss (wet conditions) 
Level Code = Plot Treatments 

Between means 2.653 2 . 1.326 9.650 5.14 
Within Samples -825 6 -137 
Totai 3.478 8 

Level Code = Rainfall Patterns 
Between means -672 2 -336 -719 5.14 -525 
Within Samples 2.805 6 -468 
Total 3.478 8 
c. Total Water Loss (plastic cover conditions) 

Level Code = Plot Treatments 
Between means 1.038 2 -5 19 2.315 9.55 .246 
Within Sarnples ,672 3 .224 
Total 1 . i l0  5 
d. Total Water Loss 

Level Code = Plot Treatments 
Between means 148.579 2 74.290 120.753 3.55 . O00 
Within Sam~les 11.074 18 .615 
Tot al 159.653 20 
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