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ABSTRACT 

This dissertation examines the variations in the results of a physically-

based kinematic routing rainfall-runoff model (KINEROS2) in response to vari

ations in the geometric model definitions caused by grid size and accuracy of 

Digital Elevation Model (DEM) data sets. A range of independently acquired 

DEM data resolutions within the 148 km^ USDA-ARS Walnut Gulch Experimen

tal Watershed provided a sound basis for this analysis. Analysis was conducted 

over a range of watershed scales and DEM effects were studied in relation to other 

model parameters. Emphasis was placed on identification of dominant processes 

most influenced by topographic representation. 

It was evident firom the analysis that the topographic algorithms have 

their limitations and an insu£5cient resolution of DEM data results in gross mis

representation of actual drainage network leading to serious modeling errors. It 

was also observed that geometric representation of the watershed is inherently 

linked to the other soils and l^rdrologic parameter definition. As a result, a 

variation in geometric representation results in variation of other model param

eters. This analysis has illustrated that infiltration dynamics have a dominant 

control on the model results. Further, a change in geometric configuration due 

to variation of DEM grid size influences the hydrologic model more through their 

indirect impact on other parameter definitions than the direct effects due to pure 

geometric changes. 

A major problem with using fine resolution DEM is the increased storage 

requirements and enhanced computational burden. On the basis of this research 

some guidelines are framed for the user to facilitate a choice of DEM data de

pending on the modeling requirements and the computational resoiirces. There 

is clear evidence from this research that an extremely fine and accurate DEM 

does not necessarily add further accuracy to the modeling results. Therefore a 

moderate resolution and fair accuracy DEM may be chosen safely for a given 

modeling task given that a few simple checks on the data are performed by the 

user. 
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CHAPTER 1 

INTRODUCTION 

The primary objective of this study was to assess the influence of the 

accuracy and resolution of grid-based Digital Elevation Model (DEM) data on 

physically based hydrologic routing of runoff. A secondary objective was to de

velop an efficient and reliable firamework for rapid topographic parameterization 

of distributed hydrologic models by assessing the suitability of digital represen

tation of land surface topography for this puri>ose. 

The study was initiated with the basic premise that DEM data accuracy 

and resolution directly affect the topographic parauneterization which, in turn, 

infliiftnrfls physically based hydrologic simulations. Consequently, given all other 

parameters being uniform across the watershed, a certain level of DEM accuracy 

and resolution may simulate the hydrologic response better than the other. 

Guidelines on the use of commonly available DEM data with a reliable 

framework to parameterize kinematic wave routing models will facilitate use of 

these models for prediction or research purposes. The results also provide the 

modeler a basis to assess their topographic data requirements amd incorporate 

the topographic detail only to the extent which proves useful in hydrologic sim

ulations. This knowledge would result in savings of data storage and processing; 

and an improved operational efficiency of models without sacrificing their per

formance. 

Badcground and motivation for the study are presented first, to more fully 

introduce the topic and establish its relevance, followed by a problem statement 

and objectives of the research to put the study in a formal framework. The 

approach to conduct the research is then summarized. A section is then presented 

to discuss the importance of data resolution and scale in hydrologic modeling and 
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relevant literature is reviewed. The chapter is concluded with a brief description 

of organization of the dissertation. 

1.1 Motivation and Background 

Land surface topographic information is vital for the terrestrial geo-

sciences, with applications in geology and geophysics., ecology and soil science, 

hydrology, botany and glaciology (Burke and Dixon, 1988). The interaction 

between catchment morphology and hydrological response is known to be signif

icant, with topography exerting an important influence on the local and regional 

scale hydrological cycle (Murpl^ et oL, 1977; Beven et al.^ 1988; Burke and 

Dixon, 1988). Jorgeson et aL (1995) clearly stated that, '̂ Perhaps the single 

most important type of data used as input to any hydrologic model is the ele

vation data which re{N'esent the topography of the area being modeled". The 

authors recognized the importance of other variables by stating that, '̂ While 

there are many other very important variables in the modeling process, accurate 

depiction of the size, shs^ and slope of the watershed are critical". 

Beven et aL (1988) suggested that catchment morphology was a dominant 

control on the spatial patterns of l^drological response under many conditions 

and should be taken into account in making hydrological predictions. Conse

quently, physically based hydrologic models contain measures derived from land 

sur£ace topography that are important parameters in their modeling schemes. 

Beven et al. (1988) predicted that improvement of hydrologic modeling 

methods and techniques would be greatly facilitated by the availability of digital 

elevation and river network data combined with Geographic Information Sys

tems databases. That prediction came true shortly afterwards, and a gieat deal 

of researdi has been done to utilize digital representation of topography for hy

drologic prediction purposes (e.g. see Sivapalan et al., 1987 and Johnson, 1989). 

Even more research can be found on derivation of parameters and channel net-

wwks &x)m DEM data (e.g. see Moore et aL, 1988; Jenson, 1991; Band, 1986; 
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and O'Callaghan and Mark, 1984 among others). These studies represent a great 

advancement in procedural development in utilization of DEM data for deriva

tion of parameters. However, little attention has been devoted to determine the 

influence of the effects of DEM data limitations from independently derived data 

sets. This was, in part, because that investigators had no basis to assess the un

certainty of information derived from commonly available USGS 30 m data with 

independent DEM data. This study thus aims to bridge this research gap by 

virtue of DEM data products available at the study site acquired, under higher 

accuracy standards, in addition to USGS data. 

In that all distributed models are lumped to some extent in utilizing the 

parameters of interest, utilization of any heterogeneous parameter values is influ

enced by the scale at which information about the parameters is available. The 

same holds true for morphological representation. Also important are methods 

to produce such data and their relative accuracy. Thus, while the problem of 

influence of morphology on hydrologic response is still active, the research for 

assessing the influence of data scale and siccuracy is also important. 

It was, however, pointed out by Beven et al. (1988) that the traditional 

Hortonian mechanism of local nmoff generation via infiltration excess is not 

affected by morphological description while nmoff generation by saturation excess 

is to a greater degree controlled by morphology. However, in the Hortonian case 

morphology directly affects the runoff routing and timing of hydrograph. Quinn 

et al. (1991) also showed that both the routing algorithm and flow path algorithm 

may have an important effect on model predictions. Goodrich et al. (1997) 

illustrated that the interaction of routing and infiltration is critical in semiarid 

regions with ephemeral channels. 

Therefore the method of routing should be an important consideration 

while investigating the affects of morphology on catchment response. This ob

servation motivated the main thrust of this research to extend the study of effects 
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of DEM data resolution and accuracy to physically based routing, beyond the 

well studied effects on topographic and basin morphology parameter derivation. 

In addition to these, derivation of topographic parameters for use in hy-

drologic modeling by manual methods is time consuming, laborious, subjective 

and error prone (Martz and Garbrecht, 1993). And, as more and more land 

surfiace elevation data becomes available in digital format, there is a tendency to 

use that data in computer programs for modeling various land surface processes 

because digital data allows automatic estimation of various terrain attributes. 

In their comprehensive book dealing with the fractal properties of river 

networks, Rodriguez-Iturbe and Rinaldo (1997) point towards the importance of 

altitude in models simulating network evolution. The authors also acknowledge 

the use of DEM data in determination of river networks. The cmrent study 

investigates DEM data issues on a much smaller scsde compared to large river 

basins. Nevertheless, this study gained motivation and inspiration from similar 

literatiire reiterating the importance of land siu'face topography in hydrology. 

Given the importance of topography in hydrology, it is worthwhile and 

timely to conduct a study to investigate the suitability of readily available DEM 

data to extract parameters required for physically based routing. 

1.2 Problem Statement 

As digital topographic data continue to become more readily available, 

it will increasingly be used in all aspects of research amd applications which in

corporate land surface topography. Some of the data bases (mostly developed 

locally over a limited area) are developed with a specific purpose in mind while 

others covering rather large areas of the land surface are being developed for 

more general purpose use. One common problem arises when elevation data are 

used for a purpose other than the predefined applications; namely, the question 
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of whether or not a particular data set is suitable for a specific application (Ost-

man, 1987). However, whatever the original purpose, a basic product of these 

data bases is representation of land surface topography in the form of surface 

models. 

Building a continuous surface of any phenomenon is a very complex prob

lem and inherently involves the issues of survQr methods, map projections, and 

methods of compilation and processing. Traditionally manual methods have been 

used to gather information to represent surfaces. With the advent of high speed 

computers and advancements in cartographic methods, procedures have become 

much faster and reproducible because of lack of operator subjectivity at various 

stages. Still various assimiptions made at several stages of processing introduce 

errors of varying size into the final output. 

Moreover, the spatial grid size of data is a compromise among several 

competing criteria. A coarse spatial resolution may provide an inaccurate repre

sentation of surface, yet be desirable because of cost, efficiency and data storage 

considerations. Also vertical accuracy may be limited or inaccurate due to in

strument or operational limitations. As Giles and Franklin (1996) pointed out 

that sharp ridges, peaks and deep valleys are smoothed during creation of the 

DEM, and accurate recreation of these areas is not possible. 

Despite these limitations there is apparently a vast potential for this data 

to be used for various purposes. For example, in hydrologic modeling, a variety 

of topographic parameters may be derived from DEMs including geometric pa

rameters to input in hydrologic models. Some of these parameters directly relate 

to the type of surface model £rom which these parameters are derived. 

Bnmeau et al. (1995) stated that, "the uncritical use of DTMs (Digital 

Terrain Models) might lead to poor representation of hydrology due to limita

tions on the consistency of their determination, the derivation of flow pathways 

and the quantification of topographic indices". It is dear that an indiscriminate 
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use of digital data, without knowledge of its potential adverse effects on such 

processes, might result in labor savings and subjectivity at the cost of poorly 

defined topographic parameters which could bias or undermine the results of hy-

drologic simulations. As we will see in the literature review, most of the studies 

only assessed the effects of DEM data resolution on hydrologic or basin param

eters and did not use Itydrologic simulations or they used TOPMODEL (Beven 

and Kirkl^, 1979), which employs a distance-based time delay type routing to 

simulate runoff. The authors of TOPMODEL admit that further work in small, 

steep and rough channels has shown that model's routing procedin'e may not 

always prove satisfactory, and either a linear channel representation, or a more 

complex kinematic method should then be used (Beven and Kirkby, 1979). 

It has been shown that predictions of TOPMODEL are sensitive to the 

resolution of DEM used to calculate the topographic index (e.g. see Wolock and 

Price, 1994; Zhang and Montgomery, 1994). Saulnier et al. (1997) speculate that 

this scale dependence is probably true of all distributed models, but has been 

investigated most fully for TOPMODEL. 

In view of the above, the current research to explore effects of DEM data 

accuracy and resolution on hydrologic models with physically-based hydrologic 

routing is justified. A statement by Vieux (1993) fiu*ther reinforces our point, 

"Any error analysis that does not explicitly consider the ultimate consequences 

(i.e., in this application, the error propagated in the simulation of direct surface 

runoff) is incomplete and of little value when using digital election models to 

simulate hydrologic processes such as direct stuface runoff''. 

This statement also serves as justification for the following hypothesis that 

is offered to more fully focus the study. 
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H(l). Discretization of a watershed into planes and channels and derivation of 

other topographic measures from DEM Data are dependent on the method 

of DEM data acquisition (i.e. data acciiracy) and its horizontal resolution. 

As far as this hypothesis is concerned, the DEM data refers to regular 

grid-based type data. This type of data was utilized throughout this research 

because DEM data in this format is more readily available than other formats 

(like Digital Line Graphs or DLGs and IViangulated Irregular Networks or TINs). 

Consequently, algorithms utilizing grid data in watershed delineation are easily 

available and well tested, although examples do exist where TINs are applied 

for hydrologic modeling (e.g. see Goodrich et aL, 1991; Maidment el al., 1989; 

Vieux et oL, 1988 and Jorgeson et aL, 1995). Moore et al. (1991) zdso recom

mend using grid-based DEMs because (in their words) the methods of analysis 

are computationally efficient and simple, and this structure is compatible with 

remote sensing techniques and geographic information ^sterns. 

Testing the above hypothesis served as catalyst for the rest of the investi

gation. It is apparent that testing this hypothesis explicitly requires DEM data 

acquired by different independent methods with their own accuracy standards 

and resolutions. It also requires establishing a modeling framework where ef

fects introduced by topographic data can be isolated. It should be noted that as 

far as this hjrpothesis is concerned, horizontal resolution refers to the horizontal 

grid spacing at which a final data product is reported. Moreover, the hypoth

esis suggests that the data differences would affect the topographic parameter 

distributions in a consistent manner. As far as the effects of data resolution on 

hydrologic routing are concerned, a separate hypothesis is offered: 

H(2). DEM data resolution affects derived topographic attributes which, in turn, 

influence kinematic routing such that, at a given watershed scale, a use of 

finer resolution DEM will result in better simulation of peak runoff rate. 
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In this hypothesis, peak runoff rate ( Q p )  was selected as the criteria for 

assessing the routing results because it is important in flooding peaks and hy-

drologic structural design and is also one of the most difficult basin responses to 

model (Guertin, 1997, personal commimications). 

1.3 Purpose and Objectives of Study 

The above hypotheses were pursued to meet the following specific objec

tives of this study: 

• Develop a reliable modeling framework for rapid topographic parameter

ization of distributed hydrologic models utilizing DEM data. 

• Quantify the uncertainties associated with hydrologic and topographic 

measures derived from widely available USGS DEM data for utilization 

in hydrologic models; and, 

• Assess the impacts of imperfect representation of surface topography on 

physically based hydrologic routing. 

1.4 Approacdi 

The problem of defining the resolution and acciu*acy of DEM data for a 

given level of kinematic routing model performance is inherently linked to the 

other parameterization problems well known to the users of physically based 

distributed rain£ctll-runoff models. In fact, the difficulty of parameter definition 

constitutes the major criticism of distributed models. In my opinion the criticism 

is valid and calls for continuous work in this area. This fact was kept in mind 

throughout this research effort; and the research approach was crafted in a man

ner to allow investigation of DEM data issues for topographic parameterization 

in conjunction with other model parameters. 
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The details of theoretical and modeling framework for testing various com

binations of watershed and DEM data scale are provided with the description 

of experimental design in the next chapter, and are not repeated here. Only a 

general modeling methodology and analysis steps are briefly mentioned below. 

The study site for this research was the U.S. Department of Agriculture 

(USDA), Agricultural Research Service (ARS), Walnut Gulch Experimental Wa

tershed, located in southeastern Arizona, USA (for brevity, referred to as Walnut 

Gulch, hereafter). Summer airmass thunderstorms were the l^pe of rainfall se

lected in this study. This site was chosen for the study because of the availability 

of multiple indei>endent DEMs (from a high resolution 2.5 m IFSAR data to 3 

ARC second DMA data - 79 m resolution at this latitude). Moreover, a range 

of scale of nested watersheds with high quality rainfall-runoff data allowed study 

of the problem over a range of basin scales (4.4, 48.3, 786, 9353 and 14800 ha). 

Purther details about Walnut Gulch are provided in the next chapter. The choice 

of storm type was dictated by the well known importance of thunderstorms in 

the production of runoff in the region of study. 

An independent evaluation of DEM data was the first step. The mutual 

differences of elevation data among different DEMs provided some indication of 

magnitude of relative differences between data sets. Comparisons were cdso made 

with high quality groimd surveys to gain some knowledge about data accuracy. 

Next, an array of the most important topographic parameters were computed 

and compared for all the DEM data. 

Attributes which depend on network complexity were compared for ex

treme cases of model complexity (from very simple to most complex geome

tries; or from a low to high level of basin discretization). To define the level of 

network complexity two methods were used; slope-area method of Montgomery 

and Foufoula-Georgiou (1993) and equilibriimi storage method as suggested by 

Goodrich (1990). The viability of KINEROS2 (an tq>dated version of KINEROS; 
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Woolhiser et aL, 1990; Smith et a/., 1995) was tested by the split-sample cali

bration and validation of the model on WGr-11 (785 ha) and WG-1 (14800 ha). 

A series of model runs with judicious combination of topographic, climatic and 

hydrologic parameters helped answer the basic question relevant to this research. 

The systematic model runs were executed in a way to isolate topographic require

ments and to provide insights about topographic parameters uncertainty versus 

other model parameter uncertainties. 

1.5 Literature Review 

The literature review contains three major sections. In the first section, 

literature relating to comparison of DEM derived attributes at different scales is 

reviewed. This section also examines work being done to refine the network and 

subcatchment identification methods which utilize DEM data. Second, there is 

literature which deals with the chaimel network complexity and scaling issues. 

Finally, literature relevant to utilization of DEM data in hydrologic modeling via 

nmoff routing is reviewed. It should be noted that the issues are separated here 

for better organization only; from a modeling point of view they are strongly 

related to each other and thus some overlap between topics may be apparent. 

1.5.1 Derivation of Topographic Attributes 

The variability of topographic elevations and drainage networks is gen

erally expressed in terms of topographic attributes. Some of the attributes (e.g. 

slope and aspect) depend only on the elevation data (and not on the derived 

channel network); while others depend on the complexity and nature of the de

rived network. Different attributes assvmie varying importance depending on the 

type of elevation-dependent phenomenon. Similarly different models use differ

ent topographic attributes depending on the influence on the phenomenon being 
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modeled. Obviously, the topographic attributes which relate to the channel net

work depend on the nature of the network and the type of procedure used to 

derive channel network from the elevation data. 

Ichoku et al. (1996) divided the available methods of channel network 

extraction from DEM data into two broad categories; first, those which depend on 

flow accumiilation procedures (including D8 (O'Callaghan smd Mark, 1984); p8 

(Fairfield and Leymarie, 1991); Multiple flow (Quinn et oL, 1991), and DEMON 

(Costa-Cabral and Burges, 1994) methods), and; second, those which do not use 

flow accimiulation schemes (e.g. the skeletonization method of Meisels et al., 

1995). They evaluated the networks derived by D8 and skeletonization methods 

1^ comparing variation of Horton ratios and fractal dimensions (i.e. functions of 

two or more of Horton ratios). Th^ concluded that multilevel skeletonization 

adapts to the local slope while flow accimiulation method does not. They based 

this conclusion on their observation that different fractal dimensions show similar 

behavior for the range of convexity thresholds for the skeletonization method 

but differently for the flow accumulation method. They further pointed out the 

problem of feathering of channels in the flow accumulation methods when very 

small channel initiation thresholds were used. 

Their observation concurs with that of Fairfield and Leymaire (1991) who 

also argued that the method D8 produces artificial parallel flow channels along 

preferred directions engendered by sampling grid orientation. They proposed a 

stochastic method based on distributions crafted to reproduce flow in an overall 

aspect direction. 

Band (1986) described a method of network delineation and subwater-

shed demarcation based on identification of concave and convex pixels. Only the 

USGS 30 m DEM was used to test the proposed methodology. Stuebe and John

ston (1990) used GIS techniques (using GRASS) to delineate watersheds from 

contour maps and the SCS curve number method was used for runoff estimations. 
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Costa-Cabral and Burges (1994) showed that large errors may result in 

the computation of contributing areas from algorithms based on D8 (O'Callaghan 

and Mark, 1984) or /?8 (Fairfield and Leymaire, 1991) methods. They proposed 

a new technique based on areal flow dispersion directed by aspect. Their method 

also computes the specific dispersal areas in addition to specific contributing ar

eas. They successfully tested their methodology on a very fine (2 m spacing) 

square grid DEM over a small area (720 x 900 m). However, no comparison 

with another DEM was made. Also no routing was performed. The paper only 

presented a new method for network delineation. Although the paper presented 

a new method, no independent tests of the method were present. Also it was 

not clear if the program was comprehensive enough to calculate other required 

attributes from DEM data. Given these consideration, it was decided to con

tinue with a more well-tested and widely used D8 based method for topographic 

analyses. 

Nelson and Jones (1995) presented a smoothing algorithm for DEM data 

to remove flat areas resulting from roundoff of elevation A^ues to integer values. 

Rather than using a smoothing process blindly everywhere irrespective of terrain, 

they proposed guidelines to craft the smoothing process based on different terrain 

types within the DEM data so that the most important hydrological features are 

preserved. 

Incorporation of additional complexity of using some of the alternate al

gorithms (other than D8) was not warranted in the present study because the 

model used here (TOPAZ) is specifically designed for application to DEM data 

of limited vertical resolution representing low relief terrain and has been tested 

as such (Garbrecht and Martz, 1993). Additionally, TOPAZ goes beyond net

work delineation to the computation of model plane dimension and slopes and 

provides the node and subcatchment indexing and routing sequence, so critical 

for the routing algorithm. 
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1.5.2 Netivork Complexity and Scaling 

The required level of network complexity for a given level of model per

formance depends on the scale of the watershed. For example for very small wa

tersheds (of the order of a few hectares). Lane and Woolhiser (1977) concluded 

that the simplest cascade geometry would preserve the selected hydrograph char

acteristics to a given degree of accuracy. However, it is clear from the work of 

Goodrich (1990) that for larger watersheds more geometric model compl^ty is 

warranted to attain a given level of model performance. Connors et al. (1989) 

also observed that the most complex geometry produced the lowest total error 

in monthly runofif volume simulations in their application of the SPUR model 

(Wight and Sidles, 1987) to a 23 km? watershed. Murphey et al. (1977) also 

found many watershed response variables to be dependent on network character

istics such as drainage density and, length and slope of main channel. 

The purpose of present work is to investigate how the distortions caused 

by the limited resolution of the elevation data affect the model complexity re

quirements. 

Tarboton et al. (1991) found that the representation of a DEM in integer 

meters has a large effect on the estimation of local slope (This has important 

consequences for this study because the USGS DEM data used in this study is 

also reported in integer meters). They also proposed a procedure for determining 

drainage density at which to extract networks from DEMs on the basis of break 

in slope-area scaling. Their study was comprehensive in that they considered a 

number of DEM's. They, however, did not deal with the routing problem, nor 

did they treat multiple data sets on a single site. Saghafian (1996) also pointed 

out the concern in the field of distributed hydrologic modeling about the quality 

of USGS data. In his opinion, the error in the DEM might generate unrealistic 

depression areas which the kinematic based models cannot handle. Goodrich 
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(1990) also provided recommendations for drainage density based on manually 

derived channel networks based on degradation of runoff model performance. 

Montgomery and Foufonla-Georgiou (1993) also investigated the same is

sue and suggested that a slope dependent threshold area was more appropriate 

for defining the extent of channel networks. They proposed the hypothesis that 

an inflection in the drainage area-slope relation for mountain drainage basins 

reflects a transition from steep debris-flow dominated channels to lower-gradient 

alluvial channels. They also concluded that the extent of debris-fiow dominated 

channels can be determined from an inflection in the drainage area-slope rela

tions derived from a DEM, while the extent of contemporary channel network 

cannot be directly determined from drainage area slope relations extracted from 

DEMs. 

The findings of Gyasi-Agyei et ai (1995) did not fully agree with those of 

Tarboton's mentioned above. They examined the effect of vertical resolution of 

DEM on some frequently used topographic parameters (slope, area, topographic 

parameter). They showed that the mean absolute percentage error was within 

the range 0-5% for the medium-sized catchment and 0-10% for small catchments 

studied, although their ctmiulative distributions did not show any significant 

change with vertical resolution. 

A recent study (Ros and Borga, 1997) investigated the use of DEM data for 

derivation of topographic parameters and the Geomorphological Instantaneous 

Unit Hydrograph (GIUH). They thoroughly studied the specification of threshold 

area and found that morphometric as well as scaling properties are strongly 

affected by threshold area. 

The research summarized in this section clearly establishes the importance 

of network complexity and its relevance to the watershed scale. However, it is 

also clear that the apparently contradicting results by some authors may be the 

result of data resolution or accuracy differences. 
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1.5.3 Use of DEM Data for Hydrologic Modeling 

The nature of modeling exercises which used DEM data for hydrologic 

simulations vary widely firom very simple to very complex applications. The work 

of Drayton et cd. (1992) is a good example of use of DEM data in a very simple 

manner. The GIS data consisted of soUs, land cover and elevation information 

for a 50 m grid covering an area of 6468 x 5375 pixels. They basically combined 

the soils and landcover GIS layers to obtain a joint soils-land cover classification 

firom which SCS curve nimiber was calculated for each 50 x 50 m pixel. The 

curve number was used to calculate runoff which was routed fi-om each pixel to 

the receiving channel according to pixel flow directions which were based on as

pect information. The travel time through each cell was assumed to be constant 

irrespective of ground slope or storm intensity. The authors recognized the in

adequacy of this assumption and indicated incorporation of non-linear behavior 

at later stages based on groimd slope. The paper reaffirmed the importance of 

topographic slope in the routing procedure. 

Quinn et cU. (1995) investigated the distribution of topographic index 

ln(a/tan B) as utilized in TOPMODEL (Beven and Kirkby, 1979). They pro

duced a series of DTMs firom interpolation of 1:10000 contours maps, and studied 

the differences in the index and TOPMODEL simulated hydrograph resulting 

from different resolutions. They found that grid size produced biased estimates 

of the topographic index. They also found that large pixels were unrepresenta^ 

tive of detailed catchment form but were useful for interpretation of moisture flux 

and prediction of hydrographs. They also proposed that nested representative 

DTMs with fine resolution should be used to test internal state processes. 

Similar results were earlier obtained by Zhang and Montgomery (1994) 

who gridded the spot elevation data at scales from 2 to 90 m. The authors also 

concluded that along with the grid size, the accuracy and distribution of original 

survey data dictate the accuracy with which a DEM represents a land surf^e. 
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Quinn et al. (1991) observed that for catchment response dominated by 

surfiace and near surface flow processes, topography might be expected to give 

a good indication of the gravitational potentials involved and might therefore 

serve as a useful basis for modeling the spatial variability in both flow path 

ways and velocities. A nimiber of distributed hydrological models in the past 

have used topography in this way, including kinematic overland flow models 

(e.g. Smith and Woolhiser, 1971; Ross et al., 1979), kinematic subsurface flow 

models (e.g. Beven, 1982), TOPMODEL (e.g. Beven and Kirkl^, 1979) and 

the model of Moore et al. (1986). Quinn et al. (1991) argued that there was 

a question as to how well digital terrain model can represent the hydrologically 

significant features of a catchment. They examined the problems associated with 

deriving flow path ways firom DEMs in terms of hydrological predictions using 

TOPMODEL. A partial aim of this research is to investigate the same question 

in terms of kinematic overland flow models. 

Wolock and Price (1994) compared the effects of DEM map scale and data 

resolution on the statistics of the ln(a/tan B) distribution and TOPMODEL pre

dictions for a large number of areas. They found that TOPMODEL predictions 

were very sensitive to the mean of the ln(a/tan B) distributions, which was af

fected by both map scale and data resolution. 

Bruneau et al. (1995) studied the interaction between the structure of 

TOPMODEL, topographic model parameter values and the space and time scales 

at which the input variables are defined. They used 20, 25, 30, 50, 70 and 100 

m DEMs which were independently derived from a single 1/10000 contour map. 

They found that the degradation of modeling efficiency is more sensitive to an 

increase in time step than to an increase in grid size. 

Vieux (1993) studied the effects of DEM aggregation and smoothing on 

runoff simulations using a finite difference solution of direct runoff. He used 

USGS 30 m data and aggregated it to 90, 150, and 210 m. Similarly, smoothing 
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effects were studied replacing the center cells of 3 x 3, 5 x 5 and 7x7 windows 

by the arithmetic average of the values in the window. He used the finite element 

solution to overland flow without channel routing amd utilized entropy concepts 

to gauge information loss due to aggregation and smoothing. He found that 

the topographic variability manifests itself in terms of the rate at which error is 

propagated versus the relative entropy loss. 

Saulnier et al. (1997) used TOPMODEL to address the problem of grid 

scale dependence on the effective parameter values of distributed hydrological 

models. They argued that for the calculation of wetness indices, the pixels crossed 

a river should be treated differently from the hillslope pixels if a multiple direc

tion flow algorithm is being used. If the grid size is increased, the value of wetness 

index rises, requiring an increase in the saturated hydraulic conductivity at the 

calibration stage to compensate for the rise. However, Saulnier et al. (1997) 

show that with the improved treatment of channel pixels that they propose, the 

saturated hydraulic conductivity does not need to be increased nearly as much 

to achieve that compensation. The first modification is the nonpropogation of 

the acctunulated area once it has reached a pixel crossed by a channel. The other 

modifications are the use of a weighted average inflow slope instead of the outflow 

slope for pixels crossed by a channel and differentiation of left and right banks 

in assignment of the index value. 

Band et al. (1995) compared the variation of TOPMODEL wetness index 

with DEM resolution by three different methods of index calculation. Two of 

the methods were grid based while the third was a contour based method. They 

found that DEM resolution had regular impacts on hydrographs simulated using 

the wetness index. They found greater sensitivity of runoff simulations from grid 

based methods than that from the contour based method. The general conclusion 

was similar to that obtained by other authors, that with an increase in grid size 

the value of the index increases resulting in an increase of peak flows. 
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Woods and Sivapalan (1997) studied the wetness index and subcatchments 

area distribution for a number of watersheds. They investigated the potential 

for ¥retness index distributions to share a common form across many catchments 

which are large enough to have a developed drainage network (The networks 

whose branching structures provide an orderly increase in subcatchment area as 

one proceeds downstream). The results of their research were positive which led 

them to surmise that the practical significance of this finding would be elimina

tion of the need to have a detailed DEM when an index distribution could be 

inferred fi-om a drainage network alone. They, however, warned that the results 

were obtained fi-om the use of 16 relatively small watersheds and the sample was 

too small to permit wide application of their findings. Moreover, obviously, the 

finding was limited to the wetness index in the context of TOPMODEL only. For 

more general purpose slope and aspect computations, however, the use of DEM 

data would probably continue with efforts to refine the techniques. 

1.6 Organization of the dissertation 

The remainder of this dissertation is organized as follows. Chapter 2 

details the specific steps of the analysis methodology in the form of an experi

mental design and provides a detailed accoimt of the topographic data utilized in 

this research. A brief description about the basic concepts of each model utilized 

for this research is also provided. The description of the estimation of numer

ous parameters required by the models utilized is kept to a minimum with more 

detailed descriptions in an appendix. 

The next phase of analysis required definition of a working range of chan

nel source area (CSA; the drainage area required to initiate a first order chan

nel) values. The results fi-om the two methods used to identify the CSA range 

comprise the later portions of Chapter 3. Identification of CSA values allowed 

extraction of channel and network parameters over a range of watershed scales 

for a range of model complexities. This supported testing the first hypothesis 
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carrying oat a detailed comx>arison of simple and compound topographic and 

channel network parameters. This analysis comprised the bulk of Chapter 3. 

Chapter 3 also provides an evaluation of DEM data by inter-comparing 

original DEMs and comparing them with ground surveys. This chapter sets 

the stage to address the issue central to this dissertation, namely the effect of 

parameterization differences on hydrologic simulations. 

Before conducting main analysis, it was desired to establish a degree of 

confidence in the models utilized for this research. Chapter 4 is thus devoted to 

the evaluation of two models. The adequacy of the topographic parameterization 

model is tested first by comparing its derived attributes with those obtained &om 

more traditional methods. A degree of confidence in the hydrologic model is 

established by calibration and validation exercise which is also described in this 

chapter. The applicability of the water balance model used to estimate prestorm 

soil moisture was assumed a priori on the basis of work done by Canfield (1998) 

on the same watershed. 

Because of its length. Chapter 5 is divided into several subsections for 

a better organization. The subsections are generally commensurate with the 

modeling scenarios described in the section on experimental design described 

in the next chapter. Throughout the dissertation an attempt has been made 

to summarize the key findings at the end of each chapter. This facilitates the 

description of results, key findings and contributions in the last chapter which also 

suggests future directions of research in the general area of distributed hydrologic 

modeling. 

1.7 Concluding Remarks 

This chapter was used to introduce the problem and justify the need for 

conducting this research. MotiA/ation and badcground of the study were presented 

first followed by a section on problem statement which also included iQrpotheses 
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offered to focus the problem. The literature review section was divided into three 

portions to enhance understanding of the relevant issues. The literature review 

clearly established the need for this research which would provide insights on 

the elevation data requirements for kinematic routing models. It is clear firom 

the hypotheses that their testing requires DEM data from multiple independent 

sources. Since the data issue is very important, it has been given adequate cov

erage in the next chapter. The salient features of the data are described along 

with the methods of acquiring that data and their accuracy standards. An inter-

comparison of independent DEM data is then presented along with DEM data 

comparison with ground surveys. The proposed modeling strategy is presented 

before the data issues in the next chapter which further highlights the importance 

of independent DEM data utilized in the analysis. 
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CHAPTER 2 

Experimental Design, Data and the Models Used 

There zire three main objectives of this chapter. The first objective is to 

present an outline of the experimental design used in the study. This section 

includes the specific steps taken to test the proposed hypotheses. Concurrent 

with analysis steps, comments have also been made on the nature of models 

required to accomplish the tasks. A description of the study site follows the 

experimental design. The second main objective is to describe the DEM data 

used in this study. The third objective of this chapter is to provide an overview 

of the main features of the models utilized for the research. 

In the model description section, the topographic model used to automat

ically discretize the watershed (TOPAZ) is presented first and then a description 

of the hydrologic model (KINEROS2) is made. A brief description of the wa

ter balance model (BROOK90) used to compute initial soil moisture required 

by KINEROS2 has also been made. A concise section about model parame

ter estimation follows the model descriptions to briefly describe how parameters 

required by the two models were estimated. 

2.1 Experimental Design 

The main purpose of this section is to describe the specific steps that 

were taken to test the hypotheses outlined in Chapter one. Another purpose is to 

comment briefly on the application of the models required for the implementation 

of this experimental design. Specific details about the models and parameter 

estimation procedures are provided elsewhere in this chapter. 

The range of scales of watershed studied included 4.45 ha LH-104 water

shed, 48.4 ha WG-223, 785 ha WG-11, 9350 ha WG-6 and 14800 ha WG-1. More 
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on these watersheds will follow in a separate section on the study site. Over this 

range of watershed scales, the impact of DEM type and accuracy was evaluated in 

relation to other important model parameters and input categories. The param

eter and input categories evaluated in this sense include: hydrologic paratmeters 

(fCg, n, initial soil moisture etc.), geometric parameters (length, slope, area etc.) 

and rainfall input. 

2.1.1 Analysis Steps 

In general, the analysis was conducted in an attempt to answer the basic 

question relevant to this research: What DEM data resolution is required to 

achieve a given level of kinematic runoff model performance for a given watershed 

scale. As DEM data resolution decreases, the elevation information content is 

reduced. It was anticipated that for a watershed of a given size, there existed a 

minimiim DEM resolution such that any further degradation of resolution would 

prevent realistic network and geometric parameter definition, resulting in poor 

performance of kinematic routing algorithms. Identification of DEM resolution 

requirements will assist practitioners in assessing digital elevation data needs. 

Within this overall research objective, the analysis proceeded fi-om sim

ple to complex. The initial emphasis was on docimienting the actual differences 

between different DEM data sources and differences between the topographic 

attributes derived firom them. Comparison of DEM data with ground survey ele

vations was also made. These direct comparisons not only helped justify the need 

for investigating modeling issues which depend on derived attributes, but also 

facilitated interpretation of subsequent modeling results. It should be mentioned 

that not aU of the parameters compared at this stage were used in the model

ing exercise. However, extended parameter-comparison may be useful for other 

models which use these or similar parameters as most of the derived parameters 

are commonly used to describe the nature and complexity of the watersheds. 
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Once initial analysis was complete, it was necessary to establish confidence 

in the topographic analysis model and hydrologic model to be used. Simultane

ously, channel source area (CSA) issues were studied. These steps paved the way 

for a series of investigating runs of KINEROS2 with different DEM, rainfall and 

network complexify scenarios over a range of basin scales. The model output was 

then analyzed critically in a systematic fashion. The analysis steps are described 

below. 

2.1.1.1 Direct Differencing 

Direct differences between points common to different DEM data sets and 

simple statistics of differences were computed. Differences between DEM data 

and ground survey were also computed. Histograms of differences were plotted 

to obtain distribution of differences and nature of bias as well as descriptive 

statistics. 

2.1.1.2 Identification of CSA 

A framework was used to identify a range of CSA values over which 

analysis was conducted. Two methods were used to identify a reasonable range 

of CSA as a function of watershed scale. 

(i) ElQuilibrium storage concepts: The ratio of equilibriimi channel to total 

watershed storage was computed and plotted as a fmiction of subbasin area for 

a fairly complex geometry for all watersheds. Goodrich (1990) noted that a 

break in slope in such a relationship indicated the transition from overland flow 

domination to channel flow domination. This procedure was used as a guideline 

to define CSA and was compared with the following method. 

(ii) Local Slope/ Area relationships: The method presented by Montgomery 

and Foufoula-Georgiou (1993) was also used. In this method, local slope is plot

ted against drainage area. In the resulting plot reversal of slope and an inflection 
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point are identified. The areas corresponding to these points are taken to be in

dicative of transition from hillslopes to channels and &om debris-flow dominated 

channels to alluvial chaimels respectively. This method was preferred over that 

of Tarboton et aL (1991) because Montgomery and Foufoula-Georgiou (1993) 

found some theoretical inconsistencies with the latter. Also, from a practical 

standpoint, the method of Montgomery and Foufoula-Georgiou (1993) is much 

easier to implement than that of Tarboton et aL (1991). 

2.1.1.3 Topographic Attributes 

The following simple and compound attributes were computed and their 

distributions were compared. 

(i) Local Slope and, ii) Local Aspect: Local slope and aspect are calculated 

the method described Iqr Moore and Nieber (1989). In this method a 9-tenn 

polynomial is exactly fitted to a moving 3x3 window of nodal points: 

z  =  A a ^ y ^ B x ^ y C x y ^  +  D x ^ E y ^ F x y G x H y  +  I  (2.1) 

where x and y are the coordinates in the horizontal plane and z is the elevation 

respectively, of the nodal points in the 3x3 window, relative to those of the 

node at the centroid of the window and A through I are fitted coefficients. The 

local slope and aspect are calculated from the fitted coefficients as follows: 

Local slope (degrees) (2.2) 

Local aspect (degrees) = 180 — arctan(H/G) + 90{G/ | |) (2.3) 
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(iii) Local Potential Solar Radiation: 

The potential daily solar radiation Ro, neglecting atmospheric and surface 

effects, is a function of local slope i, aspect A\ solar declination S, terrestrial lati

tude the latitude of an equivalent horizontal surface the ratio of earthrsim 

distance to its mean r, the solar constant So, and the angular velocity of the 

earth u; (Moore and Nieber, 1989). The instantaneous potential solar radiation 

equation described by Lee (1978) can be easily integrated for any length of time 

to obtain total potential solar radiation for the time period. The author inte

grated the equation for the daily time step and replaced uj by its value (7r/12 

radians/hr) to obtain the form presented by Moore et al. (1991). The equation 

has the following form where all the symbols used are as defined above. 

R. = 24S. O 
O 2 Trr^ 

Cos ^{—tan<l>' tan5) {Sin i Cos A' Cos^ -I- Cos i Sin^) SinS 

-\-Cos^' CosS Sin{Cos {—tan<t>' tanS)) (2.4) 

On a given watershed of a finite size, the terrestrial latitude and the 

latitude of an equivalent horizontal surface may, for all practical purposes, be 

considered constant. The solar declination 5 varies in a predictable manner from 

—23.5" for winter solstice (December 22) to +23-5® for summer solstice (June 

22), and the ratio of eartlt-sun distance to its mean also varies predictably from 

0.9836 to 1.0163 between the two dates. Given this information with a solar 

constant So — 120 langley/hour, the potential solar radiation simply becomes 

a function of slope t and aspect A' of the site of interest. For So in Langley/hour 

the equation 2.4 gives potential solar radiation values in Langley/day. 

(iv) Stream Order: Horton (1932, 1945) and Strahler (1952, 1957) stream or

dering schemes were used throughout this study. According to this scheme; all 

exterior (uppermost) links have order 1. When upstream links of the same order 
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join the downstream link has order increased by 1. When two ui)stream links of 

different order join, the downstream link talffis higher order of the two incoming 

upstream links (Tarboton et aL, 1991). This ordering scheme can be described 

mathematically as follows (Ros and Borga, 1997); 

where m and n represent orders of upstream channel segments and ur is the order 

of the downstream segment. 

(v) Horton ratios: Four types of ratios are generally used in characterization 

of watersheds; they are called Horton ratios. The ratios of number and mean 

slope of streams of a certain order to the number and mean slope of streams of 

next higher order are called bifurcation and slope ratios respectively. The ratios 

of mean length and mean area contributing to streams of a certain order to the 

mean length and mean area contributing to the streams of next lower order are 

called length and area ratios respectively. In terms of mathematical equations 

the bifurcation, slope, length and area ratios {Rb, Ri and Ra respectively) 

are defined as (Bloschl and Sivapalan, 1995): 

( j j  =  m a x \ m ^  n, int{l + (m + n)/2}] (2.5) 

(2.6) 

(2.7) 

(2.8) 

(2.9) 

where N ,  S ,  L  and A are the number, mean slope, mean length and mean area 

of streams respectively and w is stream order. 
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(vi) Link Length, Slope and Drop: A drainage network is a connected system 

of channel links. The outlet is the point farthest downstream in the network of 

channels. Sources are points farthest upstream. The point where two upstream 

channels join is called a node. The channel segment between a node and a source 

or between any two nodes or between a node or source and the outlet is called 

a channel link. Link length is the ctunulative length of cell to cell flow path (in 

cardinal or diagonal direction) along the channel link. Link slope is the difference 

of elevation between upstream and downstream cells of the link divided by the 

link length. The drop of the watershed is the mean elevation drop from source 

to outlet. 

(vii) Overland flow Plane Slope, Length, Width and Areas: Although over

land flow areas in the natural landscape have irregular shapes, for many physi

cally based hydrologic models (including KINEROS2) an approximation of irreg

ularly shaped areas into Wooding-Planes (Wooding , 1965; Smith et aL, 1995) is 

required. Figure 2.1 illustrates the concept of Wooding-Plane (WP) and the as

sociated parameters of plane length L, width W and slope S. These parameters 

are required by KINEROS2 and, for this research, they were computed using 

a research version of a module of TOPAZ (PARAM). More than one mathe

matical formulation was used in PARAM for the computation of overland flow 

plane length and slope, and thus several values for each model element for length 

and slope are estimated. A small* study was undertaken to select the most suit

able dioice for these parameters whose details are provided in Chapter 4. Sev

eral different alternatives to compute overland flow plane length and slope for 

KINEROS2 elements were evaluated etnd their distributions were compared with 

the distributions of these parameters acquired manually. This exercise helped 

assess the capability of TOPAZ to automatically determine model element at

tributes for the catchment. 



Figure 2.1 Schematic iliustration of the Wooding catchment representation, and the 
element geometry as used in KINER0S2. 
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2.1.1.4 Topographic Parameterization 

Topographic parameterization software TOPAZ (Garbrecht and Martz, 

1995a and b) was used for the delineation of catchment and channel network 

determination. Several of the attributes required in the previous subsection were 

also computed using TOPAZ- An interf2u:e between TOPAZ and KINEROS2 was 

created to reformat the TOPAZ output into KINEROS2 format. This interface 

was also designed to assign area-weighted hydrologic attributes to automatically 

determined model elements. This interface and automation facilitated repeat 

runs of KINEROS2 with changing parameter scenarios to assess DEM resolution 

effects. 

2.1.1.5 Initial Soil Moisture 

The physically-based water balance model BROOK90 (Federer, 1995) 

was used to estimate initial soil moisture, as KINEROS2 is event-based and does 

not have an interstorm component. The model was run at all raingage locations 

for all events of interest on a daily time step. Model simulations were started 

fiom a dry soil moisture condition. For this purpose a dry spell of 15 da}^ was 

regarded as sufficient to dry out any soil moisture. Daily precipitation values 

were used for each raingage. All other meteorological data remained constant 

for all the gages. The model was nm &om the start of simulation to the day of 

event of interest accounting for rainfall (if any) which fell on that day. The model 

calculated soil moistiure was then used in KINEROS2 as the initial soil moisture 

for each respective raingage. KINEROS2 employs a space-time interpolation 

scheme similar to the one for rainfall (Goodrich, 1990) for interpolation of initial 

soil moistiu*e values on the raingages to determine areally uniform initial soil 

moisture value for all model plane elements. 
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2.1.1.6 HydrologiG Model Simulations 

A physically based distributed parameter model (KINEROS2) was used 

for iQrdrologic simuiatioos. An initial degree of model confidence was established 

through minimal calibration and validation. For this purpose, a model geometry 

comparable to the one manually derived by Goodrich (1990) on WGll was used. 

Two parameters which are the most important (satiirated hydraulic conductivity 

Kg and Manning's roughness coefficient n) were calibrated by employing multi

pliers which were applied uniformly to the entire modeling domain. Calibration 

was then repeated at WG-1 watershed using the finest resolution DEM and the 

calibrated parameters were subsequently used for the respective watershed. A set 

of about 10 events was used for calibration and the Nash-Sutcliffe (1970) coeffi

cient of efficiency was the primary criteria for judging performance of the model. 

Both runoff volume and peak flows were considered for calibration. Another 20 

events were used for validation purposes. The rainfall-runoff data for calibration 

and validation events are provided in Appendix C. The optimization procedure 

of Nelder and Mead (1965) (Press et al., 1992) was used to identify reasonable 

parameter values of only the most sensitive parameters as indicated by Goodrich 

(1990). 

2.1.1.7 DEM Issues 

A systematic framework of model runs was used to investigate DEM ac

curacy and resolution issues. The framework of model runs was designed in a 

manner to ensure that the differences of model performance due to differences 

in DEM data accuracy and resolution can be isolated for the specified water

shed scale. Then simulations were also done under circtmistances where other 

parameter distortions are also allowed as the DEM grid size changes. This pro

cedure helped identify and quantify direct and indirect parameter changes which 

affect model performance as grid spacing changes. The following scenarios were 

simulated: 
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i. The calibrated parameter set for each watershed was used. A spatially uni

form (and temporally varying) rainfall rate was applied to the complex geometry 

and its calibrated parameters to obtain a "base" watershed response. Variation 

of model response for decreasing DEM resolutions was compared to the base 

watershed response by comparing changes in computed runoff volume and peak 

nmoff rate and by computing the degradation of the coefficient of efficiency over 

a range of events. This set of runs helped isolate errors purely due to network 

differences defined by different DEMs. 

ii. To assess indirect consequences of grid resolution, the combined network and 

rainfall related errors were assessed by simulating nmoff with a non-infiltrating 

basin but employing all available gages. Here again, most complex geometry and 

rainfall on all gages were used to obtain 'base' watershed response. This exercise 

isolated effects of inadequate interpolation of precipitation on to differing size 

elements as the grid resolution decreases. 

iii. Finally, an infiltrating case utilizing all rain gages was used to allow as

sessment of other indirect differences. After this stage we gained knowledge of 

relative importance of different kinds of parameters. The scheme on the foUow-

ing page simmiiarizes the above mentioned steps in terms of modeling loops that 

were executed. A blodc flow-diagram schematically depicting the modeling loops 

is presented as Figiu'e 2.2. 

iv. The DEM elevation values were contaminated with an artificial error by 

adding random noise and the automatic area delineations were performed for 

multiple realizations of the random error field. This exercise indicated impor

tance of DEM accuracy and also revealed if DEM resolution or its accuracy 

should be emphasized. 
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• Repeat for LH-104, WG-223, WG-11, WG-6 and WG-1. 

> Repeat for a range of CSA values. 

o Repeat for all DEMs for the respective watersheds. 

(1) Impervious watershed - Spatially Uniform rainfall. 

E, = 1-5=1 (2.10) 

E (Oi - Q)' 
i=l 

where Qi represents the "base" value of runoff variables V or Qp found by run

ning the model on finest resolution DEM at the respective CSA and with an 

impervious watershed and uniform precipitation; Qi represents the nmoff vari

able V or Qp found by simulating nmoff at different DEM resolutions with 

impervious watershed and uniform rainfall; and, Q is the mean value of Qi for 

all n. 

Thus the error due only to geometric parameter differences is: AEg = I — Eg 

Note: In all the other scenzirios mentioned below similar methods were used 

to estimate performance degradation. In all the cases, conditions similar to the 

case in question were applied to the finest resolution DEM to compute the '̂ ase" 

response and then cases with different DEMs were simulated to observe fluctu

ations in model performance and the respective error. 

(2) Infiltrating watershed - spatially uniform rainfall. 

Elrror due to geometric plus soils parameters: = 1—Eg+s (2-11) 

(3) Impervious watershed - all-gage rainfall. 

Error due to geometric plus precipitation: AEg+p = 1 — Eg^p (2.12) 

(4) Infiltrating watershed - all-gage rainfall. 

Error due to geometric plus soils plus precip.: AEg+a+p = 1 — ^a+«+p (2-13) 
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2.2 The Study Site 

The study site for this research is the Wahiut Gulch Experimental Water

shed maintained by the Southwest Watershed Research Center (SWRC) of the 

U.S. Department of Agricultiu-e (USDA), Agricultural Research Service (ARS). 

It is located about 120 kilometers southeast of Tucson and surrounds the small 

town of Tombstone Arizona (Figure 2.3). The watershed is considered to be 

representative of mixed grass-brush land (Renard et al., 1993). It is divided into 

11 primary subwatersheds of varying size. Each of these watersheds is equipped 

with a pre-calibrated critical depth flume for runoff measurements. Additional 

intensive research is also being conducted through an additional set of 12 smaller 

subwatersheds ranging in size from 0.4 to 89 ha. The watersheds used in the 

current research are shown in Figure 2.4. The rainfall data is collected by about 

85 rain gages within or near the boundary of the watershed. The channels are 

steep, resulting in flows being near critical depth (Renard et ai, 1993). 

The rangeland region where this watershed is situated receives 250-500 

mm of precipitation annuaUy, about 2/3 of which typically falls as convective 

precipitation during the months of July, August and September. The soil types 

range from clays and silts to well-cemented boulder conglomerates (Kustas et 

al., 1992), with the surface soil texture (0-5 cm) being gravelly and sandy loams 

containing an average of 30% rock and little organic matter (Renard et al., 1993; 

Kustas and Goodrich, 1994). The topography can be described as gently rolling 

hills incised by rather steep drainage channels. Hillslopes vary from 2 to 65% 

with stream slopes ranging from 1 to 3%. 

2.3 DEM Data Used in the Study-

On the study watershed, a number of DEM data of varying resolution 

and coverages are available. Figure 2.4 provides a sketch of the coverages of the 

DEM data used in this research, although other DEM data are also available. 



52 

3T45'f4 

ARIZONA 

 ̂ GilaRi>«f .PHOENIX 

San Pedro River 

nCPOO'W 

214208 209 216 218 

% '^226^ T 

c V 
y 

3r45'N 

0 2 4 

Kilometers 

N 
1 

> 

207 : 

212 211 
iitf do* w 

The Walnut Gulch 
Watershed 
Subwatersheds 

Pond contributing region 
with respective pond 
numbers 

Runoff measuring flume (the 
number in the circle next to the 
marker corresponds to the 
subwatershed it drains) 

Figure 2.3. Walnut Gulch Experimental Watershed Location Map, the 
primary subwatersheds, flume locations and livestock ponds. 



Lucky Hills 104 
(0.044 sq km) 
(Shown here at six times 
as large a scale as the rest 
of the figure) 

Walnut Gulch 
(148 sq km) 

6 
ARS15 & 30 m ULAP, and 5 m ground survey 

Ground Survey 
Area 1 

SuhwatiMshed 11 
(7.f>5 '.i(\ km) 

40 m LLAP 

Low Level Aerial Photogrammetry 

Subwatershed 6 
(93.53 sq km) 

Ground Survey 
Area 2 

Subwatershed 

Ground Survey 

r • 

0 km 
1 

IFSAR 2.5 m, USGS 30 m and DMA 3 arc second (79 m) data cover the entire watershed 

Figure 2.4 The range of DEM data and watershed scales used In the analysis. 



54 

TABLE 2.1 Summaiy of Walnut Guich DEM data used in the stuffy. 

gQURCE/PATA 

IFSAR' 

SURVEY* 

ARS-LLAP» 

USGS« 

ARS-LLAP* 

DMA* 

RESOLUTTQN HORIZONTAL COVERAGE falso see Figure 2 A  ̂

2.5 mX 2.5 m All of Walnut Gulch (148 km^ 

5X5ra LH-104 (0.044 km^ 

15 X 15 m WG Subwatershed 11 (7.85 km^ & LH-104 

30 X 30 m All of Walnut Gulch 

40 X 40 m All of Walnut Gulch 

3"X3" AD of Walnut Gulch (79 X 79 m) 

' Interferometric Synthetic Aperture Radar. Vertical accuracy estimates from ground survey data in the 
southwestern portion of the watershed (Survey area 3): Assioning ground surv^ data are true, for n=35 
locations, the mean and standard deviation of residual error equals -1.08 m and 0.59 m. NOTE; A 
conservative estimate of vertical accuracy of the ground surv^ data is ± 0.16 m. The published vertical 
accuracy of the data is about 2 m (Mercer ct al., 1997). 

* Manually acquired DEM by ground surv^ing; A conservative estimate of vertical accurac}' of the 
manualty acquired DEM data is ± 0.09 m for a total of 1987 surv^ed points within LH-104 (Canfield, 
1998). 

' ARS-Low Level Aerial Photogrammetry: Vertical accuracy estimates from ground survey data in 
subwatershed WGl 1 (Survay area I): Assunung ground survey data are true, for n = 90 locations the 
mean and standard deviation of the residual error equals -0.44 m and 0.71 m. NOTE: A conservative 
estimate of vertical accuracy of the grotmd survey data is ± 0J2 m. An estimate of the absolute vertical 
accuracy of the data, as reported by the data production firm, was stated to be from 0.35 to 0.40 m. 

* United States Geological Surve>'; Vertical accuracy estimates from ground survey data in subwatershed 
WGl 1: Assiuning ground survey data are true, for n = 90 locations the mean and standard deviation of 
the residual error equals 3.54 m and 2.77 m. NOTE: A conservative estimate of vertical accuracy of the 
ground survqr data is ± 0.2 m. Vertical accuracy estimates from ground surv^ data in the southwestern 
portion of the watershed (Survey area 3): Again assuming ground survey data are true, fbrn = 35 
locations the mean and standard deviation of the residual error equals 2.80 m and 235 m. NOTE; A 
conservative estimate of vertical accuracy of the ground survey data is ± 0.16 m (Smiley, 1993). The 
published vertical accuracy of the USGS DEM data is 15 m 
O>ttp://edcwww.cr.usgs.gov/glis/hyper/guide/usgs_dem). 

^ ARS-Low Level Areal Photogrammetry. Vertical accuracy estimates from ground survey data in 
subwatershed WGl 1 (Survey area I): Assimiing ground surv^ data are true, for n = 90 locations the 
mean and standard deviation of the residual error equals -0.23 m and 0.85 m. NOTE: A conservative 
estimate of vertical accuracy of the ground surv^ data is ± 0.2 m. Vertical accuracy estimates from 
ground surv^ data in the southwestern portion of the watershed (Survey area 3); Again assuming ground 
survqr data are true, for n = 35 locations the mean and standard deviation of the residual error equals -
0.48 m and 1.4 m. NOTE; A conservative estimate of vertical accuracy of the ground survey data is 
±0J6 m. 

' Defense Mapping Agency's 3 ARC Second Data. The published vertical accuracy of the DEM data is 
30 m (Gesch, Undated). 

http://www.cr.usgs.gov/glis/hyper/guide/usgs_dem
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Table 2.1 lists these data sets along with data source and their coverage. The 

multiple coverages of DEM data on the study watershed make it a unique location 

to study DEM type and resolution effects on hydrologic modeling. Important 

aspects of these data sets are summarized in this section. Because USGS data 

is more commonly available and is widely used, a detailed description of USGS 

DEM data is made. 

It should be noted that these DE^/k are independent of each other in that 

they are produced by different agencies by different methods and with different 

accuracy standards. The only exception are the 15 m and 40 m data which 

(although produced by different agencies) were created with the same source 

photography (1:24000 photo scale images) and aero-triangulation results. It is 

also encouraging to note that these DEMs cover a fair range of grid sizes. For the 

present analysis these DEMs in their original form were used without resorting 

to aggregation or smoothing. 

Digital Elevation Model data are produced by a number of agencies and 

used by researchers and planners from diverse b£ickgrounds. In this section, a 

brief description of the agencies involved in the production and discimination of 

DEM data is made and their accuracy standards are mentioned. Next, a detailed 

description of DEM data used in this study is made. 

2.3.1 Regionally Available Data Sets 

2.3.1.1 USGS DEMs 

United States Geological Survey (USGS) mainly produces DEM data 

at three different scales. The DEM scales utilized in the present analysis are 

described below. These descriptions apply to data as available for most of the 

contiguous United States. Somewhat different specifications apply to the DEM 

data for the state of Alaska. 
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i) Large scale DBMs: The DENfe in this category cover the same areas 

as the USGS 7.5 minute topographic quadrangle maps and are also sold in 7.5 

minute units. These DEMs correspond to the USGS 7.5 minute (1:24000) scale 

topographic quadrangle map series. E^h 7.5 minute DEM unit is based on 30 by 

30 meter grid spacing with the Universal Transverse Mercator (UTM) projection 

and uses National Geodetic Vertical Datum (NGVD) and meter (reported to 

nearest meter) or feet as elevation units. This kind of DEM is available for all of 

the United States. In the USGS terminology, this data is classified as '̂ Level F. 

Level I are elevation data sets in a standardized format with a desired vertical 

accuracy corresponding to an RMSE of 7 m. 

For this study, the DEM data at this scale was acquired from USGS in the 

form of six quad sheets which cover the entire Walnut Gulch watershed. More 

about USGS methods of acquisition of data and the Agency's accuracy standards 

will be discussed shortly. 

ii) Small scale DEMs: Small scale DEMs are actually produced by the 

U.S. Defense Mapping Agency (DMA), but reformatted in DEM format and 

distributed by the USGS. The DE^ in this category cover 60 minute by 60 

minute (1 degree 1 degree) areas and are also sold in one degree units. These 

DEMs correspond to any map series from 7.5 minute to 1 degree (1:24,000 to 

1:250,000) topographic map series. The spacing of elevations along and between 

each profile is 3 arc seconds, as such these DEMs are also commonly known as 

3 sure second DEMs. These data are classified as "Level 3" with a maximum 

permitted RMSE of one third of the contour interval (200 ft). 

2.3.1.1.1 Method of Data Acquisition and Accuracy Standards for Large 

Scale DEMs 

In the past, Gestalt Photo Mapper (GPM) has been used for the pro

duction of DEM 30 X 30 m data. GPM is an automated photogrammetric 
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^stem designed to produce orthophotos, digital terrain data and contours in 

subunits known as patches. Manual profiling and digitizing of stereomodel 

contours have also been used in the past. In this method stereoplotters are 

used for the scanning of stereo-models for which source material is provided by 

high altitude areal photographs (according to the USGS document on the In

ternet: http : JI edcwww.cr.usgs.gon I glis jhyiper j gvxdejusgsJiem). The most 

commonly used profile separation is approximately 90 m with elevations nor

mally recorded every 30 m along each profile. This data is then interpolated 

using a weighted four-nearest-neighbor interpolation to a regular 30 m UTM 

spacing. According to the USGS sources, however, all new data is being produced 

interpolation from digital line graph (DLG) hypsographic etnd hydrographic 

data. This procedure involves the usage of information like ridge line, lake and 

shoreline data etc. with the DLGs for producing gridded elevation data using 

interpolation. 

2.3.1.1.2 USGS DEM Data Accuracy 

The accuracy of DEM data depends on the resolution and scale of the base 

data from which DEM is derived. From a surfiace representation standpoint, the 

horizontal grid spacing of DEM data is also important because important topo

graphic features falling between the grid lines may not be well represented. In 

that sense, how accurate a DEM of a given horizontal resolution would represent 

the actual ground topography would also depend upon the complexity of the 

ground surface that the DEM purports to represent. 

USGS provides acctu'acy estimates for the DEM data in the form of Root 

Mean Squared Error (RMSE), computed as the square root of summation of 

difiierences of elevation between linearly interpolated values in the DEM and the 

corresponding true elevations. According to USGS the vertical accuracy of 7.5-

minute DEMs is equal to or better than 15 meters. A field survey program was 
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conducted at the Walnut Gulch watershed to assess accuracy of different data 

sets. More on the results of this survey will be discussed in the next chapter. 

2.3.1.2 DMA 3 ARC SEC DEM 

A DEM at this resolution was acquired for the entire watershed. A 

3 arc second spacing at the latitude of Walnut Gulch corresponds very closely 

to a spacing of 79 m. This resolution represents the coarsest resolution of an 

original DEIM used in this study. 

2.3.2 Locally Acquired DEMs 

2.3.2.1 ARS 40 m DEM 

A 40 m resolution DEM resulted from a cooperative agreement between 

the Bureau of Land Management (BLM) and the ARS. Mathews (1992) provides 

details of the method used to acquire the data. The digital terrain data was col

lected photogrammetrically on the Traster Analytical Stereoplotter by scanning 

1:24000 scale aerial photographs (stereo models). The terrain data was collected 

with an interprofile and interpoint distance of 40 meters. Each 40-meter post 

point recorded the horizontal values in UTM coordinates, and the elevations in 

meters. The entire WaJnut Gulch Watershed was covered with 19 stereomodels 

(and thus 19 independent files) containing the 40-m post point DEM data. The 

orthophoto maps consisted of 23 files covering the entire watershed. For the 

purposes of this research, a unified rectangular array of elevation values was re

quired. Thus, the original 19 files had to be combined to produce a single DEM. 

A problem arose when it was realized that the 19 DEM files do not neatly match 

with one another at the edges. For this study, there was a need to eliminate over

lap areas. Fortunately, the boundaries of 1:5000 orthophoto contour map sheet 

files neatly flush with one another at the edges. It was thus decided to adjust the 

boundaries of DEM files in such a way that they correspond to the orthophoto 
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contour map sheet files generated from the DEM files obtained from the 1:24000 

aerial photo stereopairs intended to cover individual 1:5000 map sheets. 

This step eliminated all the overlap areas. Still, there were 9 "seams" 

between the DEM sheets where duplicate values remained. It was then decided 

to keep the elevation values which would best preserve the contotn maps as 

the contour maps were manually screened and edited to match contours across 

map sheets. To accomplish that goal ARC/INFO's 'TOPOGRID' command 

was used to produce a grid from the contour data at 40 m resolution. Every 

duplicate DEM elevation value at the seam line was compared with the resulting 

grid value at that point. The DEM elevation value closer to the TOPOGRID 

generated elevation value was retained (in the final unified DEM) cind the other 

DEM value was discarded. This process resulted in a final 40 m DEM for the 

entire watershed with no duplicate areas. This DEM was subsequently used in 

the current analysis. 

2.3.2.2 Orthoshop DEM over WGll and Lucky Hills Watersheds 

This data was produced by the Orthoshop mapping firm in Tucson Ari

zona. Raw data was collected from the same 1:24000 photo scale images used 

to derive the 40 m DEM described in section 2.3.2.1 £ind the WILD Analyti

cal stereoplotter at 30 m grid resolution post point acquisition. This data was 

interpolated to a 15 m grid interval using breakline and ridgeline information. 

The final 15 m data is estimated to have a horizontal accuracy of 0.42 m and a 

vertical accuracy from 0.35 to 0.40 meters based on the compilation information 

supplied by the orthoshop. 

2.3.2.3 IFSAR DEM 

InterFerometric Synthetic Aperture Radar (IFSAR) is a relatively recent 

variation of conventional Synthetic Aperture Radar (SAR) to create DEMs of 
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large areas of the earth surface. A conventional SAR forms a two-dimensional 

image in which the pixel amplitudes are proportional to the square root of radar 

reflectivity. An IFSAR obtains the three-dimensional information for a scene by 

forming two images simultaneously from two antennas which are slightly sepa

rated cross track. The images are accurately registered, and the phase differences 

between corresponding pixels are measured to create an interferogram which is a 

two-dimensional map of the phase-difference (Sos et al., 1994). The height of a 

pixel is then found from the phase difference in the interferogram. In this sense, 

the principle behind IFSAR is essentially a geometric one; that for two SAR 

images of the same terrain from nearby locations, the phase difference (in terms 

of fractions of a wavelength) between the returns from the same terrain location 

can be related by simple geometry to the elevation of the imaged terrain (Carlisle 

and Davis, Undated report). The advantages of IFSAR system over traditional 

photogranmietric methods include its capability of acquiring data imder clouds 

and at night, greater accuracy and high speeds of data acquisition and process

ing. The DEM data was acquired by the new STAR-3i (an X-band IFSAR flown 

on^board a LearJet 36) system by the Intermap Technologies based in Alberta, 

Canada in cooperation with Barthwatch Inc. The system has been tested to 

provide sample spacing of 5 m or less and a vertical accuracy of about 2 meters 

(Mercer et al., 1997). 

2.3.2.4 Manually Acquired DEM Data and Other Ground Surveys 

A field survey of Lucky Hills watershed was conducted in 1996 (Canfield, 

1998) which produced a 5 m resolution DEM for this small subwatershed. Due 

to physical constraints on the ground, the horizontal positional accuracy of the 

survey points did not correspond as accurately to the true 5 m grid as the indi

vidual survey points described below (average horizontal displacement was ±8.7 

cm). Nevertheless, for the purposes of this research, it was assimied that the 

data was acquired at 5 m grid intervals. It is author's belief that due to low 
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relief of this watershed and relatively small positional error, this assumption did 

not cause a gross misrepresentation of topography &om hydrologic point of view. 

Moreover, there was no rigorous procediire to correct for slight misplacements 

without introducing some other biases and uncertainties. Further details of the 

method used to perform the survey and relevant information can be found in 

Canfield (1998), and thus the description of this DEM is kept to a minimum 

herein. 

A program of field surveys was completed to compare the relative accu

racy of different DEM data sets with elevation data of selected points acquired 

manually by ground surveys using a total station under very high accuracy stan

dards. To compare accuracy of DEMs in different terrain types, the survey was 

conducted in three different areas of the watershed representing relatively flat, 

highly dissected and hilly areas respectively. The field survey in flat and dis

sected areas of the watershed was conducted by a professional surveyor in 1993 

and the details are provided in Smiley (1994). A conservative estimate of vertical 

accuracy of the data is ±0.2 m. 

An additional 35 points were surveyed by the author in a hilly area near 

the south-western portion of the watershed. The points common to the 30 and 40 

m data are spaced 120 m in east-west and north-south directions. Two orthogonal 

transects with 14 points each were selected for surveying. An additional 8 points 

were selected in diagonal directions. The average horizontal positional accuracy 

and a conservative estimate of vertical accuracy of the survey are 0.057 m and 

±0.16 m respectively. 

All the surveys were completed using sophisticated surveying instrxmient 

(the Total Station); and, USGS and ARS benchmarks were used for reference 

purposes. Several temporary benchmarks were established to cover the survey 

area and an iterative method was used to locate the exact position of the points 
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to be surveyed. The stirvey loops were closed by sighting back at the starting 

points and the closure error was observed. 

2.4 Topographic Model (TOPAZ) 

In this analysis Topographic PArameteriZation (TOPAZ) software (Gar-

brecht and Martz, 1995a and 1995b) was used for the derivation of topographic 

parameters firom the DEM data. In this section, the main capabilities of TOPAZ 

are summarized and computational principles are outlined, most of which heavily 

draws from the program manual (Garbrecht and Martz, 1995b). 

TOPAZ is a comprehensive digital elevation analysis program that allows 

comprehensive preprocessing, sink-filling, evaluation and analysis of raster DEM 

data. The software can identify the drainage boimdary, define channel networks 

and delineate subwatershed boundaries. TOPAZ overcomes some limitations of 

existing DEM processing methods and includes a number of new features that 

are relevant to hydraulic and hydrologic watershed investigations (Garbrecht and 

Martz, 1995b). 

The DEM processing in TOPAZ is based on the D8 (Deterministic 8) 

(Douglas, 1986; Faurfield and Leymarie, 1991) method, the downslope routing 

principle, and the critical soiu'ce area (CSA) concept. In the D8 method flow is 

directed from a pixel to one of its eight immediate neighbors (cardinal or diago

nal) depending on the steepest downward slope. The CSA defines the mininniiTn 

number of pixels that must contribute to a point to form a channel (Mark, 1984; 

Martz and Garbrecht, 1992). 

The DEM in TOPAZ is processed by a system of interdependent compu

tational modules. The main featiires of these modules are described below. 
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2.4.1 DEM data Pre-processing 

This module performs the sink-filling operation, essential for the success of 

D8 based algorithms. The term 'sinks' is used for those isolated set of pixels which 

are surrounded on all sides by pixels at higher elevations. Most of these sinks are 

an artifaMTt of the limited data resolution. This data limitation sometimes creates 

another artificial feature termed ^dams'. These are cells at higher elevations 

across a channel just like a dam on a river. This module lowers the elevation of 

the dam pixel to simulate breaching of the dam, while the elevations within a 

sink are raised to the level of their lowest neighbor. 

The flat surfaces produced by this depression-filling, as well as those in

herent to the DEM, such as level vall̂  floors or plateaus at drainage diAddes, 

require fiuther rectification to ensure unambiguous downslope drainage at every 

location in the DEM. In TOPAZ, this is achieved through a relief imposition 

algorithm which takes into consideration the rising and falling topography sur

rounding the flat surfaces to generate a realistic, topographically consistent and 

convergent drainage over those siufaces. Arbitrary drainage direction assignment 

is minimized because the topography surrounding flat surf£u:e controls the relief 

imposition and drainage determination (Garbrecht and Martz, 1995b). 

2.4.2 Hydrologic Segmentation 

The hydrologic segmentation module identifies the watershed bound

ary, defines the channel network and delineates subwatershed boundaries. The 

drainage directions are first determined based on the D8 principle. The number 

of cells flowing through each cell are then determined by routing water fi*om each 

cell according to the successive flow directions (flow acctmiulation method). The 

channel cells are defined by identifying those pixels which receive water from an 

area greater than the CSA defined by the user. The module can incorporate het

erogeneous CSA values across the watershed, thus producing different network 
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complexily in difiTerent parts of the watershed. Each first order channel link has 

three subcatchments, one each on left and right; and one contributing directly 

to the the head of first order channels. 

Once channel network and associated subcatchments are identified, the 

Strahler order of each channel link is determined. The nodes and subwatersheds 

are then indexed. The subcatchment indices are based on the associated node 

numbers. This indexing schemes facilitates determining and documenting the 

cascade-type routing sequence. 

2.4.3 Topographic Parameterization 

This module computes a variety of raster topographic and channel network 

attributes. The raster topographic attributes computed by this module include 

slope and aspect. The network attributes include: the number of channels and 

channel links, total channel length, drainage density, network composition etc. 

As mentioned in the next section, the hydrologic model KINEROS2 re

quires the geometric parameters of plane and channels along with topologic con

nectivity information. For channel elements, the required parameters (length 

and slope) were computed by a module of TOPAZ which is part of the software 

package. The geometric parameters of rectangular plane approximations (as re

quired by KINEROS2) of irregularly shaped subcatchments were computed using 

a research module of TOPAZ (PARAM3). The plane parameters computed by 

PARAM3 included plane area, length and slope. The area of the rectangular 

plane was always kept equal to the irregular subcatchment definition. However, 

since there is no unique theory for the calculation of plane length and slope from 

the subcatchment definition, several different alternatives were tried and com

pared to the manually computed distributions of these parameters (Goodrich, 

1990). Although manual method for the determination of plane length and 
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slopes is also somewhat subjective and non-reproducible, the comparison pro

cess helped decide which PARAM3 alternative closely matched with the manual 

method. That alternative was subsequently used in the analysis. The theoretical 

basis for computing overland flow plane area, length and slopes is described in 

section 4.1. 

2.4.4 Assumptions and Limitations 

It is appreciated that the method on which TOPAZ is based (D8) has 

its limitations. The general limitations of this method are well documented in 

the literature and need not be repeated here (e.g. see O'Callaghan and Mark, 

1984; Douglas, 1986; Fairfield and Leymarie, 1991 and Costa-Cabral and Burges, 

1994). TOPAZ was, nevertheless, selected for this analysis for two main reasons. 

First, TOPAZ has been successfully used by many practitioners; and, second, its 

output is particularly suited to the needs of KINEROS2. The assumptions and 

limitations specific to TOPAZ are: 

i) The DEM must be of sufiScient vertical and horizontal resolutions to 

allow the identification and parameterization of landscape featinres of relevance; 

ii) Local drainage and flow direction can adequately be defined by 8 di

rections: 4 cardinal and 4 diagonal; 

iii) Upstream drainage areas and drainage paths are adequately described 

by downstream flow routing firom one cell spilling onto the adjacent cell in the 

direction of steepest descent; and, 

iv) The channel network and subcatchment divides are adequately de

scribed by all cells that have an upstream drainage area above a user specified 

threshold (the CSA parameter). 
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2.5 Hydrologic Model (KINEROS2) 

KINEROS2 is an updated version of the original KINematic runoff and 

EROSion (KINEROS) model (Woolhiser et ai., 1990) developed by the United 

States Department of Agriculture (USDA) Agricultural Research Service (ARS). 

KINER0S2 is a physically based, distributed parameter, event-oriented model 

describing the processes of interception, infiltration, surface runoff and erosion. 

The model represents watersheds by a cascade of planes and channels (Figure 

2.5). Model plane and channel element length and slope are required as model 

input. These quantities are estimated by the user on the basis of topographic 

information. 

The model uses finite-difference techniques to solve the differential equa

tions describing channel flow and erosion, overland flow and sediment transport. 

The program is also designed to h2indle spatial variability of rainfall and infiltra

tion, r\moff and erosion parameters. Only important concepts and assumptions 

are given below in a concise form. Also the concepts which relate to the geomet

ric parameterization of the model are explored in some detail. Further specific 

details may be found in Woolhiser et al. (1990) and Smith et al. (1995). The 

reason to emphasize the explanation of the role key geometric parameters play in 

mathematical formulations of the model is to illustrate their infiuence on model 

results. It wiU be demonstrated in the later chapters that the geometric param

eters required by the model depend on the elevation information used to derive 

them. 

The model's mathematical treatment of water flow on the land surface is 

based on the kinematic equations which are a result of simplifications of the com

plete de Saint Venant equations for unsteady nonuniform flow and the equation 

of continuity. 

The complete de Saint Venant equations for unsteady, nonimiform flow 

contain expressions for continuity and momentum as shown below. 



(D = AOCer c^iannel 
(i) « Channel 

en = Plane 

Figure 2.5 Example of KINEROS2 plane and channel conceptualization 
(Source; Woolhiserera/., 1990) 
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Continuity: 

f + (2.14) 

Momentum: 

where, A = cross sectional area [L^] 

u = average velocity [L/T\ 

So = bed slope[L/L] 

Sf = friction slope[L/L] 

Qc = lateral inflow rate[L^/T] 

u = x-ward component of velocity of lateral inflow[L/T] 

g = acceleration due to gravity [L/T^] 

t  = time [T] 

X = space coordinate 

y = water surface elevation [L] 

The model uses the the kinematic wave approximation of these equations 

to simulate overland flow and flow through small channels. In the kinematic 

wave approximation to channel flow, all the dynamic (left hand side) terms in the 

momentum equation are neglected. Waves whose motion is adequately described 

by these simplifications are called kinematic waves as opposed to dynamic waves. 

The assmnption that the dynamic terms of equation 2.15 are negligible arises 
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firom asstiming that the shallow water wave is long and flat so that the friction 

slope is {Sf) is nearly equal to the bed slope (So)- Thus, for no lateral flow, 

equation 2.15 reduces to: 

0 = 9{So -  Sf) (2.16) 

or 

= Sf (2.17) 

With this simplification the momentum equation reduces to a simple equa

tion which states that friction slope is equal to the bed slope. This assumption 

allows the use of simple uniform flow formulas like Chezy and Manning where 

discharge becomes a function of water depth only. 

Q = ah"" (2.18) 

where Q is the discharge per unit width, h is the mean depth of smooth wa

ter surface and a and m are parameters related to slope, roughness, and flow 

conditions. For Manning's resistance Law when Metric system of units is used, 

a = y/S/n (2.19) 

and m = 5/3. 

The simplified momentiun equation (2.18) is substituted into the Conti-

niiity equation below which is then solved by finite-difference techniques. 

dh dQ , . 
^ + ^ = (2-20) 



70 

^ djothr') 
dt ^ dx 

= T{ t )  -  fc {x , t )  (2.21) 

^ d{y/Shr-/n) 
d t ^  d x  

= r(<) - fc{x, t) 0 < X < L (2.22) 

where 

q(x,t) = lateral inflow rate, 

r(t) = rainfall rate, 

/c(x, t )  = infiltration rate, 

L = length of the overland flow plane and, 

X, t, Q and h are as defined above. 

From the DEM data of the contributing subcatchment, the following quantities 

are determined (Figure 2.6): 

From equation 2.22, it can be seen that DEM data provides direct inputs 

in the form of slope S and the domain length L. The per unit width discharge 

calculations are performed and multiplied by the plane width W to compute total 

discharge. Thus DEM derived plane slope, length and width directly impact the 

finite difference solution of the kinematic wave equation. 

Another geometric quantity directly computed from DEM data is the cen-

troid (c) of the subcatchment (Figwe 2.6). This information is used to compute 

the initial pre-storm soil moisture if it is spatially variable and defined at the 

gages using a water balance model. More importantly it is used to compute the 

1) Representative slope, S; 

2) Representative flow path length, L; 

3) Contributing area. A; and, 

4) Overland flow path width, W = A/L. 
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Figure 2.6 Illustration of kinematic model element geometry 
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rainfall input (r(x, t)) to the element via a space-time rainfall interpolation. In 

brief, this scheme consists of identifying the raingages that form the triangle of 

least area around the model element centroid. A plane surface is defined by the 

rainfall intensity values on the three gages and their respective horizontal posi

tions. The rainfall intensily value corresponding to the location of centroid of 

the element is then computed and applied uniformly on the modeling element. 

The computed value of centroid depends on the shape of the subcatchment and 

the DEM grid size. Thus DEM resolution directly affects the model computed 

rainfall applied to the model plane elements. 

The satiirated hydraulic conductivity, effective porosity emd interception 

values for the plane are computed by overlaying the DEM determined subcatch

ment boundaries on the GIS data layer of these variables. An area weighted 

mean of each of these qtiantities is then computed and assiuned to apply uni

formly across the overland flow model element. Therefore, these quantities are 

again directly affected by the DEM resolution and accuracy. 

The infiltration calculations are based on the formulation of Smith and 

Parlange (1978): 

gF/B 
'̂qFIB _ 1 (2.23) 

where, /c = infiltration capacity [L/T] 

Kg = saturated hydraulic conductivity [L/T] 

F = cimiulative infiltrated water depth [L] 

B — saturation deficit of the soil = G{9a  — Oi)  = G^{Smax ~ Si)  [L], 

and di = saturated and initial soil moisture contents respectively 

$ = soil porosity 

Sjnax Si = maximum and initial values of relative saturation respectively, 

defined as 6/^ 
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G = effective net capillary drive = K{^)d^, 

= soil matric potential [L], and 

K{^) = hydraulic conductivity function [L/T] 

Equation 2.23 describes infiltration capacity (/c) as a function of initial 

water content (ffi) and the amount of water already absorbed into the soil (F). 

Smith and Parlange (1978) derived equation 2.23 fit>m simplifying assumptions 

allowing am analytic solution of the underlying Richards' flow equation and con

tinuity of water across the surface. As in many infiltration models, effective 

saturated hydraulic conductivity (Kg) and effective net capillary drive (G) are 

key parameters in the Smith-Parlange (1978) infiltration model. 

The infiltration scheme in the model is interactive. This implies that infil

tration continues even if the rainfall ceases or falls to a rate below the infiltration 

capacity (Woolhiser et aL, 1990). Infiltration also continues from water flowing 

down a modeling plane. Therefore, for longer model elements (plane or channels) 

runoff water has more opportunity to infiltrate than model elements (of compa

rable area) with shorter lengths. This is particularly important for channels with 

generally higher soil conductivities and comparatively smaller bed slopes. It will 

be demonstrated in later chapters that this fiEM:tor causes a major influence on 

model slmiilations as DEM grid size or geometric model complexity vary. 

KINEROS2 approximates irregularly shaped natural stresun cross sections 

by a trapezoidal cross section by the user specified channel bottom width and 

left and right bank slopes. Parameters for the channels were estimated in this 

study via the GIS methods developed by Miller (1995). Woolhiser et cd. (1990) 

incorporated an empirical "effective wetted perimeter" (pe) function to compen

sate for error in the calculated wetted perimeter of the channel caused by the 

trapezoidal channel simplification: 
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Equation 2.24 was generally found to improve simulations of transmission 

losses for ephemeral streams in the Walnut Gulch Experimental Watershed. Fig

ure 2.7 illustrates the significance of the wetted perimeter correction in irregular 

channel bottom geometries. 

2.5.1 KiNEROS2 Modifications 

Smith et al. (1993) modified the infiltration formulation in KINEROS to 

accommodate a multilayered soil system and to provide a physically-based ap

proximation for the redistribution of soil water, including recovery of infiltration 

capacity during a rainfall hiatus, and a method that more accurately determines 

infiltration rates following a hiatus. For details on the multilayered infiltration 

expression, the reader is referred to Smith (1990), Smith et al. (1993) and Cor-

radini et al. (1994). 

Modifications have also been made (El-Shinnawy, 1993) to allow for in

filtration loss firom compound channels. For the said modifications, the term 

"compoimd channels" refers to the overflowing of water overbank or onto the 

(normally dry) island areas of braided channels. El-Shinnawy (1993) modified 

KINEROS to; 1) allow for a division of inflow volume at the island areas; 2) 

allow difiierent values of the roughness coefficient for each channel segment; 3) 

allow inflow volume routing through the different channel segments; 4) add a 

channel capacity term to represent bed storage capacity; and, 5) allow different 

infiltration characteristics in main and overbank sections. 

Modifications have also been made to allow for small scale infiltration vari

ability by treating it via a statistical or probability distribution (Goodrich, 1990). 
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This treatment is important because of high rainfall variability which produces 

unorganized infiltration patterns in response to highly variable rainfall. 

The major assumptions and strengths and weaknesses of KINEROS2 

methodology are simmiarized below: 

1. The kinematic wave approximation to the de Saint Venant equations 

is employed. Physically, use of the kinematic wave approximation means that 

neither backwater nor pressurization (as in a circiilar conduit) may exist and 

waves propagate only downstream and without attenuating (although they do 

distort). 

2. The event-based nature of KINEROS2 is reflected in its inability to 

describe evapotranspiration and soil water movement between storms (other than 

during short rainfall hiatus). Given initial soil moisture conditions, it calculates 

surface runoff (and erosion) for a single event, but it cannot maintain a hydrologic 

water balance between storms. 

3. KINER0S2 uses the Smith-Parlange (1978) infiltration equation to cal

culate cumulative infiltration through a channel bed. While this solution may be 

appropriate for the progression of a wetting front down through a previously dry 

(ephemeral) streambed, it has no capacity to reflect feedback from the ground

water system. If the soil column under the stream becomes fully saturated and 

hydraulic connection is achieved between the stream and the aquifer, this infil

tration model would be inappropriate. The new two-layer scheme in KINEROS2 

addresses this issue. 

2.6 Water Balance Model (BROOK90) 

The hydrologic model BROOK90 (Federer, 1995) was used to estimate 

initial soil moisture to be used as input to KINEROS2. This particular model 

was selected because despite its detailed and physically-based representation of 
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the soil-water-plant processes, it is easy to use and can easily be incorporated to 

run in a batchrmode environment. It was required to simulate soil moisture at 

the locations of about 90 rain gages for all events examined in this study. The 

model's easy reformulation to run in batch-mode helped achieve this objective. 

Also, the program was recently used at the Lucky Idls watershed with reasonable 

success (Canfield, 1998), illustrating that the model could be used in semi-arid 

environment. 

BROOK90 simulates the water budget on a unit land area at a daily time 

step. The model simulates interception, transpiration from a single layer plant, 

soil and snow evaporation, snow accumulation amd melt, soil water movement 

through multiple soil layers, stormflow by source area or pipe flow mechanisms, 

and delayed flow from soil drainage and a linear groundwater storage (Federer, 

1995). These simulations are performed for a small uniform piece of land (point-

based modeling) and there is no provision for spatial distribution of parameters. 

However, the user may specify multiple soil layers below ground to simulate 

different soil horizons. The model uses the Penmen-Monteith equation (given by 

Monteith, 1973) to model potential transpiration: 

PE = ^ rAiZrt + Cp/gDa/rg 

CtLvpw L^ + 7 + 7(rc/ro) 

where PEg is the surface-dependent potential evaporation, mm/d; A is the rate 

of diange of vapor pressiure with temperature, kPa/K; Rn is the net radiation 

a b o v e  t h e  s u r f a c e ,  W f m ^ ;  C p  i s  t h e  h e a t  c a p a c i t y  o f  t h e  a i r ,  1 0 0 5  J k g ~ ^ K ~ ^ ;  

p is the density of air, kgfrv?'. Da. is the vapor pressiire deficit in the air; 

Ta is the aerodynamic resistance, s/m; ct is the conversion constant, 0.01157 

W m d is the latent heat of vaporization, 2448.0 MJ/Mg; py, 

is the density of water, M g f m ^ ;  7 is the psychrometric constsmt, 0.067 kPa/K; 

and, Tc is the surface or canopy resistance, s/m. 

(2.25) 
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The Shnttleworth and Wallace (1985) equation is used for the separation 

of soil evaporation and transpiration in sparse canopies. Input variables for the 

model include precipitation at daily or shorter intervals, daily maximum and 

minimum temperatures, daily solar radiation, daily vapor pressure and daily 

wind speed. 

2.7 Parameter estimation 

In this subsection, the hydrologic parameters required by KINEROS2 and 

meteorological parameters required BROOK90 are described along with a very 

brief description of how they were estimated for this study. A detailed description 

about estimation of each parameter is provided in the Appendix B. 

Geometric parameters i.e. length, area and slope of plane elements; and, 

length and longitudinal slopes of channel elements were computed using TOPAZ 

for which details 2ire provided in Chapter 4. KINEROS2 requires the bottom 

width of all channel elements. The bankful width of channels were estimated 

by utilizing regression relationships of Miller (1995), and converted to bottom 

widths assuming a side slope of 1:1. KINE)ROS2 requires initial soil moisture 

at gage locations at the start of simulation (which is generally the onset of the 

storm of interest). Initial soil moisture at all gage locations was estimated using 

BROOK90 (Federer, 1995) as described in the previous section. 

Every effort was made to obtain hydrologic parameters in a distributed 

manner. Saturated hydraulic conductivity {Kg) is a very important parameter 

in hydrologic modeling and its spatially distributed values were obtained from 

prior work done on this watershed (Mayeiix, 1995). Mayeux used am extensive soil 

survey of Walnut Gulch conducted by Soil Conservation Service (SCS) (Breck-

enfeld, 1993) to create raster GIS layers of Kg and matrix porosity- These layers 

were used to determine area weighted parameters for each model element. Man

ning roughness coefficient was estimated from published literatiure and owing to 
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ancertainty in its determination, it was used as one of the calibration parame

ters along with Kg. Interception was estimated by relating vegetation GIS layer 

on the watershed to the published interception values for the vegetation types. 

Whenever interception values for a particular vegetation was not available, next 

closest vegetation type was used. An area weighted value of interception loss was 

assigned to each element. 

Mean capillary drive (G) is a fimction of unsaturated hydraulic conduc

tivity and the soil matric potential. The KINEROS manual (Woolhiser et al., 

1990) provides a table listing the values of G for different soil textural classes. 

These values are based on Rawls et al. (1982) who complied hydraulic data on a 

large number of soils over a range of textural classes. A computer progreim was 

written for this research, which used the soil types to find the appropriate value 

of G and then compute an areal average for the model elements. 

The coeflBcient of variation of K, (CV) was set at 0.8 as suggested by 

Goodrich (1990, and personal communications, 1997). The same was also used 

by Michaud (1992) and Micfaaud and Sorooshian (1994) who claimed to confirm 

it by the data of Loague and Gander (1990). 

Reasonable estimates of soil moisture have been obtained on the same 

watershed by Canfield (1998) using the BROOK90 model. Several parameters 

required for the model were borrowed fi:om Canfield^s work. However, the most 

important meteorological data was acquired and used on a daily time step. Daily 

values of minimnm and maximum temperature at the Tombstone meteorological 

site operated by ARS and reported by the National Weather Service were used. 

Daily values of solar radiation were taken from Fort Huachuca. Average wind 

speed for the month was used firom Tucson and average vapor pressure for the 

respective day was calculated firom meteorological data at Tucson. 
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2.8 Siimmary/Concluding Remarks 

In this chapter, details of analysis methodology were presented in the 

form of an experimental design. The uniqueness of this methodology lies in in

terpreting DEM data over a range of basin scales; and, formation of prudent 

modeling scenarios to segregate and gauge different parameter influences. Con

siderable effort was spent during this study to acquire DEM data from as many 

sources as possible to constitute a range of independent DEM data resolutions 

without resorting to aggregation or resampling. The details about the acquired 

DEM data, relevant to this research were then, presented. The models used in 

the study were described and discussed. All these models are well tested and 

their performance has been reported in the literature. It is intended that with a 

detailed description of the data and models used, the reader interpret the analysis 

and results in a meaningful manner. Additionally, a detailed description about 

the DEM data and parameter computation will help the reader interpret DEM 

and parameter comparison presented in the next chapter. The next chapter also 

includes results from attempts to define a workable range of channel sovu'ce area 

(CSA) values. 
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CHAPTER 3 

Comparison of DEM and Network Attributes 

This chapter is intended to provide a detailed account of the comparison 

of independent DEM elevation values at common points and of several simple and 

compound topographic attributes computed using different DEA/k. Results will 

also be presented from ground surveys. A comparison of DEM elevations with the 

groimd survey observations at three distinct areas in the watershed is presented 

first followed an intercomparison of different DEM values at common points. 

A comparison of attributes which are independent of network complexity (i.e. 

slope, aspect, and solar radiation) is presented next. 

In the last section, a detailed comparison of several network attributes 

is presented for all the subwatersheds of interest for all DEMs computed for 

networks using two extreme CSA values. 

3.1 Comparison with Ground Survey Elevations 

In general, DEM producing agencies provide estimates of the vertical ac

curacy of their data. However, the criteria for computing these estimates may 

differ from agency to agency and estimates are usually conservative. Moreover, 

actual vertical errors present in a specific data set may deviate considerably from 

an average measiure of error computed for the whole data set depending on the 

complexity of the land surface over a limited area. In view of these considera

tions, it was decided to implement a program of field siurveys to find elevations of 

a relatively small sample within the data sets under high accuracy standards (Re

fer to Table 2.1 for estimated horizontal and vertical accuracy of ground survey 

data). 
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Three different areas of the watershed were selected for this purpose, rep

resenting relatively flat, highly dissected and hilly regions of the watershed. The 

survey in relatively dissected region of the watershed (Marked "Ground survey 

area 1" in Figure 2.4) consisted of surveying about 90 points where elevations 

from the 2.5,15, 30, 40 and 79 m DEMs are reported. However, survey points do 

not fsdl on the 79 m DEM points, and thus cannot be compared with this DEM 

data. Nonetheless, indirect comparison was used to establish accuracy of the 79 

m data. This was based on comparing the 79 m data with the 2.5 m data. Since, 

the IFSAR 2.5 m DEM data was found to be the most accurate data available 

based on ground surveys (as mentioned below), it afforded an opportunity to 

establish accuracy of the 79 m DEM data by comparing it with the IFSAR data. 

In Figure 3.1 the differences between DEM elevation and the ground sur

vey elevations for "survey area 1" are plotted. It is readily apparent that the 

USGS 30 m DEM exhibits greatest difference from groimd survey elevations. 

Incidentally, most of these differences are biased in a positive direction. The 

magnitude of differences for the 2.5 and 40 m data are comparatively small and 

also more evenly distributed between positive and negative values, whUe the 

residuals for the 15 m data are slightly biased towards the negative side. The 

mean differences for all the data sets are, nevertheless, within the vertical accu

racy standards reported by the agencies. This is apparent from the statistics of 

residuals presented in Table 3.1, which also lists the statistics for the residuals 

obtained from survey of 35 points in the "ground survey area 3" (Figure 2.4). 

The statistics show that in the hilly region, the differences for the 2.5 and 40 m 

data are slightly worse than they were in the previous case. There is a slight 

improvement apparent in the statistics of the 30 m DEM. However, overall the 

relative DEM data quality indications are still valid for this survey area. 

An example from each siuvey area is presented in the form of a selected 

profile comparing elevation values from different sources. Figure 3.2(a) shows a 

profile in the dissected region of the watershed along UTM easting coordinate of 
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Table 3.1 Summary of Residual Statistics 

Surv^ in the highly dissected region (Survey area 1 in Figure 2.4): 

No. of points surveyed = 90 

Statistics 2.5m—Survey 15m—Survey 30m—Survey 40m—Survey 

Minimimi —1.39 m —4.10 m —3.97 m —2.30 m 

Maximum 1.52 m 0.92 m 11.34 m 1.51 m 

Mean 0.14 m —0.44 m 3.54 m —0.23 m 

Stad. Dev. 0.55 m 0.71 m 2.77 m 0.85 m 

Survey in the hilly region (Survey area 3 in Figure 2.4): 

No. of points surveyed = 35 

Statistics 2.5m—Survey 30m—Survey 40m—Survey 

Minimum —2.45 m —2.80 m —2.80 m 

Maximimi 0.13 m 7.40 m 2.30 m 

Mean —1.08 m 2.80 m —0.48 m 

Stad. Dev. 0.59 m 2.35 m 1.40 m 

597000 m where four data sets overlap. All the available points are plotted along 

with the survey points (at 120 m intervals), except the 2.5 m data where three 

of every four points are omitted to prevent clutter. Assuming that the siun^ey 

points depict the true land surfsure, it is again readily apparent that the reported 

30 m points have a general tendency to lie above the actual land topography and 

to miss depressions and peaks. That is one of the reasons that only a handful 

of the USGS 30 m points lie below the zero-line in Figure 3.1. The 15 and 40 

m points tend to lie slightly below the actiial groimd surf^e, while the 2.5 m 

data points follow the topography very closely. This comparison using a limited 

number of data points clearly endorses the IFSAR techniques in producing good 
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quality topographic data. Similar conclusions hold when one inspects the selected 

profile from the 'Aground survey area 3", presented in Figiure 3.2b. There is an 

exceptionally good match between the 2.5 and 40 m data and both of them ctlso 

generally agree with the survey points. The 30 m USGS points are again higher 

than the survey points. In this profile, the elevations are higher even for the 

peaks but depression is still missed as observed in the previous profile (Figure 

3.2a). A solitary profile was surveyed in the 'Aground survey area 2" (marked as 

such in Figure 2.4) whose results are presented in Figiu'e 3.2c. The trends noticed 

in the previous two profiles, mostly hold, but are generally not as pronounced in 

this profile mainly because of the lower relief of the area. 

3.2 Comparison of Different DEM Elevations at Conunon 
Points 

Given the nature of differences between the reported DEM elevations and 

the field surveyed points, it was decided to judge the relative differences between 

the DEM data points themselves. The extent of coverages for different DEMs 

was described in Chapter 2, from which we know that different DEMs cover 

different portions of the watershed except the 2.5, 30, 40 and 79 m DEMs which 

cover the entire watershed. Fortunately, most of the DEM grids are based on 

a common starting grid in east-west and north-south directions. This provides 

an opportunity to compute and compare differences between different DEMs 

at common intersecting points. The number of common points between DEMs 

varies depending on the grid spacing and the extent of area respective DEMs 

cover. The grid points of the 2.5 m DEM do not match with the grid points of any 

other DEM as this data was collected in a WGS^84 datum and later transformed 

into the NAD'27 datum in which the other DEMs are reported (Note: The 

WGS'84 to NAD'27 transformation was done using ARC/INFO tools). However, 

the nearest points are off by only 1.1 m in the north-south direction and by 0.3 

m in the east-west direction. These nearest points were used in the computation 
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of differences described next. As mentioned before, the 79 m DEM grid points 

do not match with the ground surveyed points. Therefore it was compared with 

the most accurate 2.5 m data only. 

Points common to the 30 and 40 m DEM lie at 120 m spacing in either 

direction. Direct differencing of these points gives an idea of the relative difference 

between the two DE^. A histogram of differences between the 30 and 40 m 

DEM data is presented lq Figure 3.3. Most of the differences lie within the range 

of -10 to 10 m. However, there are some extreme differences of the order of 20 

m. There are a few points with differences of the order of 50 m but they are 

not shown in the histogram in Figure 3.3 to preserve the clarity of the figure. 

It may be noted that the differences are fairly balanced in positive and negative 

directions. This example is the worst case of DEM difference (Maximum mean 

difference between elevations) among the main DEMs compared. The mean 

difference of a manually acquired DEM (at 5 m resolution) over a limited area 

with the 30 m DEM was slightly more than the mean difference between the 30 m 

and 40 m DEMs. Table 3.2 provides statistics of differences between all possible 

combination of DE^/&. This table reveals the extent of differences between DEMs 

of different sources becatise of differences in methods of data acquisitions and the 

accuracy of base maps &om which DEMs are derived. 

Some interesting observations may be drawn from the data in Table 3.2. 

The first part of the table reaffirms the observations made using ground survey 

data (Table 3.1). From the comparison with ground survey, it was observed 

that the IFSAR (2.5 m) DEM matched the ground profile better than did the 

other DEMs; and, the 30 m USGS data exhibited the greatest deviations from 

field observations. The relative accuracies of the 15, 30 and 40 m data are still 

apparent in terms of mean of differences in the first part of the table. However, 

the minimnTn and maximum difference values are rather large for the 30 eind 

40 m data. The reason for these large differences is most likely edgematching 

problems between different fiightlines in the IFSAR data in the southern region 
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Table 3.2 Summary of DEM Difference Statistics 

Comparing 2.5 m data with otlior DEMs 

StatiBtics 2.S-5m DEM 2.5- ir)m DF.M 2.5-30iii DKM 2.r)-40in DP^M 
(1985)* (59900) (349878) (103122) 

Minimum -2.27 m -13.00 m -55.00 m -48.25 m 
Maximum +1.03 m +20.80 m +50.00 m +02.70 n> 
Mean -0.02 m -0.04 m -3.20 m +0.03 m 
Stad. Dev. +0.48 m +2.40 m +3.99 m +2.91 m 

m data with other DEMs Comparimr 30 

Statistics 

Minimum 
Maximum 
Moan 
Stad. Dev. 

3Qm-5m DEM 
(54) 

0.00 m 
+8.10 m 
+4.34 m 
+ 1.00 m 

3Qin-15m DEM 
(14991) 

-8.00 m 
+25.00 m 
+2.97 m 
+3.78 m 

30111-4Qm DEM 
(10499) 

-46.00 m 
+49.85 m 
+3.59 n» 
+4,24 m 

Comparintf 15 and 40 m data witli other DEMs 
•Statistics 40tn—5m DEM 40iii —15ni DEM 1.5111 —.5m 1")I^.M 

(32) (943) (220) 

Minimum -2.40 m -11.50 m -4.25 m 
Maximum +0.42 in +19.00 m +0,71 m 
Mean -1.03 m +0.22 m -1.88 m 
Stad. Dev. +0.00 m +2.45 m +0.79 m 

2.5-79 m DEM 
(2277) 

-18.18 m 
+40.70 m 
+ 10.83 m 
+ 12.29 m 

* Tlie number in the parentlioses refer to the number of point,s used in tlie computation of tlie statistics. 
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of the watershed. These large differences are thus due to some isolated outliers 

in the problem region. Because in the present analysis, the 2.5 m data was only 

used for WG-11, W(5-223 and LH-104 (all of which are located in the northern 

portion of the watershed), it was not critical to correct for this problem for this 

analysis. As far as the data in the northern portion is concerned, it seems to be 

generally problem free giving greatly reduced minimum and maximum differences 

with the 15 m DEM (which covers only WG-11 and LH-104). 

The difference between the 79 m data and the 2.5 m data was computed 

within W(5-ll only. The 79 m grids do not exactly fall on the 2.5 m grids. 

The nearest grids were used in determining the common points and the mean 

displacement between points was of the order of 0.6 m in either grid direction. 

The mean difference in elevations was 10.83 m which indicates that the 79 m 

data is faurly rough quality given that our assumption regarding superior quality 

of the 2.5 m data (based on comparison with ground survey data) is true. The 5 

m manually acquired DEM also seems to be of good quality owing to small mean 

difference with the 2.5 m data. The middle portion of Table 3.2 indicates greater 

differences with the 30 m data. The trend earlier noticed in the profile plots 

(Figiu-e 3.2) about the tendency of the 30 m data to lie above the actual ground 

profile is reflected in the positive mean differences of the order of 3 to 4 m with 

all the DEMs. The greatest single-point differences (minimum and maximums) 

are more pronounced for the 30 — 40 m DEM than with 30—5 or 30 —15 m DEM. 

The reason, again is the limited sampling of the 5 and 15 m DEMs which are 

imable to encompass large differences in other regions of the watershed, although 

the mean differences are still appreciable. The 40 m data, on the other hand, 

compares well with the 5 and 15 m data (last portion of Table 3.2). 

In summary, a comparison of the differences of all possible combinations 

of DEMs, has shown that limited field survey data provides useful information 

on the quality of the DEM data. The trends inferred from the field survey data 

hold for the DEM differences for the entire coverage of data sets. It will be 
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interesting to observe how the differences in the data quality from one data set 

to another affect the distributions of topographic parameters and the derived 

channel network attributes which are described next. 

3.3 Comparison of Network Independent Parameters 

In this category of watershed attribute comparisons, four watersheds 

(LH-104, WG-11, WG-6 and WG-1) and all DEMs were used. Distributions for 

six parameters were plotted for every watershed and the DEM. The parameters 

considered included: local slope, aspect, profile and plan curvatures, and the 

computed potential solar radiation values in June and December. The purpose 

of this exercise was to assess as to what extent the attributes depend on the 

DEM resolution and how they vary across a range of watershed scales. 

The slope distributions for LH-104 and WG-11 are plotted in Figures 

3.4 and 3.5, respectively As far as LH-104 is concerned trends are very obvious 

(Figure 3.4). As the grid size increases, the slope distribution is compressed and 

the steeper slopes are no longer represented. The 2.5 m data registered slopes as 

high as 15® while for the 15 m DEM there are no slopes greater than 10®. The 

maximum slope reduces to 6® for the 30-m DEM and is further reduced for the 

40 m DEM. Another noticeable feature is that the distributions do not remain 

as smooth as the grid size increases. This is again due to the fact that sharp 

elevation changes over short distances can no longer be registered as the grid 

size increases. This fact can potentially have consequences for kinematic routing 

because of its dependence on the slope of overland flow planes. However, for 

larger watersheds, the trends are not as pronounced. The slope distributions for 

WG-11 (Figure 3.5) illustrate this point. Although there is still a tendency of 

proportionally fewer high slope values as the grid size increases, the steepest slope 

is represented in all the cases except the 2.5 m histogram. This was generally true 

for watersheds WG-6 and WG-1 but the plots are not shown here to conserve 

space. 
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The distributions for aspect, on the other hand, do not show the trends 

which were apparent in case of slopes. Figure 3.6 illustrates this point in which 

the aspect distributions for WG-11 are plotted. It appears that the majority 

of variation in aspects is still captured when the grid size increases and the 

slope variability reduces, except for the 79 m DEM. This shows that the scale 

at which hillslope aspect varies is greater than the DEM grid size. This may be 

of importance in models which simulate aspect-related processes (e.g. snowmelt, 

temperature or vegetation models). 

The distributions of profile curvature show very clear trends (Figure 3.7). 

The range in the values of profile curvature is rapidly reduced as the grid size 

increases. This illustrates the strong dependence of profile curvature on slope. 

In other words as the slope values reduce, the profile curvature information is 

subdued and the land surface is portrayed by the DEM as relatively curvature 

free. Similar trends were observed in the profile curvatiu'e distributions for all 

the watersheds and for those of plan curvature (not shown here). 

As mentioned in the previous chapter, with simplifying assimiptions, po

tential solar radiation simply becomes a fimction of slope and aspect. As noted 

above, distributions of aspect remained relatively unchanged as the grid size 

changed, indicating that changes in slope would impart the greatest impact on 

calculated potential solar radiation with changing grid size. The histograms of 

potential solar radiation thus show trends which are very similar in shape to 

those of slopes. However, any trends in the magnitude of the quantity cire not 

as apparent as were in case of slope (decreasing slopes with increasing grid size), 

especially for large watersheds. For example, in Figiu^ 3.8 the potential solar 

radiation in June for LH-104 shows that the extreme values are lost as the grid 

size increases. On the other hand, the potential solar radiation values for WG-1 

(Figure 3.9) for the month of December vary little, with extreme values generally 

being maintained. 
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The distribution statistics for all the parameters for all the watersheds are 

listed in Tables 3.3 to 3.6. The statistics in these tables confirm the observations 

made above with a limited number of selected histograms (Figures 3.4 to 3.8). 

Summary bcocplots of slope, aspect and curvature statistics for LH-104 are pre

sented in Figures 3.10a, b and c, respectively which further illustrate some of the 

observations made above. 

To summarize, the trends for slope, aspect, ciuvature and solar radiation 

show differing trends for the range of watershed scales and DEM grid resolutions. 

Expected trends of flattening of slopes with increasing grid size are apparent but 

do not show dramatic differences for large watersheds. It is thus unclear to what 

extent, if any, this slope variation will affect the kinematic routing, especially 

given the uncertainty in the estimation of other hydrologic and geometric pa

rameters. Also, networks and thus geometric model complexity is linked to the 

parameter estimation because it dictates the size of elements for which geometric 

model parameters (slope, length, width) are calculated and uniform hydrologic 

parameters (roughness, saturated hydraulic conductivity etc.) are applied. The 

network complexity defined by the TOPAZ topographic model depends upon 

the channel soiu'ce area (CSA) value used to extract the channel network by 

automatic methods. Before comparing the network-dependent parameters, it 

was therefore necessary to define a range of network complexities over which the 

attributes were computed and compared as a function of watershed size. 
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Table 3.3 Statistics for network independent parameters for LH-104 

Statistic 2.5 m DEM 5 m DEM 15 m DEM 30 m DEM 40 m DEM 
Slope (Degrees) 

Minimum 0.1 0.4 0.5 1-4 1.5 

Maximum 19.4 16.6 9.8 6.4 5.6 

Mean 6.4 5.9 4.9 3.8 3.2 

S.D. 3.3 2.7 1.9 1.3 1.1 

Aspect (Decrees) 

Minimum 1.4 1.2 24.9 63.4 48.3 

Maximum 359.1 346.3 264.3 255.9 234.8 

Mean 160.1 153.7 153.7 168.7 151.5 

S.D. 79.4 67.7 62.7 55.2 49-0 

Profile Curvature 

Minimum -0.10900 -0.09700 -0.01600 -0.00360 -0.00390 

Maximimi 0.12780 0.06120 0.00870 0.00330 0-00370 

Mean -0.00022 0.00027 0.00018 -0.00004 0.00024 

S.D. 0.02254 0.01400 0-00410 0.00160 0-00190 

Plan Curvature 

Minimum -0.09045 -0.05200 -0.00890 -0-00300 -0-00380 

Maximum 0.11600 0.09600 0-02300 0-00370 0.00540 

Mean 0.00005 0.00074 0-00035 0-00019 0.00016 

S.D. 0.02047 0.01540 0.00450 0.00150 0.00210 

Potential Solar Radiation in June (Mi/rn? oer dav) 

Minimum 38.5 39.4 41.0 41.7 41.5 

Maximum 42.9 42.9 42.7 42.3 42-5 

Mean 41.8 41.9 41.9 41.9 41-9 

S.D. 0.6 0.5 0.4 0-1 0.2 

Potential Solar Radiation in December (MJ/m^ oer dav) 

Minimum 12.2 12.2 15.4 18-9 17.9 

Maximum 30-2 28.5 24.3 21.9 22.5 

Mean 20.8 20.8 20.8 20.8 20.7 

S.D. 2.6 2.3 1-8 0.7 1.0 
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Table 3.4 Statistics for network independent parameters for WG-11 

Statistic 2.5 m DEM 15 m DEM 30 m DEM 40 m DEM 79 m DEM 

SloDe CDeerees) 

Minimum 0.1 0.2 0.9 0.1 0.9 

Maximum 47.6 21.7 16.2 16.1 17.3 

Mean 8.5 6-4 4-9 5.4 4.9 

S.D. 4.4 3-1 2.4 2-5 2.2 

Asoect fDeerees) 

Minimum 0.29 0.7 3.6 0.6 90.0 

Maximum 359.7 359-3 355.6 359.5 349.7 

Mean 199.5 214-0 224.5 218-5 246.5 

S.D. 99.9 92.5 89.1 89-9 42-0 

Profile Curvature 

Minimum -0.34500 -0.03280 -0.01350 -0.01210 -0.01170 

Maximimi 0-47400 0-02120 0.01620 0.01040 0.01120 

Mean -0.00019 -0-00010 0-00000 -0-00010 0.0000 

S.D. 0.02628 0.00380 0.00200 0-00250 0-00180 

Plan Curvature 

Minimum -0.26100 -0-03170 -0.01070 -0-01120 -0.01030 

Maximum 0.25100 0.03510 0.01220 0-01320 0-00650 

Mean -0.00018 -0.00010 -0.00010 -0.00010 0.00000 

S.D. 0.02401 0.00400 0.00190 0.00280 0.00150 

Potential Solar Radiation in June CMJ/sa. m) oer dav) 

Minimum 27.2 38.9 39.9 40-0 39.9 

Maximum 42.9 42.9 42.9 42.9 42.9 

Mean 41.9 42.0 42.1 42.0 41-9 

S.D. 0-91 0-6 0.5 0.5 0.4 

Potential Solar Radiation in December fMJ/sa. m) oer dav) 

Minimum 2.8 7.5 9.6 10.3 9.1 

Maximum 41-7 29.4 27.4 27.1 27.4 

Mean 19-9 19.8 19.6 19-8 20.6 

S.D. 4.24 3.4 2.6 2.9 2.1 
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Table 3.5 Statistics for network independent parameters for WG-6 

Statistic 30 m DEM 40 m DEM 79 m DEM 
Slope (Degrees) 

Minimum 0.9 0.0 0.9 

Maximum 33.8 35.8 50.8 

Mean 5.4 5.4 6.8 

S.D. 3.9 4.1 6.1 

Aspect (Degrees 

Minimum 1.9 0.0 2.1 

Maximum 358.3 360.0 358.5 

Mean 203.3 202.3 215.9 

S.D. 100.3 102.0 94.4 

Profile Curvature 

Minimum —0.01530 —0.02200 —0.04090 

Maximum 0.02330 0.03640 0.04660 

Mean -0.00010 -0.00010 -0.00020 

S.D. 0.00190 0.00260 0.00400 

Plan (Curvature 

Minimum -0.01920 -0.03320 -0.04090 

Maximimi 0.02050 0.02580 0.03380 

Mean -0.00010 -0.00010 -0.00010 

S.D. 0-00190 0.00280 0.00290 

Potential Solar Radiation in .Tune (MJ/so. m) oer dav) 

Minimum 37.8 35.0 29.6 

Maximum 42.9 42.9 42.9 

Mean 42.1 42.1 42.1 

S.D- 0.5 0.6 0.7 

Potential Solar Radiation in December (MJ/sa. ml per dav) 

Minimum 2.2 0.6 0.0 

Maximum 31.5 35.3 40.2 

Mean 19.3 19.3 19.2 

S.D. 2.8 3.1 3.7 
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Table 3.6 Statistics for network ind^endent parameters for 

Statistic 30 m DEM 40 m DEM 79 m DEM 

Slooe ^Decrees) 

Minimum 0.9 0.0 0.9 

Maximum 48.2 43.7 57-8 

Mean 5.5 5.4 6-9 

S.D. 4.2 4.3 6.5 

Asoect (Deerees) 

Minimum 1.9 0.0 0.9 
Mayimiim 358.3 360.0 358.5 

Mean 204.2 202.4 221-1 

S.D. 101.5 103.6 96.7 

Profile Curvature) 

Minimum -0.04470 -0.04720 -0.04960 

Metximum 0.07390 0.03640 0.04660 

Mean -0.00010 -0.00010 -0-00020 

S.D. 0.00220 0.00260 0.00440 

Plan Curvature 
Minimum -0-03290 -0.03550 -0.05030 

Maximum 0.03290 0.02820 0.04840 

Mean -0.00010 -0.00010 -0.00020 

S.D. 0.00200 0.00280 0.00310 

Potential Solar Radiation in June fMJ/sa. m) oer dav) 
Minimum 32.4 34.5 29-6 

Maximum 42.9 42.9 42.9 

Mean 42.1 42.1 42.1 

S.D. 0.5 0.5 0.7 

Potential Solar Radiation in December fMJ/sa. m) oer dav) 
Minimum 1.4 0.6 0.0 

Maximum 38.0 35.9 40.2 

Mean 19.2 19.2 18.9 

S.D. 2.8 3.0 3.8 
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3.4 Identification of a range of CSA values 

As discussed in Chapter 2, the Channel Source Area (CSA) is generally 

defined as the minimiim area which should contribute to a pixel below which a 

first order channel is initiated and maintained (Garbrecht and Martz, 1995b). 

This is a very important parameter for most of the network delineation pro

grams (including TOPAZ) and essentially controls the complexity and extent of 

the derived channel network. It is generally left to the user to define a CSA 

value for the area in question. As yet, there is no universally applicable method 

available to define a CSA for a given area (Rodriguez-Iturbe and Rinaldo, 1997). 

However, several authors have reported ractensive research done in this area and 

have demonstrated the successful application of their methods on a limited area. 

Two methods were selected in this work for defining a range of CSA values. 

The methods selected were the local-slope area relationship of Montgomery and 

Foufoula-Georgiou (1993) and the one based on equilibrium storage concepts as 

used by Goodrich (1990). The reasons for choosing these two methods were 

stated earlier in Chapter 2. 

In summary, the method of Montgomery and Foufoula-Georgiou (1993) is 

based on plotting a local slope versus area relationship for all the pixels within 

the area in question. A break in slope and an inflection point are then taken to 

depict Mllslope-valley transition. 

All the available DEMs were used and the local slope versiis area rela

tionships were plotted for three watersheds (WG-ll,WGr-6 and WG-1). Before 

averaging, there was considerable scatter in the local slope versus drainage area 

plots for all the cases (see Figure 3.11a, as an illustrating example). Averaging 

the local slopes at each area resulted in considerable reduction of scatter (Figure 

3.11b). However, it was stiU very difficult to identify a distinct inflection in the 

relationship as required by the theory. Notice the scatter in the plots at large 
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Upstream area cootributing' to the pixel (ha) 
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Figure 3.11 Local slope versus area plots for WG-11: (a) 15 m DEM without averaging, 
(b) 15 m DEM plotted after averaging, (c) 30 m DEM plotted after averaging. 
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area values and a reversal of relationships at small areas of the order of 0.05 to 

0.08 ha for watersheds WG-11 and WG-1 in Figures 3.11b and c respectively. 

A reversal of relationship from positive to negative was apparent at very 

small values of drainage area in all of the plots from all four watersheds and 

all available DEMs. But this observation was not very helpful since, according 

to the theory of Montgomery and Foufoula-Georgiou (1993), this reversal only 

indicates transition from unchanneled to channeled hillslopes, while an inflection 

point indicates a hillslope to valley transition. 

Given these observations, the method suggested by Goodrich (1990) was 

examined. In this method, a fairly complex network is initially defined. An 

artificial uniform rainfall rate is then applied to an impervious watershed for a 

sufficiently long time to drive the watershed to equilibriiun using a kinematic 

wave based model. KINEROS2 was used in this research to compute element 

storages at equilibriimi at each channel node. The ratio of channel to total 

storage is plotted against the total upstream area. As one moves downstream 

in the network tree, the channel storage continues to increase relative to the 

overall watershed storage. In other words, proportionally more and more chaimel 

dominance becomes apparent. The area beyond which the ratio stabilizes is 

interpreted as a transition in process dominance. 

The plot for LH-104 for the 5 m DEM is presented in Figure 3.12a. A 

definite and distinct stabilization in the equilibrium channel to total storage is 

not apparent. Because of the subjective nature of defining the support area 

where the ratios stabilized, it was decided to examine a range of CSA values. 

The plot is more erratic for lower area values than for the large area vales. An 

upper limit can be inferred somewhere from 0.7 to 0.9 ha. For the lower limit 

of CSA range, a value of 0.02 ha was adopted as it represents a fairly complex 

geometry. The plots for WG-11 showed a similar behavior. The plot for the 15 

m DEM is presented in Figiire 3.12b. A break in slope can easily be identified 
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1.0 2.0 3.0 4.0 
Contributing area upstream of channel node (ha) 
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Contributing area upstream of channel node (ha) 

800.0 

Figure 3.12 Equilit)rium storage plots for (a) LH-104 using aCSA of 0.01 ha, and 

(b) WG-11 using a CSA of 3 ha utilizing the 15m DEM. 
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at an area of the order of 60 to 80 ha. The break in slope at lower area values 

is again difficult to identify. A break in slope at higher values was apparent for 

all other geometries obtained using the 30, 40 and 79 m DEMs. For WG-6 and 

WG-1 the plots were very similar and the break in slope represented an area of 

about 1500 ha. It was noted that, with the exception of WG-1, the identified 

upper limit CSA values represented roughly 15% of the respective watershed area 

irrespective of the DEM used. For WG-1 the identified area represented about 

10% of the total area. For the sake of uniformity, however, a trial CSA of 15% 

of each watershed area was chosen for initial comparisons. This exercise proved 

useful in identifying the upper limits of channel source area. 

The above mentioned observations show that these methods cannot easily 

be used to determine a CSA value to utilize. At best, these methods can be 

used to infer an upper limit on the CSA values. Given these considerations, the 

network parameter comparison was performed on two CSA values. The upper 

value was selected as described above which amounted to keeping the highest 

CSA for a given watershed to be 15% of its area. For the lower limit of CSA, 

some guidance was again taken fi'om the equilibrium storage ratio plot for LH-104 

(Figure 3.12a). The lower limit for the area appears to be very close to 0.01 to 

0.02 ha. A value of 0.02 is roughly 0.5% of the area of LH-104. For the sake of 

uniformity again, it was decided to keep the lower limit of CSA to be 0.5% of 

area for all the watersheds. 

It was anticipated that resulting networks from these somewhat extreme 

values will provide some guidelines for the selection of CSA values to use in 

the modeling exercise. Also these observations, in a sense, reaffirm the points 

raised by some researchers that there is as yet no conclusive method for the 

determination of CSA. The promising resvdts presented by many researchers in 

demonstration of their methods seem to be site and data specific and probably 

not universally applicable (e.g. see Montgomery and Foufoula-Georgiou, 1993; 

Goodrich, 1990). 
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3.5 Network Dependent Geometric Parameters 

Comparison of network parameters was done in two broad sets; 1) for 

complex geometry i.e. for a 0.5% CSA; and, 2) for simple geometry i.e. for a 

CSA of 15% of the respective watershed area. The following parameters were 

computed for aU the watersheds and using all the DEMs available for the relevant 

watershed. 

(1) Total drainage area. 

(2) Total number of channel links. 

(3) Mean length of link. 

(4) Total length of channels. 

(5) Maximum drop from source to outlet. 

(6) Mean drop firom source to outlet. 

(7) Mean link slope. 

(8) Total number of channels. 

(9) Total drainage density. 

(10) Bifurcation ratio. 

(11) Length ratio. 

(12) Slope ratio. 

(13) Area ratio. 

3.5.1 Total Drainage Area 

The total drainage area defined by the network delineation program was 

carefully monitored and was taken to be the primary criteria for judging the 

proximity of automatically determined watershed boundary with the more accu

rately obtained watershed boundaries using digitization of 1:5000, 5 m contour 

intervjil orthophoto maps for all watersheds except LH-104. For LH-104, the area 

was obtained for a 1:480 one foot contour interval orthophoto map. The defined 

watershed area is of importance because of its direct influence on the amount of 
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rainfall input the watershed receives. Significant errors in drainage area derived 

from DEM data will translate directly into errors in rainfall input estimation. 

It should be noted that the model defined watershed area is independent of the 

CSA value; and, only depends on the user selected outlet of the watershed. It 

is nevertheless included under the current heading because of its close link with 

the niunber and size of model elements and extent of channel network. 

The results for automatically determined watershed areas are presented 

next in a tabular form (Table 3.7) and then discussed. The results for the rest of 

the parameters are presented in the form of bar graphs representing the quantity 

of interest for LH-104, WG-223, WG-11, WG-6 and WG-1 for aU the DEMs 

available for that watershed, following the area discussion. 

Table 3.7 merits careful consideration and discussion because of the influ

ence of the resiilts it presents to the rest of the analysis. This table is organized 

in such a way that watershed scale is increasing from left to right and the DEM 

grid speicing is increasing top down. Lets first notice the results for LH-104 as the 

grid size increases. The areas defined by the program using the 2.5, 5 and 15 m 

DEI^/b compare relatively weU with the digitized areas. However, it is important 

to note that low resolution 5 and 15 m DEMs define the area better than the 

high resolution 2.5 m DEM. There is a considerable overestimation of area in 

case of 30 m DEM and an underestimation of area in case of the 40 m DEM. It 

is worth mentioning here that the estimated area is somewhat dependent on the 

choice of outlet above which the drainage area is accimiulated. 

Initially the outlet positions corresponding to their true positions on the 

watershed were used. However, it is not always possible to retain those out

let positions. This happens because of differences between natural and derived 

network and the limited resolution of the DEM data. Where appropriate, the 

outlet positions were shifted slightly to achieve a better correspondence with the 

digitized areas. However, excessive shifts were avoided (say more than 100 m). 



Table 3.7 Comparison of TOPA?) defined watershed areas 

DEM LH-1Q4 M.45 ha^* WG-223 f48..'}5 ha) WG-11 (785 \m) WG-6 (9353 hal VVG-1 (14800 ha) 

TOPAZ % Difl". TOPAZ % Diff. TOPAZ % Diff. TOPAZ % Diff. ^I'OPAZ % Difl'. 

2.5 m 4.74 +6.5% 51.2 +5.9% 782 -0.4% 

5 m 4.4 -1% 

15 in 4.34 -2.5% 784 -0.13% 

30 ni 7.91 +80% 9.63 -80% 794 + 1.1% 9557 +2.2% 14664 -0.92% 

40 m 3.04 -32% 47.84 -1% 785 0% 9211 -1.5% 14541 -1.75% 

79 m — — — - 1522 +94% 11479 +22.7% 15484 +4.6% 

TOPAZ - TOPAZ defined watershed area in lioctares. 

% Diff. - Percentage diffeienco wit.li digiti/od walershod uroii, 

* Digitized watershed area. 
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as they were viewed as making the outlets drift too much from their actual posi

tions. The required excessive shifts in the outlet were viewed as gross mismatch 

between natural and derived networks. Further, outlet positions falling at the 

confluence of two streams were avoided because of the problems it creates for the 

node-indexing and channel-ordering routines. For example, for LH-104, a north

ward shifting of outlet 120 m would reduce the area difference from 80% to 

only 11.4%. But this is judged as an excessive outlet shift. The purpose here is to 

point out errors in the derived network because of limited DEM resolution. From 

that standpoint the 30 and 40 m DE^fe are clearly unacceptable for LH-104. The 

next watershed provides an example of erroneous watershed delineation due to 

limited data accuracy. 

For WG-223, the area defined by the 2.5 m DEM is reasonably close and 

that defined by the 40 m DEM is almost perfect. The area defined by the 30 

m DEM is underestimated by about 80%. In fact, the delineated watershed did 

not even closely resemble the digitized watershed boundary. Several alternatives 

were tried by shifting the outlet in quest of a better match of the defined area. 

The best match could be achieved by shifting the outlet by 210 m to the west 

with an overestimation of area by about 18%. This was clearly unacceptable. 

Notice the considerable improvement in defining the area of the watershed 

when the watershed scale increases to W(5-ll with the exception of the 79 m 

DEM which overestimates the area by 94%. It was noticed that the 79 m DEM 

was unable to constrain the north-eastern boundary of the watershed. And, as 

a result, portions of land actually lying outside the watershed got Included in 

the watershed area. This observation shows that if the critical pixels defining 

the ridge of the watershed are missed by the DEM, the area definitions can be 

considerably wrong. Further, notice a smooth improvement in area definition by 

79 m DEM as the watershed size increases to WG-6 and then to WG-1. The 79 m 

DEM was also tried on WGt-223 but produced completely non-sensical network 

and did not merit any discussion. 
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The observations about estimated areas proved aseful in making some pre

liminary conclusions and screening-out DEM-watershed size combinations wiiich 

were cl^wly useless to warrant any further consideration. Moreover, this exercise 

provided some support for our first hypothesis. However, the hypothesis cannot 

be accepted or rejected without comparing numerous other parameters of im

portance. A comparison of these parameters is presented next for two extreme 

levels of model complexity as decided above. 

3.5.2 Other Netuwork Parameters 

A selection of CSA at the upper limit chosen above (i.e. 15% of the total 

area) generally proved to be too coarse for all the watersheds, in terms of number 

of channels defined the program. The worst case was with the 40 m DEM at 

WG-1 in which only one channel was identified in the whole watershed. In other 

words, the entire Walnut Gulch watershed turned into a first order watershed. 

Clearly, no benefits of distributed watershed modeling could be accrued with 

such a coarse definition of the network. Similar cases were also observed in other 

watersheds. Also clearly unacceptable values were noticed for some of the other 

attributes. 

This exercise, although futile in terms of comparison across DEMs or the 

watershed scales, clearly established the upper limit for the CSA values. The 

CSA value was thus progressively reduced until it was observed that a value 

corresponding to about 8% of the total area signified the stcirt of more reasonable 

networks. The results presented next thus correspond to an upper CSA limit of 

8%. 

Figiu'e 3.13a compares the total number of channel links for the complex 

geometry. There are large differences for the 79 m DEM. The reason for this large 

difference is a grossly erroneous delineation of watershed when the 79 m DEM is 

used as mentioned above. The plots of drainage boundaries defined using the 79 
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Figure 3.13 Comparison of selected netwoifc attr&utes for the most complex geometry. 
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m DEM showed that large areas of land actually outside the watershed bound

ary are included in the watershed. This is illustrated in Figiire 3.14 in which the 

watershed boundary and channel network obtained by manual digitizing is pre

sented first in part a for comparison purposes. The erroneous delineation by the 

79 m data is apparent in part c. The corresponding networks for the 79 m DEM 

are thus also erroneously large resulting in large differences in most of the net

work statistics. The best matching area case is presented in the middle portion 

of Figure 3.14 which illustrates that given reasonably fine resolution DEM and 

relatively less error prone data^ automated methods can produce highly accurate 

watershed boundary delineation and network definition. 

For this area and DEM set it was concluded that the 79 m data is not 

suitable for watershed scales up to 10,000 ha and is marginally useful at the scale 

of 15000 ha Mratershed. The corresponding differences will probably diminish as 

the size of the watershed increases as indicated by Table 3.7 but no firm conclu

sions can be drawn for watersheds larger than 15000 ha. The reason for gross 

mismatch seems to be important elevation information loss which results in an 

inability of the TOPAZ algorithm to correctly identify the watershed boundary. 

This has important consequences for distributed watershed modeling because to

tal watershed area controls many hydrologic parameters and watershed response. 

Figure 3.13b which compares mean link length reveals that the link lengths 

are very comparable for all the DEMs. However, this should not give the impres

sion that network complexities are also comparable, since we just noticed huge 

difference in the number of channel links. In f^. Figure 3.13c shows that for 

WG-11, the drainage density is higher than the rest of the cases, indicating a 

more complex network the 79 m DEM. This observation also points out that 

despite the same CSA values the complexity of the network is also a function of 

DEM resolution owing to the potential differences in the basic delineation of the 

watershed. We have now seen that there may be other parameters of potential 

importance which might affect the subsequent modeling than just the watershed 
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(a) 

Appranmate edent 
of the watershed 

Area erroneously included 
within watershed boundary' 

Figure 3.14 Examples of best and worst cases for the detenminatibn of watershed boundartes. 
(a) Watershed 11 boundary and channel networic obtained by manual digitizing (Pond area 
excluded), (b) Boundary and channel network obtained automatically using 40 m DEM data 
(Best area match: Diff. = 0%). (c) Bwindary and channel network obtained automatically using 
79 m DEM data (Wbrst area match: Diff = 94%). 
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area. Another parameter directly affected is the mean drop from source to outlet 

(Figure 3.15a). Notice the reduction in the difference between the 79 m and 

other DEMs as the watershed area increases. This was expected because the 

area of the 79 m DEM matched better with the digitized area as the watershed 

area increased. It is, however, interesting to note that the mean link slope re

mained fairly uniform for aU the DEMs (Figure 3.15b), indicating that the area 

erroneously included by the 79 m DEM is of sintiilar relief as that of the sictual 

watershed. The rest of the parameters appeared relatively consistent across the 

DEM resolutions and they are not included here. 

Four l^es of Horton ratios were also computed and compared. They 

included: bifurcation, length, area and slope ratios. The ratio of nimiber and 

mean slope of streams of a certain order to the number and mean slope of streams 

of next higher order are called bifurcation and slope ratios respectively. The 

ratios of mean length and mean area contributing to the streams of a certain 

order to the mean length and mean area contributing to the streams of next 

lower order are called length and area ratios respectively. In general the ratios 

were inconsistent across the range of DEMs and watershed scales. As expected, 

the 79 m DEM stood out but its behavior was necessarily worse for WG-11 for 

all the ratios. Another noticeable difference was in the 2.5 m DEM case. Figures 

3.15c and 3.16a illustrate both these points. 

In Figure 3.15c, the bifiircation ratio for the 3rd order channels is com

pared. Notice the large difference for the 2.5 m DEM in LH-104 and WGt-223. 

The ratio for the 79 m DEM improves in comparison as the watershed scale in

creases. On the other hand Figure 3.16a which compares the length ratio for 2nd 

order channels shows the reverse trends. The difference between the 79 m DEM 

and other DE^/k is increasing as the watershed area is increasing. 

All the parameters listed at the beginning of section 3.5 were again com

puted for the simple geometry case (at 8% CSA value). The differences for the 79 
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m DEM were still apparent, but the small differences between the other DEMs 

observed in the complex case were greatly reduced. For example, see Figure 

3.16b which compares total nmnber of links. The mean length of link which we 

observed to be consistent in the complex case (Figure 3.13b), showed a dramatic 

difference for WG-1 (Figure 3.16c) for the simplified case. This observation baf

fled the author for some time until the programs were rerun and the highest 

channel order for each case was observed. It was found that the 30 and 40 m 

DE^ defined watersheds of 4th order while the 79 m DEM defined a watershed 

of 3rd order, and thxis the higher mean link length. 

This is a very important observation which shows that despite same CSA 

value, the mere DEM resolution can result in difference of delineated channel 

order which could result in differences in a nimaber of channel network parame

ters. Another interesting comparison was for the mean link slope. It was earlier 

observed that the mean link slope for all the DEA/b compared well (Figure 3.15b) 

across DEMs for the complex case. Contradictory observations were obtained for 

the simple geometry case (Figure 3-16d). Notice the difference for the 79 m DEM 

when compared to other DEMs for WG-11. This observation apparently refutes 

our previous deduction that a uniform mean link slope is due to the similar slope 

characteristics of the portion of land erroneously included by the 79 m DEM. 

However, that is not the case, and the reason for this apparent contradiction is 

as follows. Since the CSA values is high, the 30 and 40 m networks do not extend 

as close to the watershed boundary, and thus channel links miss some of the steep 

upland territory. For the 79 m DEM data the network includes all that area as 

the watershed is artificially extended in the uplands including the steep terrain, 

and thus the steeper mean link slopes, observed in Figure 3.16d. This observation 

proves the usefulness of performing comparisons on two extreme CSA values. In 

the absence of such a comparison, it would have been easy to miss some of the 

differences we observed in the simple case. Observations regarding rest of the 

parameters generally hold between geometries and thus are not repeated. 
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In short, a mismatch in the definition of the watershed boundary, affects 

most of the other network parameters. For a given DEM and a fixed outlet the 

definition of the boundary remains fixed; however CSA controls the complexity 

of network within that boimdary. It appears that the differences increase with 

the network complexity. Thus for a simple network, a coarse DEM may provide 

comparable network parameters, but the differences in the watershed area def

inition may overwhelm modeling outcome since the most important hydrologic 

input (i.e. rainfall) is directly related to the watershed area. Moreover, if a com

plex network is required for other considerations then the situation may be worse 

because with the inaccurate definition of area one would also have to cope with 

erroneous network parameters which affect distributed modeling (like nimiber of 

and length of links and slopes etc.). Overall, the results presented here support 

our first hjrpothesis. 

3.6 Summary and Conclusions 

A comparison of different DEMs shows that the method of data acquisi

tion affects the resulting elevations. A consistent bias was apparent in the USGS 

DEM. Our analysis shows that it is difficult to define a channel source area be

cause of difficulty in interpreting slope vs area plots. Considerable differences 

were apparent in slope and network parameters with changing DEM resolutions. 

In my opinion these differences are more a result of information loss due to 

increased grid size than they are the result of reduced accuracy. In any case, 

the parameters exhibit differences with rh^tnging DEjM types which might affect 

modeling results. Some of the differences in the DEM defined watershed areas 

are so drastic that the corresponding DEMs do not warrant full consideration in 

the modeling exercise. Thus the 30 m and 40 m DEMs (with area differences 

of +80 and —40% respectively) for LH-104; and, the 30 m DEM (with am area 

difference of —80%) for WG-223 were used on selected cases only in the subse

quent analysis. The 79 m DEM for WG-11 was nevertheless fully carried to the 
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modeling exercise despite its area difference of +94% to show the potential mod

eling errors caused by drastically erroneous area and rainfall input. The reader 

may want to refer to Table 3.7 to revisit the extent of differences caused by other 

and watersheds. 

How these differences feed into modeling exercise and to what extent they 

can be compensated for the adjustment of other parameters is a central goal 

of the research. To achieve that goal it was necessary to establish credibility 

of the two models utilized. This is required due to the di£Sculty in segregat

ing and attributing the causes of good or bad model performance to numerous 

model parameters. The topographic analysis model was evaluated by comparing 

its results with the manually derived attributes; and, the model confidence in 

KINEROS was established by calibration and validation. These issues comprise 

the tnjtin objectives of the next chapter. 
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CHAPTER 4 

Evaluation of Models 

This purpose of this relatively short chapter is two-fold; first, to compare 

the model plane geometry distributions computed using TOPAZ with the man

ually derived distributions; and, second, to present results from the calibration 

and validation of KINEROS2 on watersheds WG-11 and WG-l. In the previous 

chapter several derived network attributes were compared and their distribu

tions were examined. But the approximated model overland flow plane geometry 

information was not compared in that chapter. The reason for separating the 

plane geometry evaluation is to highlight the results of a small study that was 

conducted to finalize the slope, flow length and area computations within the 

relevant module of TOPAZ (namely PARAM). The study helped finalize the 

algorithms of the module before its final incorporation in the main suite of pro

grams developed for this research. 

The need for conducting this study is presented first, followed by a brief 

synopsis of the steps taken to evaluate different alternatives. A comparison of 

plane geometry distributions then follows. Specific mathematical foimdations for 

computing selected plane geometry alternatives are also outlined. 

4.1 Computation of Plane Geometry 

Either method of network and subwatershed delineation (automated or 

manual) results in a network of channels and associated irregularly shaped sub-

watersheds (Figure 4.1a and b respectively). The 1-D kinematic nmoff model, 

however, requires the length, width and slope of rectangular abstractions of these 

irregularly shaped subwatersheds akin to the Wooding plane scheme (Wooding, 

1965; see Figure 2.1). A need thus arises to approximate the irregularly shaped 



1.4 Kilometers 

Figure 4.1 Arrangement of irregularly shaped subcatchments and channel 
network by two methods: (a) automatd, (b) manual. Note: Pond catchment 
area in the north-eastern side of the watershed has been excluded in both 
methods. 
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catchments to regular rectangles for one dimensional kinematic routing. It is wise 

to perform this conversion in such a manner that the hydrologic characteristics 

of the subcatchments are best preserved. 

The manual method of determination of length and slope of subcatch

ments provides an opportimily to the user to exercise their professional judgment 

in determining the length and slopes using topographic maps. A user typically 

delineates the boundary of the watershed (and its subcatchments) by recognizing 

the ridge and valley features on the topographic maps. Area of the subcatch

ments is generally determined the use of a planimeter or a flat-bed digitizer. 

A representative overland flow path length is then identified which in the mod

eler's judgment best represents the overland flow length in light of convergent 

or divergent flow in that subcatchment. The width of the plane is then simply 

determined dividing the digitized area the approximated length to preserve 

the area of the subcatchment. Invariably, different individuals develop different 

estimates of the 'Representative" length. Similarly, there may be variation in the 

estimated slope of the plane depending on the method of slope determination. 

Just as there are several methods for the manual determination of slope 

and lengths, there are various algorithms for the automated determination of 

these parameters. The authors of TOPAZ (Garbrecht and Martz, 1995b) fur

nished the experimental module of the program system which contained several 

options for the determination of plane slope and length. For the present analysis 

there was a need to decide on the use of most suitable algorithm to determine 

slope and length. The study completed with the assistance and advice of the 

authors of TOPAZ resulted in an improvement of the original code. 

4.1.1 Comparison of Plane Lengths 

The experimental code for module PARAM provided three alternatives 

for the computation of plane lengths. In brief, alternatives one and two computed 
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the unweighted and drainage area weighted mean flow path length of all flow 

paths from the start of the flow path to the receiving channels, respectively. The 

third alternative computed the mean area-weighted flow path length of flow from 

each cell to the receiving channel and multiplied it by two to represent the length 

of flow path up to the subcatchment boundary. Formally, the following equations 

represent the mathematical formulations for the three alternatives: 

Alternative 1: 

where 

L = Subcatchment Length 

Tip = Number of flow paths in the subcatchment which start at a source cell (cells 

with no upstream contributing cell) 

Si = Starting (source) cell for flow path i 

chi = Ending (channel) cell for flow path i 

d j  = Flow path distance (in grid or diagonal direction) for cell j; full distcuice at 

the source cell, half the distance at the channel cell as indicated by the incoming 

flow vector 

Uchn — Number of channel cells of current subcatchment, not an end point of 

any flow path 

Wi = Width of channel cell i (which is not an end point of any flow path of the 

subcatchment) in grid or diagonal direction as indicated by the cell's flow vector. 

L (4.1) 
Tip + Icftn 
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Alternative 2: 

1 {CS ''i) * • (̂ crfi/2)} 
(4.2) 

where 

Ai = Drainage area of flow path i = 53 
-• IT. fi 

Aceii = Area of grid cell 

Nf^ = Number of flow paths traversing cell j 

{1 for non-channel cells; 
0.5 for channel cells for left £ind right subareas; 
0 for chaimel cells for source areas. 

and rest of the symbols as defined above. 

Alternative 3: 

S A *at 
L = 2* (4.3) 

i=l 

where 

Di = Flow path length of cell i to the chaimel downstream 

Ot = Area of cell i. 

The flow path length Di of cell i is computed as follows: 

(4.4) 
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where j is the cell counter, no is the number of cells traversed by the flow 

path to reach the next channel, and dj is the distance &om cell j to the next 

downstream cell; j=l corresponds to the current cell i; j is incremented by one 

as it traverses each cell in the downstream direction along the flow path. For 

the source subcatchments, the same equation (4.3) is used with a reduction of 

one cell length to the final plane length. This reduction is necessary to discount 

for the half cell length of the channel source cell that is not part of the source 

subcatchment area; the half cell length becomes a full cell length because of the 

multiplication factor 2 in the above equation. 

A channel network similar to the one manually derived by Goodrich (1990) 

was automatically determined and the PARAM module was run to produce the 

plane lengths. Cumulative distributions for all the three alternatives were com

puted and compared with the cumulative distributions of manually derived val

ues. Manually derived values were selected for comparison with the automated 

results because extreme care was exercised in manual computations. Moreover, 

manual computations were performed by researchers with substantial background 

and experience in distributed watershed modeling and topographic characterizar 

tion. The results are presented in Figure 4.2a. The agreement between the 

cumulative distributions was assessed by the two-sample Kolmogorov-Smimov 

(K-S) test. The test is based on the maYimnm absolute difference between the 

values of the two observed cumulative distributions (the observed K-S statistic) 

(Miller and Preund, 1977). The K-S test tests the null hypothesis that the data 

are from the same (but unknown) distributions (Benjamin and Cornell, 1970). 

The critical values of K-S statistic are tabulated in many standard text books 

on statistics (e.g. Benjamin and Cornell, 1970; Davis, 1973) for a given value of 

n. The value of n used should be (Benjamin and Cornell, 1970): 

n\ n2 n  =  
ni -I- 712 

(4.5) 
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where nx and 712 are the sizes of the two samples. If the observed value of K-S 

statistic is greater than the critical value of the statistic for a given level of 

significance, then the null hypothesis is rejected. A level of significance of 0.01 

was used in determining the critical value of K-S statistic. 

It is apparent from Figure 4.2a that alternatives one and two produce 

shorter lengths while alternative three produced relatively longer lengths. The 

shape of the distributions matched better for alternative 3, except for the range 

of flow length from roughly 130 to 300 m. Because of its better match (with the 

manual distribution) than the rest of the two alternatives, only alternative 3 is 

compared to the manual distribution in the rest of the discussion. The maximum 

difference between the meuiual and alternative 3 distributions was 0.213. The 

critical value of K-S was found to be 0.17. Because the observed value of K-S 

statistic was greater than the critical value, the hypothesis that the two samples 

belong to the same distribution was rejected. The reason for overestimation in 

the middle range of the distribution was found to be indiscriminate treatment of 

source and lateral catchment areas the algorithm. A fimdamental difference 

exists between source and lateral subcatchments. The flow from a source area 

subcatchment must converge and flow through a single pixel (head of the first 

order channel). For lateral subcatchments this is not the case as flow can exit 

the lateral subcatchment all along its boundary with the channel. 

This point is illustrated in Figure 4.2b and c in which separate distribu

tions for source and lateral catchments £ire plotted. Clearly, the distributions for 

the source subcatchments from the two methods (manual and automatic method 

alternative 3) are very different (Figtire 4.2b). On the other hand, the distribu

tions for only the lateral areas (Figure 4.2c) are in much better agreement. This 

is confirmed by the observed and critical K-S statistics of 0.104 and 0.19 respec

tively. Thus the hypothesis that the two samples are from the same distributions 

cannot be rejected. 
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Another reason for the large difference between the manual and auto

matically computed lengths of the source subcatchments is the small degree of 

variability in the value of automatically produced source subcatchment drainage 

areas. The automated method results in source areas which deviate firom the pre

defined value of CSA by only one pixel area. On the contrary, the manual method 

results in a wider range of sizes of the source subcatchments because the user 

does not impose any restrictions on the size of source subcatchments. Because 

of this relative uniformity of the drainage areas of source subcatchments from 

the automatic method, the computed values of subcatchment length and slopes 

are also less variable when compared to manual computations. The work on the 

introduction of variability in the source subcatchments produced by TOPAZ is 

currently underway (Garbrecht, 1999, personal communications). However, for 

the present analysis, the available model was used. 

To compensate for the fundamentally different shapes of source subcatch

ments, alternative three of the length computation was revised. The revision was 

based on the presumption that a triangular shape better represents the source 

area shape than a rectangular shape owing to the concentrating shape of a tri

angle towards its vertex (or the start of a first order channel). 

Length alternative 3 was thus modified accordingly which resulted in an 

improved match of the source areas (Figure 4.2d). This was accomplished by 

multiplying the distance from the center of mass of the source area catchment 

to the head of the first order channel by 3/2. This is equivalent to the inverse of 

the distance from the apex of a triangle to its centroid (Figure 4.3). It should 

be mentioned that the resulting distribution (Figure 4.2d) is clearly better than 

the unmodified version (Figvu« 4.2c), but still fails the K-S test. However due 

to clear improvement and because of the fact that the failure of the test was 

with a narrow margin (the observed and critical K-S statistic were 0.42 and 

0.38 respectively), the modification was incorporated in the computation for the 

source areas. The combined distribution of length of lateral and source areas also 
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Discretized watershed 

Source Area 

Apprc»(imated source 
area triangle 

Model abstraction 
Centroid 

Rgure 4.3 Schematic illustration of irregularly shaped watershed discretization 
and its abstraction into regular geometric shapes for computation of geometric 
parameters. 
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registered a marked improvement (Figure 4.2e). The improvement was confirmed 

the K-S test in which the hypothesis could not be rejected that the samples 

were from the same distributions (an observed and critical value of K-S statistic 

of 0.15 and 0.17 respectively). 

It should be noted here that the use of triangular analogy was for the pur

poses of computation of plane lengths only; the simulation model (KINER0S2) 

was not modified in any way to simulate triangular shaped soiu'ce catchments. As 

far as KINEROS2 is concerned. In effect, the modification amounted to reducing 

the length of the rectangular plane at the source of channels in a systematic man

ner. This decision was supported by an improved match of overall distribution 

as seen in Figin*e 4.2e. 

4.1.2 Comparison of Plane Slopes 

The distribution of plane slopes is another important factor due to its 

important influence on kinematic routing. Several methods exist for the computa

tion of plane slope emphasizing different mechanisms important in the production 

of overland flow. As many as eleven different alternatives for the computation of 

slope were evaluated and compared with the manually determined slopes. It is 

not instructive to present the mathematical and hydrological basis of computa

tion of all those alternatives here. In brief, the computation of slope alternatives 

are either based upon weighting the total flow path lengths from start to the end 

(or each cell flow path from each cell to the channel) by hydrologically important 

parameters (like length of flow path, area drained by the flow path), or on the 

computed value of work performed by the nmoff from the subcatchment. 

The slope computations are directly affected by the definition of length 

alternatives used in the computation of slope. Consequently, distributions for 

slope alternatives changed as different length alternatives were used and as the 
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source areas were treated differently from the lateral areas. The slope alternatives 

computed after finalizing length computations are presented in Figure 4.2f. 

It is interesting to note that most of the alternatives are underestimat

ing the slope as compared to manually computed slopes. Moreover, for some of 

the alternatives there is little difference between resulting slopes, which shows 

the similarities in their mathematical foimdations. In a sense, the decision to 

choose a slope alternative proved somewhat easier than deciding on length alter

natives. Slope alternative 6 exhibited a surprisingly good match to the manual 

distribution. The similarily of distribution was again tested by the K-S test. 

The null hypothesis that the two slope samples are from the same distribution 

could not be rejected based on observed and critical K-S statistic of 0.16 and 

0.17 respectively. 

Slope alternative 6 is related to the amount of work performed by the 

runoff from the catchment; and, is also directly related to the manual computa

tion of slopes (Gray's method: Gray, 1961; Goodrich, 1998, personal communica

tions). Slope alternative 6 was thus subsequently used throughout the remainder 

of the analysis. Mathematical formulation of slope alternative 6 and also of the 

slope options that are now part of the final version of module PARAM are listed 

in Appendix D. 

This TOPAZ study served two piurposes. First, it helped select the most 

suitable parameter option; and, second it helped verify that the program has the 

capability to produce plane geometry using objective automatic methods. 

4.2 Calibration and Validation of KINEROS2 

The performance of KINEROS2 was judged by a calibration and valida

tion exercise. Guidance was initially taken from the study of Goodrich (1990) 

to identify the most sensitive parameters and those parameters were used in 

calibration. Calibration was performed on two watersheds (WG-11 and WG-1) 
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using complex geometries. The simplex method (Nelder and Mead, 1965; Press 

et al., 1992) of optimal parameter identification was used for calibration for both 

runoff voliune and runoff peak rate. The Shuffled Complex Evolution (SCE-UA) 

method of global optimization (Duan et. al., 1992,1994; Sorooshian, et al., 1993) 

was also used on WC*-11 and WG-1. The Naslt-Sutcliffe coefficient of efficiency 

(Nash-Sutcliffe, 1970) was used as the objective fimction in both the methods. 

Multiple starting points were used in both methods by both manual selection 

and via a random number generator. 

Since model parameters were believed to have reasonable starting values, 

the algorithms were bound to search parameter values within physically realistic 

limits- The parameters included in the calibration were saturated hydraulic con

ductivity {Kg) and the Manning's roughness coefficient (n). A uniform multiplier 

was used as a calibration parameter. In other words the search was performed by 

finding one multiplier each for Kg and Manning's n which were applied uniformly 

over all the modeling elements. This maintained the relative spatial differences 

of the initial parameter estimates. For WG-11, a total of 28 rainfall-runoff events 

were identified; 8 for calibration and 20 for validation. The events used included 

the highest events on record in the period &om 1975 to 1995 in addition to some 

smaUer events. A complete Ust of calibration events is provided in the appendix. 

The search algorithm was designed to run the model for each set of events and 

then compute Nash-Sutcliffe (1970) coefficient of efficiency as follows: 

tiQi-Qi)'' 
E, = I-  ̂ (4.6) 

E - «)' 
i=l 

where 

Qi =Simulated runoff volume or peak rate. 

Qi = Observed runoff volume or peak rate. 
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Q = Mean value of Qi for all a storms. 

The simplex procedure proved reasonably good for WG-11 and on average 

350 model simulations were reqiiired to reach the optimum values. Success was 

marginal for WG-1 and a number of smaller events were removed and the events 

set was reduced to five events to produce acceptable results. A description of 

possible reasons for degraded model performance for larger watershed is reserved 

for the last chapter. 

4.2.1 Results for Calibration and Validation 

Experience with using the simplex method is described first, followed by 

the observations made with the SCE-UA method. Overall, the calibration on 

WG-11 proceeded successfully, although slightly different terminating simplexes 

were defined by the simplex algorithm depending on the starting values. Some 

difference was also apparent in the final results when rimoff volume or peak rates 

were used. No noticeable difference was apparent in the final results when man

ually selected or randomly generated initial simplexes were used. The values 

of the final objective function also varied slightly for the successfully completed 

runs (for some of the starting points the algorithm did not progress further after 

reaching the bounding values). Among the usable sets of fined values, similar 

multiplier values which produced high efficiency values for both runoff volume 

and peak rates were selected. The multipliers for Kg and n were 1.2 and 1.35 

respectively which produced efficiency values of 0.87 and 0.83 for runoff volume 

and peak rates respectively. The best and worst simulated hydrographs for the 

calibration nm are presented in Figure 4.4a and b respectively. The worst simu

lations invariably occur on small events. These are much more difficult to model 

as the runoff to rainfall ratios are low and input rainfall errors (as well as numer

ical errors) become a much larger percentage of the overall model output (high 

noise to signal ratio). The efficiency values were reduced to 0.43 and —1.1 when 
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the selected multipliers were applied to the validation events. Although some

what satisfactory for the runoff volumes, the results for peak rates were rather 

disappointing. The scatter plots for observed and simulated runoff volume and 

peak rates for calibration and validation for WG-11 are presented in Figiire 4.5a 

to d. 

For WG-1, the calibration was not as successful. The original set of cali

bration events had to be discarded because of an inability of the search algorithm 

to find a maximtmi. The smaller events were removed and the number of events 

was reduced to 5 which caused the algorithm to find a maximum efficiency of 

0.74 for volume. For the validation events the efficiency values dropped to 0 and 

-13.4 for nmoff volume and peak rates, respectively. 

The SCE-UA algorithm also proceeded successfully on WG-11 and iden

tified the optimimsL multipliers for the two calibration variables. The efficiency 

values for the identified optunimi locations were very close to those obtained by 

the simplex method. Also, the algorithm identified optimum parameter multi

pliers which were very similar to the simplex run. For example, the multipliers 

fi"om one of the random nms were 1.71 and 0.90 for Kg and n, respectively, with 

an efficiency value of 0.93. The optimum identified by one of the runs for the 

simplex method produced multipliers of 1.8 and 0.86 with an efficiency value of 

0.93. In the calibration runs of WG-1 SCE-UA performance was similar to the 

simplex nms. It is logical to think that poor calibration of KINEROS2 on WG-1 

when small events are included in the calibration set is linked to inconsistent 

simulation of KINEROS2 over a range of event sizes. It does not appear to be a 

problem of calibration procedures. In a recent study, Thyer et al. (1999) com

pared performance of SCE-UA to a combination of the simulated annealing and 

simplex method of Nelder and Mead (1965). They found SCE-UA to be sub

stantially more efficient than the other algorithm for high-yielding catchment, 

and equally efficient for a low-yielding catchment. The authors also remarked 

that even the most powerful search algorithms will face difficulties if confronted 
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with the task of calibrating a model using unrepresentative data. The calibration 

exercise in this study also experienced problems for the low yielding WG-1. 

In influent watersheds such as Walnut Gulch, the hydrologic model be

comes extremely susceptible to errors in rainfall input and numerical errors when 

runoff to rainfall ratios become small. This is because an error, of a given magni

tude, in rainfall input translates into a larger proportional error of runoff volume 

when the runoff to rainfall ratios are small. For example, for runoff to rainfall 

ratio of 0.1, a 1% error in rainfall input becomes a 10% error in computed runoff 

volume. While the same error (in rainfall input) for a nmoff to rainfall ratio of 

0.5 results in only a 2% error in the simulated nmoff. Additionally, numerical 

inaccuracies during solution of finite difference equations are also amplified for 

events with small runoff to rainfall ratios. The combined result is inconsistent 

model performance over a large range of runoff events. More evidence of these 

modeling problems are presented in the next chapter. 

4.3 Summary and Conclusions 

The TOPAZ topographic model was evaluated for its ability to automati

cally compute model element geometry. The evaluation was based on comparing 

model results with the manually computed geometry of model elements. The re

sults were very good and the similarity of distribution of model plane length and 

slopes proved the model's capability to compute element geometry automatically. 

The evaluation process also assisted in finalizing the module code by choosing 

the most relevant alternatives for the computations of plane length and slopes. 

KINEROS2 was evaluated by an split-sample model calibration and vali

dation. The calibration results were very good for WGr-11 for both runoff volume 

and peak rate. However, for validation set of events the results were fair for nmoff 

volume and poor for nmoff peak rates. The calibration and validation for WG-1 
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proved more problematic and the range of event size was reduced in the calibra

tion to include only larger events to obtain reasonable calibration results. The 

model validation results were poor on this watershed. These results require cau

tion in interpreting the WG-1 results. However to ascertain meaningful results 

and to avoid bias, only calibration events were used in the subsequent smalysis 

with an efficiency value of 0.74. This ensured that the results reflected the vari

ation of modeling results for varying DEM grid sizes and were not an artifact of 

the limited model capability to model large watersheds in which the nmoff to 

rainfiadl ratio drops sharply owing to the losing nature of ephemeral streams. 
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CHAPTER 5 

Analysis of Modeling Results 

This chapter presents the selected results of modeling scenarios using 

KINER0S2. Several different modeling scenarios were devised to test the hy

potheses proposed in Chapter 2. In some cases, modeling results at different 

stages reqxiired further refinement and thus alteration of model input. Conse

quently, it is important to clarify the context in which the analysis and related 

observations are being presented. In view of this the analysis is grouped into 

several subsections in this chapter. 

A brief review of the modeling variations and the terminology used re

peatedly in this chapter are presented in the beginning. The analysis and ob

servations investigating the reasons for the dependence of model response on the 

DEM data are presented next. The goal was to isolate the effects of different 

processes and identify the major processes most affected by DEM grid size and 

accuracy. Detailed analyses yield findings which lead to better understanding 

of both the DEM data requirements for a given level of model performance and 

which processes are aiffected. This is increasingly important in the context of 

distributed kinematic routing which depends on the modeling element geometry. 

5.1 Review of Modeling Scheme 

The analysis was performed on five different watersheds which represent 

a range of scales. All of the available DEMs for a particular watershed were 

used for network delineation and geometric parameterization using automatic 

methods (Note: The 2.5 m DEM was not used for WG-6 and WG-l because 

of excessive file size and accuracy concerns affecting the southern portion of the 

watershed due to fiightline matching problems). The 79 m DEM was not used 
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Table 5.1 Summary of DEMs used for different watersheds 

Watershed Area i DEM Resolutions 

2.5 m 5 m 15 m 30 m 40 m 79 m 

LH-104 4.45 X X X X X — 

WG-223 48.4 X — — X X — 

WG-11 785 X — X X X X 

WG-6 9350 — — — X X X 

WG-1 14800 — — X X X 

X DEM used 

— DEM not used 

for LH-104 and WG-223 due to the small size of the watersheds relative to the 

DEM grid spacing. The number of DEMs utilized in the analysis varied with the 

watershed. Table 5.1 summarizes the range and number of DEM resolutions for 

the five watersheds zmalyzed in this study. 

Influence of geometric model complexity on model results was studied 

by varying the parameter which controls the density of channel network, i.e. 

channel source area. Channel source area (CSA) is an important parameter 

which controls the complexity of the derived network. This is illustrated in Figure 

5.1. The 15 m DEM was used on WG-11 to automatically determine watershed 

boundary and channel network. In Figure 5.1a, a CSA value of 4.0 ha was used. 

When CSA was reduced to 0.4 ha, the density of network increased noticeably 

(Figure 5.1b). The nimiber of geometric model elements and as well as slope and 

length distributions are affected the differences in network complexity. 

The complexity of the network also dictates the interpolation of rainfall 

and initial soU moisture on the modeling elements in addition to the geometric 
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Figure 5.1 IllustratioQ of the relationship between channel source area and 

network complexily. 
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parameters. Rainfall interpolation depends on the location of element centroids, 

which vary with CSA, in relation to the raingage locations. It also affects the 

estimates of soil hydraulic parameters as different element geometries may inter

sect soil GIS data layers differently. As many as five different CSA values were 

used for each watershed. The values were roughly evenly distributed within the 

range of extreme CSA values identified in Chapter 3. 

The effects of hydrologic model process complexity were studied by simu

lating four basic modeling scenarios depicted in the flow diagram in Figinre 2.2. 

They are repeated below: 

1. Spatially uniform rainfall, impervious watershed; 

2. Spatially uniform rainfall, infiltrating watershed; 

3. Spatially variable rainfall, impervious watershed; and, 

4. Spatially variable rainfall, infiltrating watershed. 

The number and setting of modeling scenarios which are presented for 

illustration purposes vary depending on the influence on model response. Ac

cordingly, cases 1 and 4 are described in more detail. Case 1 is important be

cause it represents modeling situations which are sî ar to those simulated by 

excess-runoff type models. Case IV is also of interest because it exploits the full 

potential of the distributed model (KINEROS2). 

The differences between different geometric models (caused by CSA and 

DEM grid size) influence the model runoff response. Therefore it is important to 

note the variations in the distributions of key parameters for different combina

tions of DEM and CSA for different watersheds. The key geometric parameters 

for LH-104, WG-11 and WG-1 are presented in Tables 5.2 to 5.4, respectively. It 

can be noticed that these parameters vary considerably for different DEM and 

CSAs. The modeling scenarios described shortly explore the impact of these 



Table 5.2 Variation of key geometric parameters as a f\inction of CSA and DEM for LH-104. 

CSA ^ 0.023 ha 0.18 ha 0.36 ha 

DEM —> 2.5 m 5.0 m 15 m ^ 2.5 m 5.0 m 15 m *2.5 rn 5.0 m 15 m 

Total channel length (in) 1700 1200 1200 500 500 400 400 400 400 

Drainage density {m~^) 0.037 0.028 0.027 0.011 0.011 0.010 0.009 0.009 0.008 

No. of channel eleni. 37 25 23 5 5 5 3 3 5 

No. of plane elem. 89 57 37 11 11 11 6 6 10 

Avg. chan elem length (m) 47 50 50 102 97 87 135 129 73 

Avg. plane elem length (m) 23 29 32 66 63 64 90 80 66 

Avg. slopo of chan. ole .0598 .0G05 .0688 .0358 .0355 .0503 .0261 .0284 .0459 

Avg. slope of plane ele .1179 .1124 .0913 .0935 .1084 .1095 .0862 .0953 .1065 

Avg. plane area 500 800 1200 4300 4000 3900 7900 7300 4300 



Table 5.3 Variation of key geometric parameters as a function of CSA and DEM for WG-11. 

CSA ^ 3 Im 27 lia 
-> <-

DEM > 2.5 m 15 m 30 m 40 m 2.5 m 15 in 30 m 40 m 

Total channel length(m) 32600 
Drainage density (m~^) 0.004 
No, of channel elem, 93 
No. of plane elem. 233 
Avg. chan. elem. length (m) 351 
Avg, plane elem. length (m) ^65 
Avg. slope of chan. elem. .Q242 
Avg. slope of plane elem. .0984 
Av pi area {thousands of Jti^) 34 

29600 28300 28800 15800 14000 12900 13200 
0.004 0.004 0.004 0.002 0.002 0.002 0.002 

91 99 93 9 9 9 9 
23 226 229 210 23 23 23 
9 

23 
325 286 310 1757 1554 1439 1464 
155 174 155 461 433 446 416 

.0280 .0276 .0293 .0173 .0190 .0200 .0184 

.1126 .1034 .1107 .0656 .0772 .0697 .0804 
35 35 37 340 341 345 341 

CSA > 50ha 

DEM > 2.5 m 15 m 30 m 40m 

Total chan lon(m) 13100 11500 10400 10800 
Drainage density 0.002 0.001 0.001 0.001 
//^ cliaii (iloHK 5 5 5 f) 
# plane olem. 13 13 13 13 
Avg. chan. elem. length (m) 2613 2303 2089 2153 
Avg. plane clom length (m) 686 633 636 58!) 
Avg. slope of chan. ele .0146 .0153 .0171 .0152 
Avg. sip of plane elem. .0458 .0605 .0590 .0631 
Av pi area {Uwusands of v\?) 602 603 611 ()04 



Table 5.4 Variation of key geometric parameters as a function of CSA and DEM for WG-1. 

CSA 

DEM 

0.023 ha 

30 iM '10 m 79 111 
-> f-

0.18 Im 

30 111 '10 111 7U 111 
-> 

Total channel length (m) 148800 156700 150900 52700 58600 50600 
DiiUiiuge (lon.sity (nr') O.OOJ 0.001 0.001 0.0(HM 0.()0(M 0.0003 
No. of channel elem. 103 99 105 13 15 13 
No. of plane elem. 254 245 247 33 38 33 
Av chan elem length (m) 1400 1600 • 1400 4100 3900 3900 

Av plane elem length (m) 800 800 1000 2400 2300 2800 

Avg. slope of chan. elem. .0152 .0149 .0171 .0120 .0110 .0145 
Avg. slope of plane elem. .0596 .0656 .0467 .0359 .0443 .0366 

Avg. plane area (m^) 577300 593500 626900 4443700 3826800 4692300 

CSA —> 0.36 ha 

DEM —> ^ 30 m 40 m 79 m 

Total channel length (m) 33800 35800 38300 

Drainage density (m~^) 0.0002 0.0002 0.0002 

No. of channel elem. 9 9 9 
No. of i)lauo elom. 23 23 23 

Av chan elem length (m) 3800 4000 4300 

Av pluiK! elcin length (ni) 3500 4000 3400 
Avg. slope of chan. elem. .0117 .0106 .0160 
Avg. slope of plane elem. .0333 .0323 .0329 

Avg. 1)1 ane area (m*^) 6375800 6322600 6732400 
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differences on model results. Summary statistics of important geometric param

eters relevant to the model scenario and hydrologic variables of interest are again 

briefly discussed in the following section. 

Because different DEMs may also define different watershed areas, it is 

useful to again highlight the area differences that were mentioned earlier in the 

third chapter. A comparison of automatically defined watershed area and delin

eated catchment boundaries is thus also presented as appropriate. 

During this analysis three fimdamental ratios were tracked that served as 

measures to help generalize the results. These ratios are: 

1. DEM grid resolution to basin area 

2. DEM grid resolution to channel source area 

3. Channel source area to basin area 

The first ratio relates to how well a DEM can define the overall watershed 

drainage area. The second ratio relates to how the watershed channel network 

and distributed internal contributing areas (source and lateral areas as well as 

channel links) are defined. The third ratio reflects overall channel and model 

geometric complexity. 

In the analysis, the following rules were observed to determine an accept

able DEM resolution for the case under consideration. It is appreciated that the 

rules which follow were subjectively established, and different users may advo

cate more stringent or more relaxed rules. However, the rules are consistent and 

the values chosen for criteria are believed to be reasonable. 

Rule I: If the automatically determined area is off by 20% (plus 

or minus) of the digitized area, the DEM is considered questionable 

and is carried through the other analyses with caution. 
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Rule 11: If for a particular DEM, the peak flow N-S efi&ciency 

values using the most complex geometry (corresponding to 0.5% 

CSA) are lower than 0.9, using the finest resolution DEM and the 

finest CSA as the reference configuration, that DEM is considered 

unacceptable. 

Rule rH: The acceptable level of CSA is determined individually 

for different DEMs. For a given DEM, an unacceptable CSA will 

result in a peak rate N-S efficiency of lower than 0.9 when compared 

to the efficiency computed from 0.5% CSA case. This rule dictates 

the CSA value used in the determination of ratios mentioned above. 

In some cases it may be desirable to relax these guidelines. For example, an effi

ciency of 0.89 for a DEM may be accepted because it is very close to the cutoff 

limit of 0.9 and because of the DEMs satisfactory performance considering other 

factors. Also if a situation arises where the efficiency of a low resolution DEM 

meets the criteria while a high resolution DEM does not, the decision may be 

made to accept a low resolution DEM as well as all DEMs of higher resolution. 

The reason for this strategy is to keep the base (high resolution) DEM from 

biasing results because it is not guaranteed that a high resolution DEM neces

sarily results in more accurate simulations. Because all DEM resolutions were 

not available for all watersheds examined, this flexibility was judged necessary. 

It should also be noted that as far as the third rule is concerned, it is 

not intended to frame a general guideline for overall network complexity. Gen

eral issues of channel initiation or hillslope valley transition are not explored in 

this work. These issues have been investigated in the framework of kinematic 

hydrologic modeling, and the impacts of geometric model complexity on model 

simulations (Goodrich, 1990). Experimentation was necessary to define an ac

ceptable CSA to define the DEM resolution to CSA ratio reflecting the ability 
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of the DEM to delineate internal watershed modeling elements. To examine the 

model efficiency as the CSA is increased for a given DEM, five different CSA 

values (roughly evenly distributed between the extreme values of 0.5 to 8% of 

the watershed area, as defined in Chapter 3; 0.5%, 2%, 4%, 6% and 8%) were 

used. All the DEMs were used and the model efficiency variations &om the base 

case (finest CSA) were observed. 

Calibration events with calibration multipliers were used for spatially vari

able rainfall cases. For the spatially uniform rainfall case, the raingage with the 

largest total rainfall was used, giving spatially uniform, but temporally varying 

rainfall input. 

5.2 Case I: Spatially Uniform Rainfall, Impervious Watershed 

In this modeling scenario, the model simulates an impervious watershed. 

This is done simply by setting the value of saturated hydraulic conductivity {Kg) 

to zero for all the model plane and channel elements. The rainfall is also defined 

as spatially uniform across all of the watersheds. This was done by including 

only one gage in the model's rainfall input files which prevents the model from 

performing spatial rainfall interpolation. The input from the gage with the high

est total depth was used. The temporal variability of rainfall recorded by the 

gage was maintained. 

This modeling scenario serves two broad purposes. First, by turning wa

tershed infiltration off, the effects of soil spatial variability are disallowed. This 

ensures that the modeling variations are due to routing of rainfall only. This 

has relevance for those hydrologic models which do not have interactive hydro-

logic routing components. This is not uncommon as a number of widely used 

kinematic cascade models (HEC-1 of the Army Corps of Engineers, for example) 

effectively route excess rainfall on an impervious representation of the watershed. 
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Table 5.5 Summary of observed rainfall data for spatially uniform rainfall cases. 

Date 

(mm/dd/yy) 

Total rainfall deoth 

(mm) 

Averaere Litensitv 

(mm/hr) 
07/27/76 41.4 22.6 

08/01/78 78.5 32.0 

10/21/78 27.2 9.5 

08/04/80 48.0 14.3 

09/27/83 44.5 11.3 

06/24/86 36.6 15.0 

08/09/86 39.6 21.4 

08/10/86 54.1 9.1 

08/14/78 32.3 13.8 

The piupose of having a common event set and spatially uniform rzdnfall 

across all watersheds is to ensure that differences in rainfall amounts due to 

interpolation do not affect the model simulations. This facilitates comparison 

of modeling results across different watersheds. A total of nine rainfall events 

were simulated. The nine events with their respective total rainfall depths and 

average intensity are presented in Table 5.5. 

This case will provide more general results than the infiltrating and spa

tially variable rainfall cases as they will be applicable beyond the particular soils 

and rainfall regime present in the Walnut Gulch Experimental Watershed. 

5.2.1 Lucky Hills 104 (LH-104) Watershed 

The automatically delineated watershed boundaries for LH-104 are plot

ted in Figure 5.2. As noted in the third chapter, for the LH-104 case, the com

puted area using the 30 m DEM was off by 80% when the known watershed 
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outlet position was used as the outlet position in the automated network deter

mination. To better match the area, the outlet position was shifted north by 4 

pixels (120 m). This resulted in an area of 4.9 ha which still differed from the 

digitized area by 11.4% (Figure 5.2). The shape of the botmdaries are reasonably 

well reproduced by the 2.5 and 5 m DEMs, while some of the boundary shape 

information is lost in the 15 m DEM case. Because of the coarse resolution of 

the 15 m DEM, the algorithm is unable to define the finer boundary curves. The 

boimdaries defined by the 30 and 40 m DEM have completely lost the shape of 

the watershed. Because of this gross error in the shape of the watershed bound

aries defined by the 30 m and 40 m DEMs, they will only be considered for the 

current case and excluded from the subsequent cases. 

Simulated hydrographs for a selected event (01 August, 1978) are pre

sented in Figure 5.3a. The relative differences between hydrographs clearly re

flect the area differences between the DEMs. The 40 m DEM hydrograph is 

noticeably smaller than the rest of the hydrographs. Hydrograph differences 

result from a combination of two effects: first, the network configurations are 

different for different DEMs and second, the computed watershed areas sure not 

the same. To partially compensate for the effect of area on different DEA/&, the 

hydrographs are divided by the total drainage areas as defined by the respec

tive DEMs. These hydrographs better reflect the differences in model simulation 

caused by kinematic routing (Figure 5.3b). 

In Figure 5.3b, only the 30 m DEM hydrograph clearly differs from the 

rest of the hydrographs. As noted in Chapter 3, the differences between DEMs 

and ground survey data were largest for the 30 m DE .̂ In addition, the 30 

m data is reported to the nearest meter so that computed slopes for flow path 

definition are drawn from a limited set of discrete values (Tarboton et ai, 1991). 

Still, the differences between simulations are relatively small and for aU practical 

purposes, it can be concluded that the routing effects zire minimal for all the 
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Figure 5.2 Comparisoa of manually digitized LH-104 boundary with 

automatically determined boundaries. 
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Figure 5.3 Example of simiilated hydrographs for LH-104 for the event of 

01 August, 1978 for the spatially uniform rainfall, impervious watershed: 

(a) absolute runoff rate, (b) area normalized runoff rate. 
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DEMs, when normalized runoff rates are considered. However, total runoff vol

ume (and absolute peak rate) are of importance for many practical purposes, and 

thus it is not justified to make gross endorsements on the basis of comparison of 

normalized runoff volume and peak rates. For example, in the design of a culvert 

or a drainage structure, the absolute peak runoff rate is more relevant than the 

arearnormalized peak rate. For a detention basin absolute runoff volume would 

be critical for design. This highlights the importance £md obvious dependence of 

absolute peak rate and runoff volimies on the computed watershed area (Figure 

5.3a). 

As noted, the area definition is critical in design applications where the 

planned placement of a bridge or culvert effectively defines the watershed outlet 

where peak runoff estimates must be made. In this case, the practitioner is not 

likely to have prior knowledge of what the upstream drainage area or contributing 

network looks like. Thus the practitioner will not have the knowledge to move the 

outlet pixel to define a 'n>etter" drainage area. If automated drainage algorithms 

such as TOPAZ are employed, the most likely scenario is that the practitioner 

will select the nearest channel pixel to the planned structure and utilize the 

automatically generated dretinage area and network. 

To further support the above observations, the percent difference of sim

ulated nmoff volume and peak rates &om the respective base values (defined by 

the 2.5 m DEM) are plotted for different DEMs in Figure 5.4a for the same event 

shown in Figure 5.3. The percent differences for both runoff volimie and peak 

rates are within 10% of the base value for all the DEMs except the 40 m DEM. If 

one were to use the imadjusted drainage area of the 30 m DEM case, whose area 

was 80% higher than the digitized area, the resulting nmoff simulation would be 

clearly unacceptable. 
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Figure 5.4 (a) Differences of simulated runoff volume and peak nmoff rates 

from the base case for the event of 01 August, 1978 for LH-104: (b) Runoff 

peak rate efficiency plot as a function of DEM grid size. 
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More relevant than the runoff volume is the variation of peak rate of 

runoff. This is because for the non-infiltrating watershed all rainfall would even

tually become runoff given a sufficiently long model run (theoretically to infinity). 

Variation of simulated total runoff volume becomes more important for the in

filtrating watershed case. However, discussion of runoff volume is sometimes 

omitted in the infiltrating cases because of the importance of runoff peak rate in 

simulation modeling; and also because our original hypothesis was cast in terms 

of peak rates. For runoff peak rates, it can be observed that all of the DEMs 

produce peak rates which are very similar to the base case except the 40 m DEM 

which underestimates the peak by about 35% (Figure 5.4a). 

The simple example and observations made above serve as a good starting 

point to illustrate several basic ideas regarding the model simulations. Observa

tions may vary for different rainfall inputs because of the temporal variability of 

rainfall and the amount of rainfall the watershed receives. To determine the com

bined effect over a range of rainfall events, a total of nine rainfall-rtmoff events 

were simulated (Table 5.5). The mediimi value of CSA (4% of the watershed 

area) and the finest DEM were first simulated to obtain the base or reference 

values for runoff volume and peak rates. The simulations were then performed 

on the same set of events using different DEMs. The Nash-Sutcliffe coefficient of 

efficiency was then computed (see equation on page 136). 

The variation of model efficiency (as the DEM resolution decreases), as

suming the volimies and peaks from the base case represent the 'î rue" response 

for these nine events, is illustrated in Figure 5.4b for a medium CSA case. The 

medium CSA value is selected for illustration purposes because in LH-104 it was 

not possible to use the two smaller CSA values (i.e. 0.5% and 2% of the water

shed area) for 30 m and 40 m DEMs because they were smaller than the area of 

one pixel for these DEMs. For the sake of consistency, the lowest possible CSA 

values which could be kept the same for sdl the five DEMs was utilized. For this 

scenario, the peak runoff rate efficiencies are quite comparable for all the DEMs 
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except the 40 m DEM. This illustrates that the observations made earlier on the 

basis of a single event are consistent with a range of runoff events. 

On the basis of evidence presented in this section, a resolution equal to 

or finer than 15 m is acceptable for watersheds of about 5 ha. A 40 m resolution 

is too coarse to properly define the watershed area. A DEM of 30 m resolution 

also appears questionable for this watershed area, although low vertical accuracy 

of the 30 m DEM may have been more responsible for the unacceptable network 

delineation than the low horizontal resolution. But no firm conclusions can be 

drawn because of a lack of DEM data at 30 m resolution with vertical accuracy 

comparable to that of other DEA/k. On the basis of the fact that the 30 m data 

produced a drainage area which overestimated the digitized area by 80% when 

using the known outlet position, the 30 m data is also deemed unacceptable for 

this watershed scale. 

The observations made above are from a single CSA value of 0.178 ha. 

Even for the same CSA, different DEMs exhibit differing network definitions. 

More drastic changes in network and resulting model complexity are registered 

when a different CSA is used to define the network. To investigate how model 

complexity affects the simulations for a given DEM and to observe if the differ

ences between model simulations exhibit a consistent trend for all DEMs at given 

geometric model complexities, a series of hydrographs are plotted in Figure 5.5a 

to e. The simulated hydrographs for the event of 01 August, 1978 plotted for 

three extreme CSAs are almost identical for all the DEMs. Also note that the 

hydrographs are very similar across the 2.5, 5, 15 and 30 m DEMs. In fact, the 

plots corresponding to CSA of 0.178 and 0.36 ha are also very similar to the 5, 

15 and 30 m DEM plots. Only the 40 m DEM plot is very different but the three 

hydrographs are very similar among themselves (Figure 5.5e). 

The similarity of the hydrographs demonstrates that for the non infiltrat

ing case, the model simulation results are not a fimction of model complexity 
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Figure 5.5 Simulated hydrographs for the event of 01 August 1978, using five 

DEM data sets on LH-104, for three different CSA values for the impervious 

watershed, spatially uniform rainfall, (a) 2.5 m DEM, (b) 5 m DEM, 

(c) 15 m DEM, (d) 30 m DEM, (e) 40 m DEM. 
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at this watershed scale. In fact, the watershed delineated by the 30 m DEM 

is totally different from reality, but still produces a response similar to that of 

the other DEMs because the delineated area is only 11.4% higher than the digi

tized area. Therefore, it is concluded that model simulations are independent of 

DEM resolution as long as the total area definition is consistent (i.e. they are 

within 10% of the true watershed areas). The drastic difference for the 40 m 

hydrographs is clearly because of the erroneous area definition. 

To select a limiting (highest acceptable) CSA, the peak efficiency values 

for the three DEMs are plotted in Figure 5.6. There is no marked decrease in 

efficiency values (more than 0.02). This plot confirms that the highest CSA 

value can be used in this case without serious degradation of model performance. 

Therefore a CSA value of 8% of watershed area (i.e 0.36 ha) is judged acceptable 

for the LH-104 watershed for the uniform rainfall, impervious watershed case 

based on the rules defined at the beginning of this section. 

As a general rule, 15 m and higher resolution data are acceptable and 

lower resolution data should be avoided for watersheds of the order of 5 ha. 

Based on the acceptable DEM and CSA the following ratios are defined; 

1. DEM grid pixel to watershed area = 0.0051 

(Acceptable DEM Resolution < 15 m) 

2. DEM grid pixel to CSA = 0.0625 

3. CSA to watershed area = 0.08 

5.2.2 Walnut Gulch 223 (WGi-223) watershed 

For WGr-223, the delineated watershed boimdaries are presented in 

Figure 5.7. In general, the shapes look fairly similar to the manually digitized 

boundary, but there are a few subtle differences. 
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Figure 5.6 Runoff peak rate eflBciency for three DEMs as a function of 

CSA for LH-104, for the impervious watershed spatially uniform rainfall. 

As far as the total areas are concerned, there is an excellent match for 

the area by the 40 m DEM and a fair match for the 2.5 m DEM. For the 30 m 

DEM, when the outlet was positioned at the known location, the area was off by 

-80%. The outlet was shifted by 7 pixels (210 m) west to capttire an otherwise 

missed mAin channel branch. This resulted in an area overestmiation of about 

18%. This watershed definition for the 30 m DEM is presented in Figure 5.7 and 

used throughout the analysis for WGi-223. 

It is interesting to note that after the outlet pixel adjustment, the shape 

of the boundary is reasonably reproduced by the 30 m DEM. Recall that in the 

case of LH-104 the outlet movement required was less than in this case (120 m), 

but due to the large grid size relative to the basin area, the displacement of the 
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Figure 5.7 Comparison of manually digitized WG-223 boundzuy with the 

automatically determined watershed bomidaries. 
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outlet pixel resulted in a complete mismatch of the watershed boundary (Figure 

5.2). 

Simulated hydrographs for this case (impervious watershed, spatially uni

form rainfall) for one of the selected events (04 August, 1980) are presented in 

Figure 5.8 for the finest CSA (0.25 ha). Hydrographs from the 30 m and 40 m 

DE^Ms are similar in shape and have very similar peak rates, although the total 

area defined by these DEMs were quite diiSierent. The 2.5 m DEM registers a 

higher peak in spite of the fact that its area was closer to that of the 40 m DEM 

than that of the 30 m DEM. The reason for the higher peak was found to be 

shorter average flow lengths and higher average slopes for the overland flow plane 

elements as derived from the 2.5 m DEM. The average plane lengths were 59.1, 

69.0 and 65.7 m for the 2.5, 30 and 40 m DEMs, respectively. The average plane 

slopes were 0.1, 0.07 and 0.08, respectively for the three DEMs. The reason for 

this trend in plane length and slope is as follows. 

Theoretically, all first order channels can have three contributing areas: 

one at the source (often called source subcatchment) and one each on the left 

and right hand side of the channel (often called lateral subcatchments). All 

higher order channel elements have lateral subcatchments only. For a coarse 

resolution DEM and a fine CSA, it is possible for one or both laterals to be non

existent if they are small relative to the grid size. By contrast, these small lateral 

subcatchments may be represented by a finer resolution DEM. Because laterals 

of very small lengths are more likely to have steeper slopes than longer planes, 

on average a fine resolution DEM will be more likely to have higher slopes than 

a coarse resolution DEM. This factor was responsible for creating higher average 

slopes for plane element using the 2.5 m DEM. This inference was confirmed 

by noting the differences in the niunber of lateral subcatchments for different 

DEMs. There were a very comparable number of channel elements in the three 

cases (65,73 and 65 for the 2.5,30 and 40 m DEMs, respectively), but the number 

of resulting subcatdunents were very different (162, 105 and 78 respectively for 
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the three DEMs). This gave rise to the slope differences described above. These 

observations indicate the influence of watershed scale when compared to the 

previous case. As watershed size increases, other factors begin to influence the 

simulations in addition to the total watershed area. 

The variation of model efficiency as the DEM resolution decreases is illus

trated in Figure 5.9 for the finest CSA case. In this scenario, the peak runoff rate 

efficiencies confirm the same behavior that was observed in the single event case. 

On average, the entire range of events is affected by changes in model geometry 

as the DEM changes. These differences again show that at this scale there are 

additional reasons for model simulation change besides the total watershed area. 

The internal network differences discussed above are likely the cause of these vari

ations. Both the 30 m and 40 m DEMs produce efficiencies less than 0.9; thus 

on the basis of the rules presented above, 30 and 40 m data are unacceptable at 

this resolution. 

A series of hydrographs, for the same event presented above, are plotted 

in Figure 5.10a to c to investigate the effects of internal watershed geometric 

model complexity for different DEMs. In aU the plots, the finest resolution 

CSA hydrograph (solid line) is noticeably different than the other (coarser CSA) 

hydrographs which are themselves relatively close to each other. This observation 

is different from the one observed in comparable plots for LH-104 in the previous 

section. Here effects of changing model complexity are apparent. This illustrates 

that model complexity significantly influences simulations at this scale. However, 

the effects of changing CSA on model complexity are not consistent. That is, an 

increase from finest CSA (0.5% of watershed area) to the intermediate CSA (4% 

of the watershed sirea) causes more geometric changes than a further increase to 

coarser level (8% of watershed area). 

Simulation differences are also apparent across the range of DEMs (com

pare Figure 5.10a to b to c). For a fine resolution DEM, there is more flexibility 
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Figure 5.10 Simulated hydrographs for the event of 04 August, 1980 using 

three DEM data sets on WG-223 for the impervious watershed, spatially uniform 

rainfall. 
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in terms of definition of subcatchment areas than in a coarse resolution DEM. 

This is because areas of subcatchments cannot vary by less than one pixel. Thus 

while a more uniform distribution of subcatchment areas results from a fine res

olution DEM, the areas for coarser resolution DEMs vary in a less continuous 

manner. This factor causes the computed plane lengths to vary substantially 

between DEMs, contributing to the simulation differences. As an example, for 

this watershed the TninimiiTn plane area for the 2.5 m DEM was 25 rr? while it 

was 1350 and 2400 for the 30 and 40 m DEA^, respectively. The mean plane 

element areas for the three DEA^ were 3158, 5391 and 6133 m^, respectively. 

Put another way, for a coarse resolution DEM, reducing CSA in quest of more 

complexity and variety in plane elements does not pay off beyond certain limits 

because of limitations inherently imposed by the DEM resolution. Eventually, 

the DEM grid resolution to CSA ratio becomes too large and realistic definition 

of distributed overland flow model elements is not possible. 

The Nash-Sutclrffie eflBciency change for different CSAs is presented in 

Figure 5.11. The 30 m and 40 m DEM are plotted for interest only. Since we 

have already rejected the 30 and 40 m data, they cannot be used for making 

CSA decisions. From the 2.5 m DEM plot, on the basis of our rules, a CSA value 

corresponding to 4% of the watershed area is acceptable. It is interesting to note 

the large variation in efificiencies for the 30 m DEM as the CSA increases. For 

the 30 m DEM, a substantial drop in efficiency as the value of CSA increases is 

noticeable, indicating drastic network differences. In the authors judgment, the 

reason for this behavior is the erroneous network definition using the 30 m DEM, 

resulting from the fact that the outlet pixel was moved considerably. Outlet 

pixel displacements by more than a couple of pixels should be avoided; otherwise 

considerable deviations from the natural network may resiilt. Because of this 

observation, the 30 m DEM is not considered for discussion in the subsequent 

sections for WG-223. 
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Figure 5.11 Peak runoff rate eflSciency as a function of CSA for W(J-223 

for the impervious watershed, spatially uniform rainfall. 

At this watershed scale, results show dependence on the network complex

ity. Therefore, even if the overall drainage area is well defined, the resiilts indicate 

the inability of the 30 and 40 m DEMs to adequately define model geometry if 

peak rate is the criteria. 

Unfortunately, no intermediate DEMs exist to bridge the large gap be

tween the 2.5 and 30 m DEMs. In the absence of intermediate information, 

endorsing only the 2.5 m DEM data at this scale is judged to be too conserva

tive. It is assimied that the 15 m DEM would be acceptable based on analysis of 

LH-104. Thus the 15 m DEM and a 4% CSA is recommended for this watershed 

scale for this case, residting In the following ratios: 
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1. DEM grid pixel to watershed area = 0.00047 

(Acceptable DEM Resolution < 15 m) 

2. DEM grid pixel to CSA = 0.01082 

3. CSA to watershed area = 0.04 

5.2.3 Walnut Gulch 11 (WG-11) Watersiied 

The shape of the watershed boundaries are in excellent agreement with 

the digitized version (Figure 5.12) except for the 79 m DEM. The drastic bound

ary differences plaguing the smaller watersheds have disappeared at this water

shed scale for the DEM resolutions finer than 79 m. The delineated watershed 

areas are also in excellent agreement for the DEMs finer than 79 m. This very 

fortimate area match for the first four DEMs facilitates comparison across DEMs 

without the area bias apparent at the previous two watershed scales. 

As before, simulated hydrographs for one of the selected events (04 Au

gust, 1980) are presented in Figmre 5.13 for the finest CSA (3.0 ha). Hydrographs 

fi'om the 15, 30 m and 40 m DEMs are similar in shape and have very similar 

peak rates. The 79 m hydrograph is included only for completeness; theoretically 

it should have been summarily rejected due to the gross overestimation of area. 

Nonetheless it serves to further confirm the observations made in the previous 

two subsections regarding area mismatch. 

The 2.5 m DEM plot again stands out despite the fact that the area defini

tions are the same for the first four DEMs. However, in this watershed the peak 

rate is lower for this DEM than the rest of the three DEMs. This is in contrast 

to the observation made in the previous subsection (for WG-223) where a higher 

peak for the 2.5 m DEM was observed (Figure 5.8). This is due to the larger size 

of WGf-ll and the correspondingly larger CSA (the CSA is based on the percent

age of the total watershed area). There is now a reduced possibility that some 
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automatically determined boundaries. 
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of the laterals would be non-existetit for the channel elements. This is confirmed 

when the number of channel elements and subcatchments are compared. The 

number of channel elements for 2.5, 15, 30 and 40 m DEMs were 93, 91, 99 and 

93, respectively. The number of plane model elements were also more compa

rable than for WG-223: 233, 226, 229 and 210 for the four DEMs, respectively. 

Once it is observed that the bias caused by the differences in shorter-length plane 

elements is not present in this case, the reason for the marked difference in peak 

for the 2.5 m DEM was investigated. 

Lower average channel element and pleine element slopes for the 2.5 m 

DE^^ than for the rest of the DEMs was partially responsible for the lower peak 

for the 2.5 m DEM. Some key geometric parameters defined by the different 

DElVfe are compared in Table 5.6 to illustrate this point. The 79 m DEM is 

excluded in this comparison because of (now) obvious reasons. Therefore the 

drainage area mismatch issue does not enter into the comparison of the network 

statistics presented in Table 5.6. 

Another reason for the lower peak rate of the 2.5 m DEM is that the 

grand total of the plane and channel lengths for the 2.5 m DEM is higher than 

for the 15 and 40 m DENfe. The grand total of plane and channel lengths for the 

2.5, 15 and 40 m DEMs is 71141, 64511 and 61287 meters, respectively. A fine 

resolution (2.5 m) DEM results in longer channel lengths because it can generally 

represent flow path sinuosity in greater detail than a coarse resolution DEM. A 40 

m long segment of channel represented by a 40 m DEM would be a straight line 

between two points. The same reach of chaimel would be composed of several 

smaller (2.5 m long) flow vectors for a 2.5 m DEM following the local slopes 

represented by 2.5 m pixels. This results in longer total channel lengths when 

a finer resolution DEM is used. The same analogy applies to complex hillslopes 

with a finer resolution DEM resulting in longer plane elements. For this reason, 

the total length of plane elements decreased from 38529 to 34937 to 32497 for 
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Table 5.6 Summary of selected network statistics for WG-11 across DEMs 

for a fixed CSA of 0.5% of watershed area (3 ha). 

DEM < Paramptpr )• 

i 1 2 3 4 5 6 7 

2.5 m 8.0 103.1 0.229 32612 0.0984 0.0242 38529 

15 m 13.5 562.5 0.437 29574 0.1126 0.0280 34937 

30 m 27.0 1800.0 0.324 28302 0.1034 0.0276 39768 

40 m 40.0 3200.0 0.300 28790 0.1107 0.0293 32497 

1 Mioimiun plane length (m) 2 Minimimi plane area (m^) 

3 Maximum plane slope 4 Total length of channels (m) 

5 Average plane element slope 6 Average channel element slope 

7 Total plane length (m) 

the 2.5, 15 and 40 m DEMs, respectively. The trend was not apparent in the 30 

m DEM (with a total plane element length of 39768 m). 

From the above reasoning we know that the water has to travel farther in 

the 2.5 m network. This explanation does not work for the 30 m DEM as the 

total length of plane and channels is even higher than the 2.5 m DEM network 

(68070 m). The anomalous simulation with the 30 m DEM is most likely due to 

random geometric parameter differences caused by the relatively large vertical 

error of the 30 m DEM. 

The combination of the lower average channel (and plane) element slopes 

and the longer total length of routing for the 2.5 m DEM more than ofi^t the 

more efficient routing potential due to the longer length of channels (The channel 

network for 2.5 m DEM is more than 3000 m longer than other DEMs, Table 

5.6). 
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The relevance of pixel size in relationship to the CS A is again evident here. 

It is farther noticed that model geometric parameters are heavily dependent 

on the size of the watershed and the grid pixel size. Therefore, the common 

observation of slopes flattening with increased DEM grid size does not necessarily 

translate into lower model element slopes: In fact, it can go in the opposite 

direction depending on the size of the watershed, DEM grid spacing, and the 

level of model complejdty. All lateral or source contributing area pixels are used 

to derive a single representative model element slope. The CSA, DEM grid size 

and the basin size are thus linked to each other in defining the resulting geometric 

model. Therefore commonly known general DEM properties (slope/aspect etc.) 

outside the context of watershed size and the relative DEM resolution cannot 

be used to infer the properties of geometric kinematic routing model elements 

determined from that DEM. 

The variation of model efficiency as the DEM resolution decreases is illus

trated in Figure 5.14 for the finest CSA case. For this scenario, the peak runoff 

rate efficiencies confirm the same behavior that was observed in the single event 

case. On average, the entire range of events is affected by changes in model ge

ometry as the DEM changes in a similar manner. On the basis of our rules DEMs 

up to 30 m resolution are acceptable. A 40 m DEM may also be satisfactory, 

but on the basis of our rules we conclude the coarsest DEM resolution allowed 

for watersheds of about 800 ha is 30 m. 

A series of hydrographs of the same event discussed above are plotted in 

Figure 5.15a to c for the acceptable DEMs to investigate the effects of geometric 

model complexity (CSA differences) for different DEMs. The hydrographs for 

the 15 and 30 m DEMs (Figiues 5.15b and c) are very similar to each other and 

show a similar tendency of reduction in peak rate as the CSA is increased. This 

is consistent with the common observation that channel networks provide more 

efficient means of routing water (given that the total length of travel, overland 

plus channel, is comparable). Because a fine CSA defines a dense network of 
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channels, the peak rates are higher than those for the coarse CSA case. Obvi

ously, the runoff volume is not affected by the routing efficiency because of the 

impervious watershed configuration. Although the relative differences (as a func

tion of CSA) for the hydrographs firom the 2.5 DEM are present (Figure 5.15a), 

the peaks are noticeably reduced as compared to other DE\k. The reason for 

lower peaks in the case of the 2.5 m DE3M are noted above. 

To determine the level of CSA beyond which there is a marked change 

in model simulations, peak runoff efficiencies are plotted as a function of CSA 

in Figure 5.16. The trend is quite similar for all the DEMs which facilitates 

selection of the highest possible acceptable CSA regardless of the DEM pixel 

size. A CSA value of approximately 3% of the watershed area is acceptable for 

this watershed. The corresponding acceptable DEM to area and CSA to area 

ratios are listed below: 

1. DEM grid pixel to watershed area = 0.000115 

(Acceptable DEM Resolution < 30 m) 

2. DEM grid pixel to CSA = 0.00375 

3. CSA to watershed area = 0.03 

To simmiarize, the trends for WG-11 are found to be very different from the 

previous cases (LH-104 and WGJ-223). Even for the simple case of an impervious 

watershed and uniform rciinfall, the geometric configuration of model is imparting 

an increasing impact on the model simulations even when the drainage areas are 

roughly the same for different DEMs. Simple observations of decreasing terrain 

slope with DEM resolution do not directly translate into decreasing kinematic 

model element slope. Farther, drastically different model element configurations 

may result for the same channel initiation thresholds for different DEMs due to 
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Figure 5.15 Simulated hydrographs for the event of 04 August, 1980 using 

three DEM data sets on WG-11 for the impervious watershed, spatially 

uniform rainfall. 
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Figure 5.16 Runoff peak rate efficiency for four DEMs as a function of 

CSA for WG-11, for the impervious watershed spatially uniform rainfall. 

the interaction between the DEM pixel size and the CSA. The resulting impact 

on model geometry becomes more important at this watershed scale. 

For the infiltrating watershed, it was found that the reasoning offered in 

case of WG-223 does not work for WG-11. The total channel lengths differ by a 

certain absolute amount in a smaller watershed (WG-223) between 2.5 m and 40 

m DEMs. The longer length of channels in 2.5 m network results in more absolute 

channel abstractions (Table 5.6). At the same time more efficient routing of water 

takes place due to longer chaimel lengths. The net effect in the WG-223 case 

is the reduced differences between the 2.5 m and 40 m DEMs. At the scale of 

WG-11 the absolute difference between channel lengths is much larger between 

the 2.5 m and other DEMs (In WG-223, the difference between channel lengths 
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of the 2.5 and 40 m DEMs is 1218 m; and, in WG-11 the difference is 3822 m). 

This results in far greater absolute channel abstraction in WG^ll. The more 

efficient routing due to increased channel length cannot makeup for this volume 

loss. Therefore the differences of peak rate between the 2.5 m and other DEMs 

still remain. 

5.2.4 Walnut Gulch 6 (WG-6) Watershed 

The previously described W(x-ll watershed is fully nested within wa

tershed WG-6 but forms part of its outer perimeter. The gross area mismatch 

observed for WG-11 for the 79 m DEM is, therefore, still present in case of WG-6. 

However, due to large size of the watershed, the relative overestimation of the 

area has now decreased to about 23% (Figure 5.17). The boundaries from the 

30 and 40 m DEM are very similar to the digitized boundaries, while noticeable 

differences are present for the 79 m DEM especially in the north-eastern and 

north-western regions. 

As before, a selected set of simulated hydrographs are presented for the 

event of 08/04/80 (Figure 5.18) to illustrate the simulation differences for dif

ferent DEMs. The differences in simulated runoff volumes (areas under the hy-

drograph curves) are, of course, only due to area differences for the present case. 

The peak rates are noticeably different for the 30 and 40 m DEMs. A fair match 

for the peaks of the 30 and 79 m DEM is concluded to be incidental in the pres

ence of the knowledge that there are area differences between the two DEMs. 

Discussion regarding the 79 m geometry is presented shortly in the description of 

hydrographs for different CSAs. Most of the description will however, be made 

to e3q>lain differences between the 30 and 40 m DEM simulations. 

The efficiency plot is quite interesting (Figure 5.19). The similarity be

tween the 30 and 79 m DE^/fe holds for a range of events, and thus very similar 

efficiencies for the two DEMs are observed. 



/-

Manual (9353 ha) 2 0 2 4 Kilometers 

/ 

< ' r } 
I ,r\ 

30 m DEM (9557 ha) 

40 m DEM (9211 ha) 

N 

79 m DEM (11479 ha) 

Figure 5.17 Manually and automatically determined watershed boundaries for WQ-06. 
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Figure 5.18 Example of simulated hydrograph for WG-6 for the event of 

04 August, 1980 for the impervious watershed, spatially uniform rainfall. 
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Observing our rule, DEMs of 40 m resolution or better are acceptable at 

this watershed scale. The 79 m DEIM is not acceptable because of its erroneous 

watershed delineation. Since the area difference is more than 20%, combined 

with the fact that we see visible boundary differences, the 79 m DEM is not 

recommended for watersheds of about 10000 ha (100 krn^) or smaller. It should 

be noted here that the finest resolution 2.5 m DEM data was not utilized for 

WG-6 because of computational constraints and data accuracy concerns in the 

southern portion of the watershed. The finest resolution DEM utilized for WG-6 

(and WG-1) was the 30 m USGS data. The 30 m DEM was utilized to obtain 

the base parameters against which the remaining two DEMs (40 m and 79 m) 

were evaluated. If the 2.5 m data were utilized for WGI-6 and WG-1 as the base 

case, the acceptability threshold for DEMs might have been different because 

the 2.5 m DEM would most likely define substantially longer length of channels 

than the coarser DEMs at this watershed scale. However, the analysis for smaller 

watersheds have illustrated acceptability of low resolution DEMs for smaller wa

tersheds. In the light of this, it is justified to exclude the 2.5 m DEM for WG-6 

and WG-1 and let 30 m DEM define the base case. 

The plots in Figure 5.20a to c demonstrate the influence of model com

plexity on simulations across all DEMs. Due to the drastic change of model 

geometry from the smallest CSA (50 ha) to a larger CSA of 400 ha, there is 

huge reduction in the simiilated peak because of marked reduction of channels 

for the coarse CSA. These trends are very similar for all the DEMs. Here again 

it can be noticed that the 30 and 79 m DEMs produce similar results which are 

different from the 40 m DEM results. In this watershed, it is not justified to 

question the inability of longer channel lengths in the 79 m DEM to route the 

water more eflficiently than the shorter length channels of the 30 or 40 m DEMs 

(The channel lengths for the three DE^fe are 116179, 119693 and 137465 meters, 

respectively). This is because the longer length of channels in the 79 m DEM 

case is not by virtue of increased complexity within a defined watershed area. 
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Rather, the longer length of channels is a result of increased watershed area for 

the 79 m DEM. As a resiilt, the dramage density in the 79 m case is, in fact, a 

little lower than that in both the 30 m and 40 m networks. The drainage densities 

for the three networks are 0.001216, 0.001299 and 0.001197 respectively. 

Therefore, the water has to travel longer distance before reaching the outlet of 

the watershed for 79 m DEM network. However, the average channel slope for 

the 79 m DEM is higher than average channel slopes for the 30 and 40 m DEMs. 

The average channel slope values for the three DEMs are 0.0169, 0.0159 and 

0.0179, respectively. This factor compensates for the longer travel distance for 

the water. The net resiilt is that the 30 m and 79 m hydrographs are very similar 

in termis of peak rates. 

The acceptability of maximum CSA is readily determined from the plot 

in Figure 5.21. Due to the large size of the watershed, a 2% change in CSA 

translates into a large absolute jump in CSA size which imparts large network 

differences. For example for the two CSAs of 0.5% and 4% the total length of 

channels decreased by more than 50% (from 116179 to 43192 m). The number 

of channel elements decreased from 87 to 11. Other geometric parameters also 

change appreciably between the two cases. It is thus concluded that 40 m DEM 

and a CSA of 0.5% are the upper limits for watershed of about 10000 ha (100 

km^). The corresponding ratios are listed below: 

1. DEM grid pixel to watershed area = 1.7 x 10~® 

(Acceptable DEM Resolution < 40 m) 

2. DEM grid pixel to CSA = 0.0032 

3. CSA to watershed area = 0.005 
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Figure 5.20 Simulated hydrographs for the event of 04 August, 1980 using 

three DEM data sets on WG-6 for the impervious watershed, spatially 

uniform rainfEill. 
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Figure 5.21 Runoff peak rate efficiency for three DEMs as a function of 

CSA for WG-6, for the impervious watershed spatially uniform rainfall. 

5.2.5 Walnut Gulch Experimental Watershed (WG-1) 

For WG-1 the area differences between the DEMs were further reduced 

(Figure 5.22). The overestimation by the 79 m DEM was only 4.6% apparently 

due to the an erroneous area inclusion in the north eastern end of the watershed. 

In the example of simulated hydrographs (for the event of 08/04/1980) 

the trends were very similar to those of WGr-6, but the magnitude of differences 

has been reduced due to the reduced area differences. In fact, most of the other 

comparison plots were very similar to the corresponding ones in the WG-6 case 

and a detailed description is not included here to avoid repetition. 

On the basis of fair area match and efficiencies greater than 0.9 (Figure 

5.23) both the 40 m and 79 m DEMs are acceptable at this watershed scale. 

The hydrographs comparing CSA effects across all DEMs also exhibited similar 

trends (i.e. greater geometric parameter differences resulting in highly damped 



Manual (14800 ha) 

8 0 8 16 Kilometers 30 m DEM (14664 ha) 

Figure 5.22 Manually and nutomotically determined WG-1 boundaries. 8§ 



189 

30 m DEM 40 m OEM 79 m DEM 

Figure 523 Peak runoff rate ellicienies for the Suae OEMs (or WG-t for ttw impervkxis watershed. 
spaSafly unMarm rairtfaL 

30 m DEM 
40-m-0EM" 
79 m DEM 

0.5 2 4 6 
CSA (% of watershed area) 

Figure 5^4 Peak runoff rate effidendes for different CSAs for WGt-1 for the spatially uniform 
lainfeUI, impeivious watershed. 



190 

peaks as the CSA was increased to the 2% level firom the 0.5% level). On the 

basis of Figure 5.24, it was concluded that CSA should not be larger than 0.5% 

of the watershed area. 

1. DEM grid pixel to watershed area = 4.2 x 10~® 

(Acceptable DEM Resolution < 79 m) 

2. DEM grid pixel to CSA = 0.0083 

3. CSA to watershed area = 0.005 

5.2.6 Summary and Concluding Recommendations for Case I 

The recommendations presented in this section only pertain to impervi

ous watersheds and spatially uniform rainfall. The analysis clearly established 

the dominance of different processes at different watershed scales. It was also 

illustrated that DEM pixel size, CSA and basin size are interlinked and absolute 

conclusions may (and should) not be drawn independently of the other parame

ters. At small watershed scales (less than 5 ha), the dominant control is the area 

of watershed. Added geometric model complexity has small impact on model 

results. As watershed size increases, channel processes gain more importance 

and model simulations become heavily dependent on channel network charac

teristics. Thus while the CSA imparts greater impact at watershed scales of 50 

ha and larger, it has little effect on smaller watersheds. Also the interaction of 

pixel size and CSA is more delicate at scales of 50 ha than at larger scales. The 

acceptability criteria for different DEMs for the watershed scales examined are 

stated in terms of the critical ratios defined at the start of this section. The 

summary plots are contained in Figure 5.25a to c which iUustrate the variability 

of the ratios as a function of draunage area. 
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Over the range of watershed sizes examined these plots can serve as guide

lines for determination of an acceptable DEM resolution for kinematic modeling 

purposes. For a given watershed area, the first figure (5.25a) enables selection 

of a DEM resolution which is required for an accurate determination of drainage 

area. Once the required DEM pixel size is identified. Figure 5.25b can be used 

to identify an acceptable CSA by identifying the req^ed DEM pixel size to 

CSA ratio. Based on this ratio, the ratio of CSA to drainage area can then be 

computed. Figure 5.25c can be utilized to confirm that this computed CSA to 

drainage area ratio is approximately equal. For example, if a basin of approxi

mately 100 ha was being modeled, a DEM pixel to drainage area ratio of 0.00025 

is indicated from Figure 5.25a which corresponds to DEM pixel resolution of 

roughly 15 x 15 m. Using Figure 5.25b, the DEM pixel to CSA ratio is ap

proximately 0.01 indicating the CSA should be roughly 100 times greater than 

the pixel area (100 x (15 x 15) = 22,500 or 2.25 ha). This corresponds to a 

CSA to drainage area ratio of (2.25 ha/100 ha) = 0.0225. The CSA to drainage 

area ratio from Figure 5.25c is 0.04. The more conservative of the two CSAs is 

recommended. 

The recommended DEM grid size versus watershed area plot is presented 

in Figure 5.25d. A cubic equation was fitted to this plot which facilitates compu

tation of required DEM grid size as a function of watershed area. This equation 

is presented below: 

X = 0.023A - 3.65 x 10"®+ 1.63 x 10"^° +14.4 (5.1) 

5 < A < 15000 ha 

where A is the watershed area in hectares and x is the recommended DEM grid 

spacing in meters. 
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5.3 Case II: Spatially uniform rainfall, infiltrating ̂ watershed 

The analysis in this section investigated the infiltrating watershed and 

spatially uniform rainfall scenario. A summary of observations made for this case 

are presented in this section. 

For the smallest watershed (LH-104), it was observed that since there is no 

variability of soil Kg information within the watershed, the network complexity 

does not interact with Kg. It was also observed that the differences in channel 

lengths defined by different DEMs did not cause variation in simulation due to 

generally overall shorter charmel lengths for this small watershed. In other words, 

no noticeable changes were observed in the simulations when compared to the 

impervious case. Therefore the acceptability criteria remained the same as in 

the impervious case (Case I above). 

The differences in channel lengths were found to play an important role in 

WG-223 because of the differences they cause in infiltration volume. For a high 

resolution (smaller grid spacing) DEM the channel lengths are generally larger 

as more sinuosity is measured by the high resolution DEM. For Case I (uniform 

rainfall, impervious watershed), this fact resulted in higher peaks for the high 

resolution DEM at this scale. With the introduction of infiltration, longer channel 

lengths abstract more water and the more efficient routing due to longer channel 

lengths is partially off^t. This resulted in a reduction of differences between 

simulations using different DEMs; and, a relaxed DEM resolution (and CSA) 

requirement at this scale was possible. 

While higher channel lengths assume a dominant control in WG-223, other 

factors also come into play at the scale of WG^-ll as discussed in Case I. The 

average plane and channel slope for the 2.5 m DEM were roughly 15% lower 

than the average slope of plane and channels from other DEMs. This fact meide 

the peaks for the 2.5 m DEM lower. It was also noted that the 2.5 m DEM 

defined longer channel lengths. With the introduction of infiltration, the two 
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effects combined to increase the differences between the responses of the 2.5 m 

and other DEMs for WGi-11. 

For larger watersheds (WG-1 and WG-6), the differences between different 

exhibited great similarity to the respective plots in the impervious case. 

The reason for this similarity is the large absolute value of CSA because CSA in 

this research has been defined as a percentage of total drainage area. With large 

absolute CSAs, the grid pixel area to CSA ratio decreases resulting in greater 

uniformity of geometric parameters among DEMs. Due to this uniformity, the 

introduction of infiltration mainly causes the differences in simulation due to in

filtrated water only. The relative differences between DEMs are still maintained. 

The summary graphs illustrating the variation of important ratios are presented 

in Figure 5.26a to c. This set of graphs may be utilized in a similar fashion as 

described in the summary of Case 1. 

For the infiltrating watershed case the important observation was that 

channel infiltration dynamics become increasingly important as watershed area 

increases. This effect partially offsets for differences in channel lengths across 

DEMs for watersheds of the size of WG-223 (~ 50 ha). Therefore, more compa

rable model results were obtained in the infiltrating case than in the impervious 

case between DEMs of different resolutions. 

5.4 Case III: SpatiaHy variable rainfall, impervious Mfatershed 

This case examined the effect of simple (non-interactive) routing and 

variability of rainfiadl. For the simulation of variable rainfall all 90 gages on the 

watershed were used for the selected set of events for all watersheds except LH-

104 and WG-223. For LH-104 and WG-223, the simulations used two and five 

raingages, respectively. The gages smrounding the respective watershed were 

selected. 
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Figure 5.26 Summary plots depicting variatioa of ratios as a fimction of 

basin area for the infiltrating watershed, spatially uniform rainfall. 
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As described in Chapter 2, a space-time piece-wise linear rainfall interpo

lation scheme is used in KINEROS2 to interpolate point rainfall data onto the 

model's overland flow elements. In the simplest description, this scheme consists 

of identifying the raingages that form the triangle of least area around the model 

element centroid. Rainfall intensity values on these gages are found for the time 

step under consideration. A plane surface is defined by the intensity values on 

the three gages and their respective horizontal (x,y) positions. The rainfall in

tensity value corresponding to the (x,y) location of centroid of the element is 

then computed using the equation of the fitted plane. This value is assumed 

uniform across the modeling element. If only two gages are available, then a 

linear variation between gages is used to compute the rainfall intensity value at 

the centroid of element. If only one gage is used then no interpolation is used 

and the rainfall intensity values from that gage are applied uniformly across the 

entire watershed. 

A set of 8 observed rainfall events were used for LH-104 and, 7 events 

were used for WG-223. A difiierent set of 8 events was used for WG-11. A set of 

5 events was used for WG-6 and WG-1. The sets of events were the same as used 

in calibration for each watershed. Summary of the rainfall events is provided 

in the appendix. Calibration multipliers as identified in the calibration exercise 

were applied for all simulations. 

This case has relevance for those models which do not perform interactive 

routing but still incorporate spatial variability of rainfedl. It should be noted 

that the main objective under this case is not to investigate effects of spatial 

variability of rainfall on simulated runoff for a given geometry. Rather, it is 

how rainfstll observed on different gages gets interpolated onto different overland 

model elements as the DEM resolution changes. It is therefore highly depen

dent on the rainfall interpolation algorithm described above. Because changing 

DEM resolution causes differences in size, arrangement and location of element 

centroids in relationship to raingage locations, rainf^ is interpolated differently 
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Table 5.7 Summary of interpolated rainfall totals for all events for WGr-ll. 

< Interpolated rainfall totals (m^) > 

Event Date 2.5 m DEM 15 m DEM 30 m DEM 40 m DEM Largest % diff. 

07/27/76 225439 226087 228740 226324 1-5 

10/21/78 167235 167914 170149 168065 1.7 

08/04/80 249370 249772 251908 251252 1.0 

09/27/83 108070 108611 110045 108910 0.5 

06/24/86 102466 102149 103512 102785 1.0 

08/09/86 183579 182960 184891 184271 0.7 

08/10/86 91428 91722 93649 91606 2.4 

08/14/86 207153 207720 210273 207795 1.5 

in space and time. This factor influences overall rainfall input and subsequent 

model simulations as DEM grid resolution changes. 

It was clear that the influence of rainfall interpolation increases with wa

tershed size, but generally rainfall interpolation differences were small for all the 

watersheds. For watersheds up to 785 ha, no appreciable influence of rainfall in

terpolation on runoff simulations was detected as DEM resolution was changed. 

Up to WG-11 the rainfall interpolation totals were generally within 2% of each 

other for different DEMs (Table 5.7). For larger watersheds the differences of 

interpolated rainfall increased, but still remained within 5% (Table 5.8). 

This case resulted in relaxed DEM and CSA requirements for WGr-223. 

The percent change of runoff peak rate were very comparable (an average differ

ence of 8.9% for simulated runoff volximes &om the base case for the 9 uniform 

events simulated in Case I; and, an average difference of 8.2% for simulated nmoff 

volume from the base case for the 7 spatially variable observed events simulated 

in Case HI). With comparable average deviation from the base case and because 
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Table 5.8 Summary of interpolated rainfall totals for 30 and and 40 m DEMS for 

the smallest CSA for WG-6 for the five simulated events. 

Interpolated rainfall totals (m^) 

Event Date 30 m DEM 40 m DEM % DiflF 

07/30/81 3190880 3040500 - 4.7 

08/27/82 1240480 1207900 - 2-6 

09/27/83 1416060 1373280 - 3.0 

08/29/86 1601880 1582040 - 1.2 

09/14/90 1836730 1758470 - 4.3 

of different nimiber of events used in the two cases. Case m resulted in relaxed 

DEM requirements. The sununary ratio plots are presented in Figures 5.27a to 

c which can be utilized, as described at the end of Case I to facilitate a choice of 

DEM and applicable CSA for impervious watershed cuid variable rainfall cases. 

5.5 Case IV: Spatially variable rainfiall, infiltrating nvatershed 

This scenario aids in investigating the fully distributed hydrologic model 

results when soil properties, rainfall variability, and impacts of geometry on kine

matic routing affect watershed response. This scenario exercises the full capacity 

of KINEROS2 and most closely resembles situations in which KINEROS2 is likely 

to be applied practically. A detailed description of the observations made for this 

modeling scenario is thus presented. 

5.5.1 Lucky Hills (Lfi-104) Watershed 

When the hydrographs in this case were compared with those for the 

variable rainfall, impervious watershed case, it was apparent that introduction 

of infiltration results in the expected reduction of peak rate and runoff volimie. 
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Figure 5.27 Summary plots depicting variation of ratios as a function of 

basin 80*63 for the impervious watershed, spatially variable rainfall. 
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but relative shapes of hydrographs generally remained the same. This similarity 

shows that at this watershed scale, allowing infiltration impacts the simiilations, 

but they are largely independent of the geometric configuration of modeling 

elements. 

In addition, l^drograph plots for various CSAs did not demonstrate any 

dependency on model complexity for the 0.5 to 8% CSA. This was generally true 

of all the DEMs (2.5, 5 and 15 m DEMs). This is because of small size of the 

watershed and uniformity of the soils in this watershed. It should be mentioned 

here that a change of CSA from 8% to 0.5% of the area does cause a substantial 

difference in geometric model configurations. For example, for the 2.5 m DEM 

the number of elements increases from 6 to 89 and the total number of channel 

elements increases from 3 to 37. The length of channels also increases from 405 

m to 1734 m. Even with an increase in the total channel length of more than 

1300 m, there is little difference in the resulting hydrographs. This is because 

of the fact that channel abstractions relative to the total rainfall input are much 

less than they are in large watersheds. Due to this fact an increase in channel 

abstractions due to increasing channel length, does not cause a marked change 

in the resulting faydrograph. The channel losses for the 0.5 and 8% CSA were 

235 (only 18% of rainfall volume) and 68 (only 5% of the rainfall volume), 

respectively. The totsd rainfall amounts for the two configiu-ations were almost 

identical (~ 1250 m^). 

The plots of peak efficiency for different CSAs again demonstrated that a 

coarse CSA of 8% was acceptable for LH-104 watershed because it does not cause 

substantial change (more than 0.1 reduction in efficiency from base efficiency of 

1) of model simulations for all DEN&. 

5.5.2 Walnut Gulch 223 (WG-223) Watershed 

The simulated hydrograph was found to be very similar (for the 2.5 and 
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40 m DEMS) to the corresponding hydrographs in the previous case (Case III: 

variable rainfall, impervious watershed). The hydrograph shapes for different 

DEMs were preserved. Apart from the fact that relative rtmoff peak rate magni

tudes were low, there was no appreciable difference between the two cases. There 

seems to be some indication of the influence of differing soils information, but 

the influence was not large. 

The hydrographs showing variation due to changing CSA (Figure 5.28a 

and b) illustrate that simulation with the finest CSA produces higher peak rates. 

The reason for higher peak for the finest CSA again is greater length of channels. 

The total length of channels for the 2.5 m DEM for the CSAs of 0.25, 2.1 and 3.9 

ha were 6007, 2634 and 2136 meters, respectively. At this watershed scale the 

infiltration amounts are relatively low and they do not mask the more eflScient 

routing due to increased channel lengths. Key volume balance parameters are 

presented in Table 5.9 for quick comparison across three levels of geometric model 

complexity. 

5.5.3 Walnut Gulch 11 (WG-11) Watershed 

A set of simulated sample hydrographs is presented in Figure 5.29. The 

trends observed in the previous case (variable rainfEtll, impervious watershed) 

are still present with the additional affect that the infiltration has resulted in 

substantially reduced peak rates and oversdl nmoff volume. Also due to substan

tially longer lengths of channels in the 2.5 m DEM case than the other networks 

the relative differences between the 2.5 m DEM hydrograph and others have in

creased. It was noted that there is about 120% difference between the peak rates 

of the 2.5 m DEM and the 40 m DEM, while the difference in the impervious 

watershed, variable rainfall case was of the order of 25%. This observation illus

trates that with infiltration, the total length of channels becomes an even more 

important parameter when comparing simulations using different DEMs, at this 

watershed scale. 
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Figure 5.28 Simulated hydrographs for the event of 15 August, 1977 using 

two DEM data sets oa WG-223 for the infiltrating watershed, spatially 

variable rainfall. 
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Table 5.9 Summary of water balance parameters for WG-223 for variable 

rainfall and infiltrating watershed case for 2.5 m DEM for the event of 15 August, 

1977. 

Total Total Overland Total Channel Total 

CSA Rainfall Infiltration Infiltration Runoff 

(% of area) (m^) (m^) (m^) (m^) 

0.5% 13443 2794 3964 5050 

4% 13539 3226 3263 5319 

8% 13440 3390 3006 5287 

The large difference in total length of channels for the 2.5 m DEM (see 

Table 5.6) results in simulations that are markedly different from the rest of 

the DEMs. Because of this fact and because the 2.5 m DEM is used to obtain 

the base runoff req>onse by which other efficiencies are computed, the peak rate 

efficiency plot shows high variations from the base case. In fact, according to our 

rules, none of the other DEMs is even close to the 0.9 efficiency cutoff criteria 

(Figure 5.30). All DEMs except the 2.5 m are thus rejected for this case for 

WG-11. Note that it is the added complexity of infiltration which caused the 2.5 

m DEM simulations to differ from the rest of the DEMs to the extent that all 

DEMs were rejected when compared to the 2.5 m base case. 

The set of hydrographs for changing CSA values for all DEMs again 

demonstrates that total length of channels is an important parameter and greatly 

impacts the peak nmoff rate (Figin*es 5.31a to d) at this watershed scale. This 

was not the case at the 50 ha WG-223 scale. Goodrich et al. (1997) noted that a 

fundamental transition occurs in the 40 to 60 ha watershed range when channel 

losses become a critical Victor in watershed response. It should, however, be 

noted that chaimel length is only one of the many interacting geometric param

eters which affect model response. Therefore, for two different geometric model 
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configurations, nothing can be inferred about the model response by comparing 

the channel lengths only. 

For example, for the nmoff simulations for different DEMs (Figure 5.29) 

it was noted that the 2.5 m DEM hydrograph was the lowest, because of greater 

total channel length compared to other DEMs which abstract comparatively more 

water. In the l^drographs for different CSAs for the 2.5 m DEM (Figure 5.31a), it 

can be observed that the finest CSA hydrograph (with the longest total length of 

channels) registers the highest peak. The reason for this apparent contradiction 

with the previous hydrograph example (Figure 5.29) is that the average plane 

and channel slopes decrease as the CSA increases (the average plane slope for 

the 0.5, 4 and 8% CSAs are 0.0984, 0.0656 and 0.0458 respectively; and the 

average channel element slopes are 0.0242, 0.0173 and 0.0146, respectively). The 

reason for lowering of plane and channel slopes with increasing CSA is a relative 

increase in the size of these elements. For example for the three CSAs, the 

average plane length increases from 165 to 461 to 686 m. The average channel 

element lengths increase from 351 to 1757 to 2613 m, respectively. Due to lower 

slopes, plane elements absorb more water in the 8% CSA case. The decrease in 

infiltration due to shorter length of channels in the large CSA case cannot makeup 

for the increased infiltration due to flatter element slopes, thus lower peak rates 

and absolute nmoff volumes are observed as the CSA Increases (Figure 5.31a). 

Similar reasoning applies to Figures 5.31b to d. 

For determining an acceptable level of complexity, the bar graphs illus

trating a decline in model efficiency from the respective base for all the DEMs 

are plotted as a function of CSA (Figure 5.32). The cutoff value of CSA is 2% 

of the watershed area for all the DEMs. 
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Figure 5.31 Simulated hydrographs for the event of 09 August, 1986 us

ing four DEMs on WG-11 for the infiltrating watershed, spatially variable 

rainfall. 
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Figure 5.32 Runoff peak rate efficiency for four DEMs as a function of 

CSA for WG-11, for the infiltrating watershed spatially variable rainfall. 

The acceptable set of ratios are: 

1. DEM grid pixel to watershed area = 7.96 x lO"'̂  

(Acceptable DEM Resolution < 2.5 m) 

2. DEM grid pixel to CSA = 0.000042 

3. CSA to watershed area = 0.02 

5.5.4 Walnut Gulch 6 (WG-6) Watershed 

A set of simulated example hydrographs is presented in Figiure 5.33. Two 

distinct peaks are apparent in the hydrograph. For the first peak the simulation 
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by both the DEMs is very similar, but for the second peak 40 m DEM has a lower 

peak. This behavior is very different from what has been observed previously 

i.e. similarity of 30 m and 40 m simulations. This observations illustrates that 

for more realistic simulation situations (spatially variable rainfall and infiltrating 

watershed), the simulations between similar resolution DEMs may be quite dif

ferent for watersheds of 10000 ha or larger. The network differences cause large 

variation in runoff simulations due to changes in the infiltration volumes. 

The efficiency plot illustrates a large variation in efficiency from the 30 to 

the 40 m DEM (Figure 5.34). The 79 m data has been rejected due to a large 

discrepancy in areal representation. Of the two remaining DEMs only 30 m data 

is accepted for this modeling scenario for WG-6, according to our rules. 

The hydrographs simulated using different CSA values for the 30 and the 

40 m DEMs are presented in Figures 5.35a and b. As the CSA is increased, the 

routing potential of the network is lost rapidly due to large reductions in total 

length of channels. 

From the efficiency plot as a function of CSA (Figure 5.36), the acceptable 

CSA values for this watershed is found to be 0.5% of the watershed area. 

On the basis of above observation the acceptable ratios are; 

1. DEM grid pixel to watershed area = 9.6 x 10~® 

(Acceptable DEM Resolution < 30 m) 

2. DEM grid pixel to CSA = 0.0018 

3. CSA to watershed area = 0.005 
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5.5.5 Walnut Gulch 1 (WG-1) Watershed 

A set of simulated hydrographs is presented in Figure 5.37. The rezison 

for the similarity of t;he 30 and 79 m DEM hydrographs is the similar deviation 

of both average channel and plane slope of the 30 and 79 m DEM networks as 

compared to the 40 m DEM network. The plane slopes for both the 30 and 79 m 

DEMs are less than that of the 40 m DEM (The average plane slope for the 30, 

79 and 40 m DEMs are 0.0596, 0.0467 and 0.0656, respectively). The channel 

slopes of both the 30 and 79 m DEMs are greater than those from the 40 m DEM 
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(The average channel slope for the 30, 79 and 40 m DEMs are 0.0152, 0.0171 and 

0.0149, respectively). 

The peak rate efficiency plot is presented in Figure 5.38. On the basis 

of our third rule and the clarifying note thereunder, the 79 m resolution or 

smaller DEMs are considered acceptable at this watershed scale for the case 

under consideration. 

The set of simulated hydrographs for all the DEMs for three CSA val

ues are presented in Figure 5.39 a to c. For the 30 and the 40 m DEMs, the 

two smaller CSA iQrdrographs are close to each other while a larger CSA value 

produced very different hydrographs. These observations again show that to

tal channel length is an important parameter that has a significant influence on 

hydrograph peak rates, but other parameters like average slope of plane and 

channel elements are also important. Additionally, for large watersheds'm this 

environment, siuface runoff is generally a low proportion of rainfall input and 

thus result in very small values of runoff per unit area. This makes model simula

tions very sensitive to input variabiUly, numerical errors and infiltration amoimts. 

A selected set of water balance variables is presented in Table 5.10 to further il

lustrate this point. The total rainfall amounts for the 40 and 79 m DEMs differ 

by a little more than one percent. The additional rainfall amount for the 79 m 

DEM causes simulated runoff to differ by almost 20% between the two DEMs. 

A one percent numerical error, which is not uncommon in finite difference based 

models, could also be responsible for the total differences between these hydro-

graphs. 

The peak rate efficiency plots for eill DEMs as a fimction of CSA show 

drastic changes as the CSA increases fi'om the base value of 0.5% (Figure 5.40). 

The decline in efficiency in this case is more rapid than that in all the previous 

cases. This illustrates that at this watershed scale with a full range of hydrologic 
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Figure 5.37 Example of simulated hydrograph for WG-1 for the event of 

27 August, 1982 for the infiltrating watershed, variable uniform rainfall. 
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Table 5.10 Summary of the key water balance parameters for WG-1 for variable 

radn&ll and infiltrating watershed case for the 30 m DEM and 0.5% CSA for the 

event of 27 August, 1982. 

Total Total Channel Plane Total Runoff/ 

DEM Area RAinfall Infiltration Infiltration Runoff Rainfall 

(ha) (m^) (m3) (m^) (m^) — 

30 m 14664 1275700 711805 352455 111395 0.09 

40 m 14541 1271350 708106 369711 83809 0.07 

79 m 15484 1286050 762459 312171 100094 0.08 

process model complexity, changes in the level of geometric discretization influ

ence the model simulations more than in the limited hydrologic process model 

complexity cases. Because of the small nmoff to rainf^ ratios, there is also 

greater sensitivity to model geometry changes. 

Therefore, decisions about the level of geometric model complexity and 

DEM data requirements should be made in relationship to the level of hydrologic 

process model complexity allowed in the model. 

The applicable ratios for WG-1 for this case are: 

1. DEM grid pixel to watershed area = 0.000042 

(Acceptable DEM Resolution < 79 m) 

2. DEM grid pixel to CSA = 0.00832 

3. CSA to watershed area = 0.005 
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Figure 5.40 Runoff peak rate eflBciency for three DEMs as a function of 

CSA for WG-1, for the infiltrating watershed spatially variable rainfall. 

5.5.6 Suxnmary and Concluding Recommendations for Case IV 

In this case the simulation differences for different DEMs (and CSAs) un

der the full modeling potential of KINER0S2 were investigated. It is meaningful 

to compare this case with Case 11 to assess differences due to rainfall interpola

tion and with Case m to gauge simiilation differences due to added complexity 

of infiltration. In general no marked differences were observed from either of the 

cases for LH-104 illustrating that even the combined effect of rainfall interpo

lation and geometric configuration change is not appreciable at this watershed 

scale. At the scale of WG-223, when compared to Case m, infiltration partially 

o&ets the more efficient routing potential for longer channel networks. Intro

duction of infiltration in watersheds equal to or greater than 785 ha, more than 
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oflbets the more efficient routing potential due a comparatively longer channel 

network. In larger watersheds the total length of channels becomes a very im

portant parameter. Summary plots are presented in Figure 5.41 which may be 

used, as described in the previous cases, to determine the DEM resolution re

quirements in situations where infiltration and rainfall variability are allowed. 

It should again be pointed out that Case I represents the most general case 

because it is not restricted to any soil type or rainfall patterns. Therefore a 

more detailed discussion of Case I was presented. The summary plots at the 

end of Case I constitute the most general recommendations for DEM resolution 

reqTiirements which should be applicable to other sites. 

5.6 DEM Accuracy Issues 

The main objective of this section of analysis is to assess the impacts of 

vertical elevation errors, present in the DEMs, on the watershed delineation by 

automatic methods. As shown earlier, errors in drainage area definition directly 

influence nmoff simulations, especially for smaller watersheds. The influence of 

DEM errors on the automatic delineation and its relation to the DEM grid size 

and watershed scale was investigated. To accomplish this task, errors of the 

same magnitude found in the DEMs based on comparisons with ground surveys 

were artificially introduced in all the DEMs and automatic methods were used 

to delineate watersheds. It is generally accepted that the errors in the commonly 

available DEMs are not purely random, rather they are systematic (Guertin, 

1999, personal commimications). In view of that, systematic errors were intro

duced into the DEMs by adding spatially correlated error fields. This procedure 

more realistically represents the nature of DEM errors than the introduction of 

purely random errors. The 79 m data was not used in this assessment because its 

accuracy from independent ground smveys was not known. The 2.5 m DEM was 

also not used on WG-11 because the computer time for 100 simidations would 
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be excessive. The procedure used to introduce errors in the DEMs are presented 

below. 

Realizations of a two-dimensional isotropic correlated random field were 

obtained b/ the 'i;uming bands method" presented by Mantoglou and Wilson 

(1982). The basic concept of the turning bands method is to transform a mul

tidimensional simulation into the simi of a series of equivalent imidimensional 

simulations which preserve the statistics of the true field (Mantoglou and Wil

son, 1982). The basic requirements of the method are: the dimensions of the 

field, nimiber of discretizations in x and y directions, correlation length, and the 

mean and coeflicient of variation of the field to be generated. The dimensions 

of field to be generated were set equal to the DEM dimensions and the number 

of discretizations were based on the DEM grid size. The correlation length was 

set equal to the correlation length of the original DEM data. This correlation 

length was estimated from variograms developed firom the original DEMs. The 

mean and coefficient of variation were found from the differences between groimd 

survey elevations and the DEM elevations. Table 5.11 summarizes the statistics 

used to define the input parameters in the generation of two-dimensional random 

fields. A Tninimnm of 100 realizations were performed for each DEM for each of 

the five watersheds by changing the random number seed, except for the 2.5 m 

DEM for WGi-223. The reason for fewer mmiber of successful nms for the 2.5 m 

DEM on WG-223 are discussed shortly. Each generated field was added to the 

original DEM and TOPAZ was used for automatic area determination. 

The mean delineated area of about 100 TOPAZ runs for each DEM and 

watershed was compared with the watershed area previously obtained by the 

original DEMs. The results are presented in Table 5.12. FVom the area statistics 

for LH-104, it is clear that a fine resolution DEM is more sensitive to errors 

than a coarse resolution DEM. Note that the mean value of the error introduced 

in the 5 and 15 m DEMs was more than the mean error introduced in the 2.5 

m DEM. The mean of the mean error In 100 realizations was 0.14, 0.75 and 
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Table 5.11 Summary of statistics used in the generation of 2-D random error 

realizations. 

DEM Mean (m) Std. Dev. (m) Correlation length (m) 

2.5 m 0.14 0.55 20 

5 m 0.76 0.50 50 

15 m -0.44 0.71 350 

30 m 3.54 2.77 700 

40 m -0.23 0.85 800 

—0.45 for the 2.5, 5 and 15 m DEMs, respectively. Still, the 5 and 15 m DEMs 

define the watershed area with considerably more accm-acy than the 2.5 m DEM. 

These observations illustrate that for a fine resolution DEM and small watersheds 

the vertical accuracy of the DEM gains more importance. The reason for this 

sensitivity is that for the same vertical accuracy, the error in slope definition 

increases with decreasing grid size. This has greater impact on flow path direction 

definition. 

For a large perimeter to area ratio in smaller watersheds, there are a 

relatively greater number of grids whose flow paths may be altered so they no 

longer drain into the watershed. Similarly some grids originally outside the 

watershed may erroneously flow in. In this situation a small grid spacing DEM 

is more prone to these errors than a large grid spacing DEM. It is thus concluded 

that for small watersheds vertical accuracy should be given more importance 

than horizontal resolution. A decline in the area definition of the perturbed 

2.5 and 15 m DEM clearly demonstrates that vertical accuracy of the DEM is 

more important at this watershed scale than the horizontal resolution. Recall 

that the area definition of the original 15 m DEM was better than the original 

2.5 m DEM (Table 3.4). For small watersheds with a high perimeter to area 

ratio, the variation in DEM derived drainage area will be much more sensitive to 



Table 5.12 Comparison of TOPAZ (Ujfmod walcrshocl areas for l.ho porl.iu'bwl DEMs ease 

DIM LH-1Q4 (4.45 1ml* WQ-223 (48.35 hal WG-11 (785 luil WG-6 (9353 hal WG-1 (148QQ luO 

TOPAZ % Did'. TOPAZ % Dill'. TOPAZ % Did'. TOl^AZ % Did. TOPAZ % Diff. 

2.5 m 3.44 -22.7% 48.5 0.2% 

5 rn 4.31 -3.1% 

15 m 4.52 +1.6% 783 -0.2% 

30 m 57.2 + 18.3% 805 +2.4% 9364 +0.1% 14807 0.0% 

40 m 48.0 -0.7% 784 -0.1% 9239 -1.2% 14566 0.0% 

TOPAZ - Mean of the TOPAZ defined watershed area in hectares for the 100 realizations of the perturbed 

DEMs. (Note: The 2.5 m DEM mean area for WG-225 is for 25 realizations because of outlet problems 

discussed in the text.) 

% Diff. - Percentage difference of area defined by the perturbed DEM with the area defined by the original 

DEM. 

* The digitized area of the watershed are given in the parenlliesos. 
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vertical DEM accuracy. For a given vertical accuracy, this sensitivity increases 

with decreasing DEIM grid size. 

Another problem was also noted with the small grid spacing DEM. The 

derived channel network becomes very sensitive to the DEM vertical error. Be

cause of that, the outlet position can not be fixed at the known location of the 

outlet. This was observed when using the 2.5 m DEM data for WG-223. For 

automatic running of the topographic program, it is required to fix the outlet 

position. The known location of WGr-223 outlet was initially used for 100 simu^ 

lations. Because of the nature of the topographic algorithms, the program does 

not work if the specified outlet position does not fall on a channel of the network 

defined by the program. The program was rerun 400 times to obtain a moderate 

sample of 25 realizations for which the program produced meaningful results. It 

is thus concluded that it is always helpfiil to acquire some prior knowledge of the 

modeled network. 

The mean area of WG-223 by the perturbed 30 m DEM was oflF by about 

18%. The problem with the outlet was not as frequent in the 30 m DEM as it was 

in the 2.5 m DEM case. For the rest of the watersheds, it was generally observed 

that the errors in the definition of watershed area decrease as the watershed size 

increases. The mean area definition of WG-1 by the 30 m DEM was very close 

to the digitized area of the watersheds. In fact, the mean area definition by the 

30 m DEM was slightly better than the more accurate 40 m DEM. 

The exercise for the determination of DEM accmacy on the automatically 

determined watershed ztrea illustrated that while for large watersheds (of the 

order of thousands of hectares) DEM data of very high vertical accuracy does 

not guarantee better results than a DEM data of low vertical accuracy. Vertical 

accuracy is of greater importance in the modeling of small watersheds. This is 

especially true if a DEIM data of fine horizontal resolution is used to discretize 

watersheds (of the order of several hectares). 
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5.7 Summary and Concluding Remarks 

In this chapter detailed analyses of DEM and CSA impacts on kinematic 

model simulations were presented. Different modeling scenarios were used to 

segregate the influence of DEM data and other model parameters and rainfall 

input. The atnalysis was performed over a range of watershed scales. The analysis 

presented for each of the modeling scenarios is presented in the form of summary 

plots at the end of each modeling scenario. These plots can be used to identify 

DEM data requirements for kinematic runoff modeling. 

The modeling scenario in which a non-infiltrating watershed and imiform 

rainfall were simulated (Case I) represents the most general case because it is 

independent of soils parameters and rainfall variability. For a kinematic model 

without interactive infiltration and routing components (and with sx>atially uni

form rainfaU), guidelines presented in the form of summary plots at the end of 

Case I can be utilized to identify DEM data requirements as a fimction of wa

tershed area. This case is still widely applicable for design storm scenarios and 

models such as HEC-I. The peak nmoff rate eflBciency values as a function of 

DEM and CSA are presented in Table 5.13. This table summarizes the basis of 

conclusions drawn throughout the description of Case I. 

Summary plots for the other modeling scenarios (Cases IE to IV) can also 

be utilized for guidance in DEM resolution selection for the hydrologically more 

complex cases represented. However, due to more general nature of Case I, it 

was given more emphasis throughout the analysis. 

In summary, a strong dependence on watershed scale was observed. For 

watersheds up to 50 ha, watershed area was judged to be the k^ parameter. 

The differences in internal geometric model complexity as the DEM resolution 

changed were not found to influence the model results appreciably below 50 ha. 

Additionally, it was observed that due to the large potential error in computation 

of slope for a high resolution (small grid size) DEM compared to a DEM of low 
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Table 5.13 Summary table of peak nmoff rate efficiency values for themost general 

case (Case I). 

< LH-104 > i WG-223 

CSA >. 0.023 ha 0.18 ha 0.36 ha 0.25 ha 2.08 ha 3.9 ha 

D E M i  D E M I  

2.5 m 1-00 1.00 1.00 2.5 m 1.00 0.93 0-85 

5 m 0.99 0.98 0.97 30 m 0.84 0.94 0.96 

15 m 0.97 0.99 0.99 40 m 0.83 0.93 0-90 

< WG-11 < WG-6 

CSA—)• 3 ha 27 ha 50 ha 50 ha 400 ha 750 ha 

D E M I  D E M I  

2.5 m 1.00 0-78 0.51 30 m 1-00 0-00 -0-50 

15 m 0-89 0-98 0.84 40 m 0-90 -0-20 -0-80 

30 m 0.92 0.99 0.88 

40 m 0-86 0.99 0-85 

< WG-1 

CSA—> 75 ha 640 ha 1200 ha 

D E M I  

30 m 1-00 0-00 -0.50 

40 m 0.94 -0-20 -0.70 

79 m 0-99 0.10 -0.30 
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resolution (large grid size), the derivation of area is more sensitive to vertical 

accuracy when using a high resolution DEM. These two observations indicate 

that high resolution DEM data does not necessarily restilt in a better geometric 

definition of the watershed. Further, rainfall variability and interpolation differ

ences were also fotmd to have minimal influence at watershed scales of 50 ha or 

less as the grid resolution or geometric model complexity were changed. At the 

watershed scale of WG-11 (785 ha), the impacts of geometric changes resulting 

firom different DEMs became more pronounced. It was observed that geometric 

model parameters are strongly related to the DEM grid size and the CSA. Also 

grid size differences impart greater influence on model plane and channel ele

ment parameters which were found to influence the model response appreciably. 

Rainfall interpolation differences were still small at this watershed scale (785 ha). 

For watersheds of the size of WG-6 and WG-1 (9350 and 14800 ha, respec

tively), the area definition was found to be less critical than the drastic changes in 

internal geometric parameters as the grid resolution or CSA changed (see Tables 

5.3 and 4). The rainfall interpolation differences were also foimd to be a major 

factor for different model simulations for large watersheds as the DEM resolution 

or geometric model complexity changed. 

The analysis presented in the third chapter provided a basis for testing 

the first hypothesis while the analysis presented in this chapter provides evidence 

for our second hypothesis. Both the hypotheses offered in Chapter 1 are repeated 

below for convenience. 

H(l). Discretization of a watershed into planes and channels and derivation of 

other topographic measures from DEM Data are dependent on the method 

of DEM data acquisition (i.e. data accuracy) and its horizontal resolution. 

On the basis of detailed analyses of several DEM related parameters presented 

in Chapter 3, sufficient evidence was presented to accept this hypothesis. 
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H(2). DEM data resolution affects derived topographic attributes which, in turn, 

influence kinematic routing such that, at a given watershed scale, a use of 

finer resolution DEM will result in better simulation of peak runoff rate. 

The analysis presented in this chapter provided mixed results for this hy

pothesis. It was foimd that delineated area definition is rather sensitive to the 

vertical accimicy of the DEM for a fine resolution DEM for watersheds smaller 

than 50 ha. Therefore, DEM data with vertical accuracy of the order of 1 m re

sulted in relatively more error in area definition than did a coarse resolution DEM 

of comparable accuracy. A fine resolution DEM cannot, therefore, be guaranteed 

to produce a better watershed boundary (and total drainage) area definition. 

Additionally, due to comparatively shorter lengths of channels, internal network 

geometries are not found to influence watershed response to an appreciable de

gree. In this situation this hypothesis can be rejected for watersheds up to 50 

ha. 

For watersheds of 785 ha or greater drainage area, the slope error factor 

was not found to be a major problem for area definition of watersheds. Therefore, 

DEM data of a range of grid sizes resulted in fairly comparable area definition. 

Therefore, a fine resolution DEM data cannot be penalized for erroneous area 

definition for watersheds equal to or greater than 785 ha. In fact, it is likely that 

a fine resolution DEM would represent the channel sinuosity and hillslope form 

in greater detail. In this situation a fine resolution data may be able to represent 

total channel and overland flow lengths better than a low resolution DEM. In 

the presence of several interacting parameters which attain greater importance 

at large watershed scales, a testing of this hypothesis may not be a straight

forward task. In short, the hypothesis is rejected for watersheds up to 50 ha; 

and, considered unresolved at larger watershed scales. 
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CHAPTER 6 

Summary and Conclusions 

It was anticipated from the beginning of this analysis that the impacts of 

DEM data t^e and resolution cannot be studied in total isolation due to the 

strong interaction between the discretization of model elements and the hydro-

logic parameters attributed to them. The individual model elements represent 

homogeneous hydrologic conditions for simulation purposes; and, thus they inter

act with the other GIS data layers to obtain hydrologic parameters. It was also 

felt that these effects cannot be studied without regard to watershed scale. These 

two {»:tors were given utmost consideration throughout this analysis, which sets 

this study apart from other studies. 

Major contributions of this study to the field of hydrology are first simima-

rized. Key findings and conclusions of the study are enumerated next, followed 

by a brief elaboration and justification. General guidelines for the users of DEM 

data are then sxmunarized on the basis of observations drawn throughout this 

study. Finally several recommendations for fvnrther analysis are offered. 

6.1 Major Contributions 

The contributions made by this study to the general field of hydrology 

may be divided in two major groups: scientific and application. 

The major scientific contribution of this research is the identification of 

DEM data requirements for kinematic modeling purposes. Additionally, analysis 

resulted in insights on the cause and effects of the quality of kinematic model 

performcince for different distinct model inputs (geometric, soils, hydrologic and 
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rainfall input) and identified dominant Iqrdrologic processes as a function of wa

tershed size. The identification of DEM data requirements will benefit practition

ers who wish to apply kinematic models for investigating rainfall-rimoff relation

ships in conjunction with digital representation of topograpl^. The knowledge 

gained by this research on the process dominance and separation of cause and 

effect of differing model performance will aid Investigators enabling a more ef

ficient use of resources to characterize those processes which impart the major 

influence on kinematic rainfall-nmoff modeling. 

The major application benefit of this analysis is the formulation of a 

seamless interface between the topographic and hydrologic models. An inter

face was created between the topographic model (TOPAZ) and the hydrologic 

model (KINEROS2) which greatly facilitates the use of KINEROS2, resulting in 

significant savings of time and resources. The interface coupling the two models, 

also performs the critical hydrologic parameter averaging onto the modeling ele

ments and computes channel widths based on earlier research done at the Walnut 

Gulch Experimental Watershed (Miller, 1995). This interface is especially use

ful considering the fact that DEM data are beginning to be widely available at 

relatively lower costs. 

Before outlining the major conclusions of this study, it seems appropriate 

to briefly restate the scope of this investigation. It should also be mentioned 

that the conclusions reflect the experiences with KINEROS2. Since KINEROS2 

is based on physically based principles, the results should hold for other mod

els employing similar physical laws. However, it should not be construed that 

the conclusions drawn from this study necessarily reflect the behavior of mod

els emphasizing processes and physical principles different from those used in 

KINEROS2. The study was conducted in a semiarid environment on watersheds 

ranging in size fi-om 4.4 to 14800 ha. Summer airmass thunderstorms were the 

only (^e of storms considered for this analysis. Topographic data was the key 
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factor and substantial efforts were made to acquire DEM data &om as many in

dependent sources as possible. In a topographic sense the area represents gently 

rolling to small hilly areas. The overall relief (maximum elevation drop) of the 

watershed is of the order of 300 m (Renard et ai, 1993). The hillslopes vary from 

2 to 65% with stream slopes ranging from 1 to 3%. 

The results presented herein should be generally applicable to watersheds 

with similar physiographic conditions (and topographic relief), and to other kine

matic wave based models. Caution should be exercised in extending the results 

of this analysis to areas with drastically different characteristics. With these 

caveats in mind, the next section outlines the major conclusions that can be 

drawn from the anadysis presented in this dissertation. 

6.2 Major Conclusions 

The major conclusions of this research are enumerated first in a concise 

form. Ebq>lanation and justification for these conclusions follows with references 

to the sections of analysis which lead to the particular conclusions. Reasoning 

presented throughout this analysis provides the basis from which the following 

conclusions may be drawn: 

1. For kinematic routing of excess raunfall on an impervious plane 

with spatially uniform rainfall, DEM data requirements directly 

relate to the drainage area of the basin; and, the following simple 

relationship can be used to obtain initial estimates of the required 

minimiim DEM grid spacing for watersheds ranging in size from 5 

to 15000 ha: 

X = 0.023A - 3.65 x 10"®-I-1.63 x 10"^°A® + 14.4 (6.1) 

5 < A < 15000 ha 

where A is the watershed area in hectares and x is the recommended 

DEM grid spacing in meters. 
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2. Up to watershed scales of 5 ha the level of geometric model 

complexity and network changes caused by DEM resolutions im

part little influence on model results. The importance of geometric 

model configuration increases for watersheds larger than 5 ha. 

3. Differences in computed model element parameters for different 

DEM resolutions depend on watershed size and geometric model 

complexity; therefore, trends observed in locally computed key to

pographic parameters (e.g. slope) for different DEM resolutions do 

not necessarily translate into similar trends in the parameter values 

for the kinematic modeling elements. 

4. The finest horizontal resolution and most accurate DEM should 

not be viewed as the panacea for all the modeling problems given 

the uncertainty in other model parameters. In fact, a mediiun 

resolution DEM with sub-meter vertical accuracy may be as good 

as a fine resolution DEM with comparable vertical accuracy. 

5. Infiltration of water is the dominant hydrologic process for wa

tersheds greater than 50 ha. The distortion of modeling element ge

ometry caused by changing geometric model complexity has more 

serious influence via impacts on the amount of infiltrated water 

than the influence caused by routing. 

The first conclusion summarizes the recommendations regarding minimum re-

qiiired DEM grid spacing in the form of a simple cubic equation. This equation 

is a direct result of DEM data requirements identified during the analysis of 

Case I in the previous chapter. It provides a convenient means to obtain starting 

estimates of reqtiired DEM grid size as a function of watershed size. 
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The second conclusion emphasizes the importance of watershed scale in 

evaluation of modeling differences caused DEM resolutions. The DEM res

olution at small watershed scale should be sufficient to correctly identify the 

watershed boundary and the general drainage network structure. The internal 

network differences caused different DEM resolutions do not appreciably affect 

model results at small watershed areas. The reason is relatively short routing 

distances and large nmoff to rainfall ratios (i.e. proportionally less infiltration) 

which masks the differences of routing and infiltration caused by variations in 

geometric configurations. Additionally, relatively uniform rainfall distributions 

across small watersheds also serve to dampen the effects of network changes. 

Therefore as the watershed size increases (and also the relative amount of infil

tration increases), the changes in geometric shape impart an increasing influence 

on the model response. Therefore, in large watersheds the automatically defined 

model element lengths for different DEM^ (and CSAs) attain extra importance. 

This is also true considering the fact that for a large watershed, the channels 

are comparatively wider and thus they abstract more water per unit length than 

narrower channels. The changes in interpolated rainfall input caused by varia

tions of element centroidal position (for different DEMs or network complexities) 

also gain more importance. 

The third conclusion highlights the importance of interaction between 

DEM grid size, watershed scale and the level of geometric model complexity. 

Because of this interaction a common observation of flattening of terrain slopes 

with increasing DEM grid size (Vieux, 1993; Moore et al., 1993; Zhang and Mont

gomery, 1994; Jenson, 1991; Panuska et al., 1991) does not necessarily translate 

into lower kinematic model element slopes as the DEM grid size increases. The 

channel source area and the DEM grid size interact so that for the same value of 

CSA, a different number of model elements may result (for different DEMs) de

pending on the resolution of the DEMs. The number of model elements influences 
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the dimensions of model plane elements and therefore the slopes. Therefore, de

pending on geometric model complexity, lower model plane and channel element 

slopes may be fomid for a smaller grid size DEM. Smaller slopes may generally 

result from the fact that low resolution DEM cannot represent the flow path 

sinuosity in as great detail as a high resolution DEM can. This factor has the 

potential of substantially increasing the calculated channel length (and reducing 

channel slopes). Longer overland flow plain lengths are also typically defined by 

a finer resolution DEM. The observations of model output for the 2.5 m DEM 

at WG-11 (section 5.2.3) provides the basis for this conclusion. 

The fourth conclusion refutes the impression that a fine resolution DEM 

would define the watershed boundary and network characteristics better than a 

low horizontal resolution DEM of comparable vertical accuracy. The network and 

subcatchment identification program is based on the computation of slopes of flow 

vectors from each cell flowing into one of the eight immediately adjacent DEM 

pixels dei>ending on the steepest downward slope. For a given vertical error, the 

resulting error in slope for a DEM with smaller grid size will be greater than for 

a DEM of larger grid size because slope is computed for a pixel length. Because 

of higher slope errors for a high resolution DEM, misdirection of flow vectors is 

more likely than in a low resolution DEM. At the watershed boundary, an error 

in the calculation of flow vector slope may incorrectly direct a pixel's flow in or 

out of the watershed resulting in drainage area variations. The perimeter per 

imit area of the watershed is greater for a smaller watershed than for a larger 

watershed. Therefore, watershed boundary discrepancies due to smaller DEM 

grid size with equal vertical accinracy, trauislate into larger percentage errors in 

delineated watershed area for smaller watersheds. The automatically delineated 

watershed areas from different DEMs for different watershed sizes described in 

Chapter 3 (section 3.5.1) justify this conclusion. 

The fifth conclusion reaffirms the dominance of soil infiltration process in 

excess rainfall generation in this influent environment. Modeled soil infiltration 
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is affected the definition of satiirated hydraulic conductivity. It is observed 

in this study that the model complexity differences are substantial for different 

DEM resolutions. In watersheds greater than 50 ha, the differences in total 

channel and plane lengths have substantial influence on modeled runoff because 

of differences in the total amount of infiltration. Therefore, it is of limited utility 

to increase the complexity of the model b^ond the resolution at which other 

hydrologic parameters are available. This observation was readily apparent from 

the analysis presented in the infiltrating watershed scenarios in the previous 

chapter (section 5.5). 

At this point, it is also appropriate to briefly describe the experience and 

observations made by the use of topographic parameterization model (TOPAZ). 

It was observed that given su£5cient DEM resolution^ TOPAZ delineated the 

watershed boundary, identified the drainage network and computed kinematic 

model element geometric parameters relatively well. It is appreciated that some 

of the concerns about the D8 algorithm (on which TOPAZ is based) raised by 

some researchers (for example see, Costa-Cabral and Burges, 1994; Ichoku et aL, 

1996; Fairfield and Leymarie, 1991) may be genuine. However, none of the alter

native methods proposed by these authors was easily adaptable to compute the 

related kinematic model element geometries, as done by TOPAZ. Further, ex

cellent comparison results between the results of TOPAZ and manually digitized 

network established confidence in TOPAZ results. 

It was also observed that with insufficient DEM resolution, important 

ridge and break-ln-slope information may be lost or underrepresented causing 

difficulty in identifying the watershed boimdary. It should therefore be noted 

that total dependence on DEM data and automatic delineation methods with 

little additional knowledge of the drainage area may introduce serious errors in 

the geometric representation of the watershed. It is recommended that some 

field surveys should be performed to assess accuracy of the data. Also, other 

resources (topographic maps or aerial photographs etc.) should be used to get 
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a rough idea of the extent of the watershed, before blindly applying automated 

DEM methods. A gross distortion in the delineated watershed boundary is a 

good indication that the DEM is of insufficient horizontal resolution or has poor 

vertical accuracy. Additional initial guidance may be taken &om the general user 

guidelines presented in the next section. 

The overall conclusion of this research is that for kinematic modeling of 

medium sized watersheds (of the size of Walnut Gulch, 150 km?) a coarse 

resolution DEM of the order of 80 m with vertical accuracy of tens of meter 

is acceptable. For watersheds of this size, this implies that USGS level I 30 

m DEM data available throughout the continental United States is adequate. 

For smaller watersheds of the order of several hectares better vertical accuracy is 

desired especially when using high horizontal resolution (low grid spacing) DE^. 

Through the successful integration of digital topographic data in the hydrologic 

model this study demonstrates that it is logical to surmise that space-bome 

topographic missions planned for the near-f^ure (e.g. SRTM) should provide 

adequate topographic information for kinematic routing models. 

6.3 User Guidelines 

The guidelines presented in this section should be used under the condi

tions studied in this research as outlined in the beginning of this chapter. More 

importantly the guidelines apply when nmoff peak rate and volume are the vari

ables of interest. 

The first and foremost guideline for the user is to examine and check the 

DEM data for evidence of apparent blimders or consistent bias. Consistent bias 

may be present when, for example, the DEM elevations are mistakenly reported 

in the wrong reference datimi. These errors may be identified by selected ground 

checking. A consistent relatively uniform bias generally indicates errors of this 

kind. These errors are relatively easy to detect and rectify. More difficult to 
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detect (and rectify) are random bltmders which may result because of operator 

error or equipment malfunction. Visual examination and comparison with other 

available data may help to locate these suspect points, and limited field surveys 

may be used to remove the errors from the data. 

After initial checking (and rectification) of the data the following guide

lines may be helpful for satisf£u:tory utilization of DEM data for kinematic routing 

model purposes. 

1. Thoroughly check the outcome of a watershed delineation and 

network discretization program. The algorithms may be based on 

sound techniques, but the limited resolution of the DEM data may 

prevent its meaningful use. Initial guidance may be obtained from 

the summary plots presented in the previous chapter (Figures 5.25, 

26, 27 and 41) to choose a DEM grid size (and appropriate CSA) 

as a fimction of drainage area. The automatically determined wa

tershed area should be examined carefully for erroneous capture or 

omission of large drainage branches. If the area is in gross error (± 

15%), the DEM should not be used for watershed discretization. 

If the area delineation test is met the DEM, then the 

following additional guidelines may be useful in making decisions 

in favor of most suitable DEM for a modeling exercise. 

2, Check if the known location of watershed outlet has to be moved 

excessively (by more than a couple of pixels) to locate a channel. If 

that is the case then the defined watershed boundary shape must 

be compared with one obtained from contour maps or field surveys. 

If gross mismatches are apparent, the DEM should be rejected. 
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3. If a DEM is rejected in any of the above steps, then more efforts 

should be spent to acquire a DEM of better vertical acciiracy than 

to improve the horizontal resolution of the DEM. 

4. For determining the vertical accuracy of the DEM it is advis

able to conduct a field survey of a limited set of data to manually 

£icquire elevation values under higher accuracy standards. This 

is because the generally reported vertical accuracy estimates are 

rather conservative and may not necessarily represent the average 

vertical error in the area of interest. 

5. For watersheds larger than 50 ha, the length of channels is a 

critical factor which influences basin ninoff response. Therefore, 

when modeling large watersheds in semiarid regions, additional ef

fort expanded to define the extent of channel networks is justified. 

The majority of topographic model advantages can still be real

ized with the added benefit of enhanced confidence in the derived 

network. 

The above guidelines should serve as aid in saving time in choosing a DEM data 

set for a specific model application. 

6.4 Recommendatioiis for Further Research 

This study was conducted within a limited framework and addressed the 

problem of DEM type and resolution impacts on kinematic routing with detailed 

investigations. Generally speaking, the broader topic of DEM resolution influence 

on hydrologic simulations has many facets which could each comprise a detailed 

research topic of their own. It should be noted that din'ing the course of this 

study (about foiur years) substantial progress has been made in techniques to 
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acquire DEM data with high vertical and horizontal accuracy. In view of this, 

research involving DEM interactions with other hydrologic processes becomes 

increasingly important. The need for various aspects of related research was felt 

throughout the study period which are summarized below in the form of specific 

recommendations: 

1. The impacts of DEM resolution should be assessed on other 

related hydrologic phenomenon (e.g., erosion, chemical transport, 

ground surface morphology); and compared to the recommenda

tions drawn from this study. 

2. More manually acquired data should be obtained in selected 

circimistances to check the algorithms of topographic programs, 

and to establish additional confidence in the topographic model 

algorithms especially regarding channel lengths and slopes. 

3. As more sophisticated programs (p8, skeletonization, flow tube 

concepts: Fairfield and Leymarie, 1991; Meisels et al., 1995; Costa-

Cabral and Burges, 1994) which (supposedly) avoid or lessen the 

limitations of D8 type algoritluns become easily available, efforts 

shotild be made to develop routines to automatically compute kine

matic model element geometry using these algorithms. Kinematic 

model resiilts utilizing the geometric parameters from these tech

niques could then be compared to the model results from this study. 

4. Investigate the impacts of DEM type and resolution when other 

hydrologic data are available at a different resolution than were 

used in this study. 
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5. The analysis shoiild be extended to larger watersheds where 

mamial discretization would become more difficult or even pro

hibitive. Successful application of basin discretization at larger 

watershed scales would definitely resiilt in savings of time and la

bor. 

The recommendations outlined above should further enhance general understand

ing of the usefulness and limitations of Digital Elevation Model data under a 

broad range of hydrologic conditions. It should, however, be realized that re

search in this area should be undertaken in parallel to research involving other 

parameterization problems of kinematic routing models. As computing power 

continues to increase, the apparent attraction in the use of digital elevation data 

for identification of drainage features of large areas should be properly balanced 

by efforts to verify selected results of automated delineation methods using other 

information sources. 
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A. Symbols, Anonyms and Abbreviations 

ARS Agricultural Research Service 

BLM Bureau of Land Management 

Cp Heat capacity of the air 
CSA Channel Source Area 

D8 Deterministic 8 (8 directions water can flow out of a 

Da Vapor pressure deficit in the air 
S Solar declination 
DETM Digital Elevation Model 

DLG Digital Line Graph 
DMA Defense Mapping Agency 

DTM Digital Terrain Model 
A Rate of change of vapor pressinre with temperature 

Eg Nash-Sutcliffe CoeflScient of EfiBciency 

EOS Earth Observing System 

G Effective net capillary drive 

7 Psychrometric constant 
GIS Geographic Information System 

GIUH Geomorphological Instantaneous Unit Hydrograph 

GPM Gestalt Photo Mapper 
GSFC Goddard Space Flight Center 

i Local slope 
IFSAR InterFerometric Synthetic Aperture Radar 

Kg Saturated Hydraulic Conductivity 

LH-104 Subwatershed Lucky Hills 104 within WG-1 

Ly Latent heat of vaporization 
n Maiming roughness coefficient 

NAD North American Datum 
NASA National Aeronautics and Space Administration 

NGVD National Geodetic Vertical Datum 

PEg Surface dependent potential evaporation 
$ Terrestrial latitude 

The latitude of an equivalent horizontal siirface 

Q Mean value of Qi 
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Qi Simulated runoff volume or peak rate 
Qi Base or observed value of runoff volimie or peak rate 

Qp Peak rate of nmoff 
r The ratio of earth-sun distance to its mean 

Ta Aerodynamic resistance 

Tc Surface or canopy resistance 

Ra Area ratio 
Rf, Bifurcation ratio 

Ri Length ratio 

Rn Net radiation above the surface 
Ro Potential daily solar radiation 

Rg Slope ratio 
RMSE Root Mean Squared Error 

p Density of air 
p8 Probabilistic 8 (Water flows in one of eight direction 

according to a certain probability) 

Density of water 

So The solar constant 

SAR Synthetic Aperture Radar 
SCS Soil Conservation Service 

SWRC Southwest Watershed Research Center 
TIN Triangulated Irregular Network 

TOPAZ TOpographic PAxameteriZation Program 
USD A United States Department of Agriculture 

USGS United States Geological Survey 
UTM Universal Transverse Mercator 

u The angular velocity of the earth 
W^G-1 Walnut Gulch Elxperimental Watershed Number 1 

WG-6 Subwatershed 6 within WG-1 
WG-11 Subwatershed 11 within WG-1 
WG-223 Subwatershed 223 within WG-1 

WGS World Geodetic System 

WP Wooding Plane 
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B. KINEROS2 Parameter Estimation 
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In this subsection, the hydrologic parameters required by KINEROS2 are 

described along with a very brief description of how they were estimated for this 

study. Geometric parameters i.e. length, area and slope of plane elements; and, 

length and longitudinal slopes of channel elements were computed using TOPAZ 

for which details are provided in section 4.1. KINEROS2 reqiiires the bottom 

width of all channel elements. The bankfiil width of chamiels were estimated 

utilizing regression relationships of Miller (1995), and converted to bottom 

widths by assuming a side slope of 1:1. KINEROS2 requires initial soil mois

ture at gage locations at the start of simulation (which is generally the onset of 

storm of interest). Initial soil moisture at all gage locations was estimated using 

BROOK90 (Federer, 1995) as described in section 2.6. 

Fortunately, nimierous studies exist which utilized smaller subwatersheds 

within Walnut Gulch but not many which modeled the entire watershed. Nev

ertheless, some studies exist which modeled the entire watershed (e.g. that of 

Michaud, 1992 and Houser, 1996). Wherever possible, the parameters were esti

mated on the basis of current Information available on the watershed. In other 

cases, guidance was taken fix>m these studies. 

B.l Manning roughness coefficient, n: This parameter is relatively difficult 

to estimate in-spite of published values giving ranges of its values for different 

bed types. There are two reasons for the uncertainty associated with its esti

mation. First, it is generally difficult to survey large areas of land and correctly 

interpret the natural conditions to be one of the slightly varying bed types given 

in the literature. Second, some times the recommended ranges are rather large 

and picking one value might be a matter of users experience. Appreciating this 

difficulties. Manning's roughness coefficient was, nevertheless estimated taking 

guidance &om published literature (Woolhiser et al., 1990; Shen and Julien, 

1993) and from previous studies on this watershed (Goodrich, 1990; Michaud, 
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1992). Since many channels are rather shallow with some vegetation in them, the 

roughness values for the channels were chosen to be on the higher side within the 

range of values proposed by Shen and Julien (1993) for 'Natural sandy streams 

with some winding and weeds". In addition, n was one of the calibration param

eters along with saturated hydraulic conductivity, and thus it was expected that 

relatively large uncertainty in estimation of its value would be compensated for 

by its calibration multipliers. 

B.2 Interception: Interception is the term used to refer to the retention of rain

fall on natural or man-made objects before reaching the ground siuface. Within 

hydrologic community, the term 'interception' is generally thought in reference 

to retention of rainfall by vegetation. Interception is an area of appreciable re

search within hydrology and voluminous material exist on this subject. There 

are both theoretical (physically based) and practical (empirical based) methods 

used to measure interception. Wide range of values therefore exists in the lit

erature specifying different values for different vegetation types. Sometimes the 

reported interception values differ among authors. It was therefore decided to use 

guidance from the KINEROS manual which provides a table of interception val

ues for different vegetation t3q)es compiled from the work of several researchers. 

Fortunately, a vegetation GIS layer exists for the entire watershed that was used 

to assign interception values to aU pixels within model plane elements and an 

arearweighted average value was assigned to that element as being the uniform 

interception values surross that element. For aU applicable model complexities, 

the interception on model elements was calculated accordingly. A 40% canopy 

cover was assumed on aU the planes following the evidence in the literatinre that 

mixed grassland-brush vegetation in the area of interest provides about 20-60% 

coverage (Kustas and Goodrich, 1994; Houser, 1996) 

B.3 Saturated Hydraulic Conductivity, Kg: Saturated hydraulic conductiv

ity values were taken from the GIS layer covering the entire watershed developed 

by Mayeux (1995). The GIS layer gives K, values at 40 m grid points. Mayeux 
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(1995) had used the Walnut Gulch soil survey data described by Brekenfeld 

(1993). There are 30 different soil units in Brekenfeld (1990). For each soil unit, 

areal proportions for certain soil series are given. With each soil series is given a 

"qualitative" variable called permeability e.g. very slow, slow, moderate, rapid 

etc. The relationships between permeability and Kg are also given in terms of 

ranges of Kg for a certain permeability class. For example, very slow is taken 

to be Kg values < 0.06 in/hr and slow ranges from 0.06 to 0.2 in/hr and so on. 

Mayeux (1995) assumed normal distribution of ranges. Thus mean was taken to 

be mid-point of interval and standard deviation as range/5. The Kg WBS thus 

determined for each soil series within each of the 30 soil imits. An area pro

portion weighted mean value of K, was then calculated for each soil unit. This 

was then corrected for entrapped air by dividing it by 2 as suggested by Bouwer 

(1966) Mayeux (1995) cites his personal commimication with Breckenfeld (1995) 

to state that the Kg interval for each soil series took into consideration the effect 

of coarse fragments. Therefore, no attempt was made to correct the reported Kg 

for coarse fragments. A computer program was written to overlay this layer on 

every geometric configiuration of the model planes and compute an area^weighted 

Kg for every element. For channels, however, a different Kg value was used. The 

channels in Walnut Gulch may be regarded as sandy, thus the K, value for sand 

provided in the Table 2 in KENEROS manual was used. 

B.4 Porosity: For porosity values, the GIS layer developed by Mayeux (1995) 

similar to the one for Kg was used. Mayeux (1995) retrieved the values of effective 

porosity as the midpoints of the porosity intervals from Rawls et al. (1993). A 

correction was then applied to these values for rock fragments as suggested by 

Brakensiek et al. (1986). For the current study, an area weighted average value 

was applied to all model elements as mentioned in the description of Kg. 

B.5 Mean Capillary Drive, G: Mean capillary drive is a function of unsatu

rated hydraulic conductivity and the soil matric potential. G has units of length 

and can be thought of as a net or effective value of capillary head (WooUuser et 



246 

ei, 1990). KINEROS manual (Woolhiser et al.̂  1990) provides a table listing the 

values of G for different soil textural classes. These values are based on Rawls et 

al. (1982) who complied hydraulic data on a large number of soils over a range 

of textural classes. A computer program was written for this research, which 

used the soil types to find the appropriate value of G and then compute an areal 

average for the model elements. 

B.6 Coefficient of variation of K,, CV: The CV for K, was set at 0.8 as 

suggested Goodrich (1990, and personal communications, 1997). The same 

value was also used by Michaud (1992) who claimed to confirm it by the data of 

Loague and Gander (1990). 
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C. Summary Rainfall data used in model simulations 

Table C.l Summary of observed rainfall data from two gages used in simulation 

ofLH-104. 

Date Rainfall depth (Gage 384) Rjtinfall depth TGage 83) 

(mm/dd/yy) (mm) (mm) 
07/30/74 8.9 12.5 

07/05/75 13.2 10.9 

07/12/75 26.2 27.2 

09/13/75 17.3 18.5 

07/31/77 11.9 13.0 

08/01/77 10.4 10.9 

08/15/77 26.7 21.6 

08/16/77 8.1 9.1 

Table C.2 Summary of observed rainfall data for seven events from five gages 

used in the variable rainfall case simulation of WG^223. 

Date Average Rainfall depth Average Rainfall Intensitv 

(mm/dd/yy) (mm) (nma/hr) 
07/05/75 16.5 1.8 

07/12/75 29.8 36.3 

09/13/75 21.1 3.4 

07/31/77 11.4 4.5 

08/01/77 10.6 5.4 

08/15/77 25-2 15.3 

08/16/77 11.9 2.0 
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Table C.3 Summary of observed rainfall data for WG-11 (from 10 gages in or 

around WG-11) used in model calibration (and simulations for the main analysis) 

and corresponding runoff data from flume 11. 

Date 

(mm/dd/yy) 

Av ppt depth 

(mm) 

Std- Dev. 

(mm) 

Runoff volimie Peak rate 

(m') (m^/sec) 
07/27/76 28.0 3.6 30919 14.7 

10/21/78 21.4 1.8 2524 1.1 

08/04/80 30.5 10.9 36598 25.2 

09/27/83 14.5 5.9 7572 1.9 

06/24/86 12.8 6.2 2524 1.1 

08/09/86 22.3 9.0 17037 7.9 

08/10/86 11.3 5.3 504S 4.4 

08/14/86 26.8 4.0 15775 5.4 

Table C.4 Summary of observed rainfall depth data from 51 and 88 gages, in or 

around WG-6 and WG-1 respectively, used in model calibration (and simulations 

for the main analysis), and corresponding runoff data from flume 1. 

< WG-6 < WG-1 ^ 

Date Av ppt dep S.D. Av ppt dep S.D. Rimoff vol Peak rate 

(mmddyy) (mm) (mm) (mm) (mm) (m^) (m^/sec) 
07/30/81 37.2 13.7 34.8 11.8 306694.7 29.4 

08/27/82 15.0 7.0 13.4 9.7 155565.1 54.9 

09/27/83 18. 13.7 15.8 11.9 105931.6 13.8 

08/29/86 18.9 7.0 18.2 6.8 100427.5 19.5 

09/14/90 15.1 15.9 14.4 15.4 156738.8 31.5 



Table C.5 Summary of WG-11 runoff events tised in model validation. 

Date Runoff volume Peak nmoff rate 

(mm/dd/yy) (m^/sec) 
06/22/77 21454.0 9.82 
07/16/81 4417.0 2.63 
07/29/81 8203.0 4.03 
07/30/81 15775.0 3.16 
07/31/82 6310.0 3.86 
09/10/83 7572.0 6.84 
09/15/83 7572.0 7.54 
09/20/83 20823.0 8-77 
09/26/83 7572.0 4.91 
08/25/84 2524.0 1.23 
07/17/85 10727.0 6.14 
07/15/86 2524.0 1.23 
08/17/86 18299.0 5.78 
08/29/86 49218.0 15.43 
08/20/88 3786.0 1.23 
08/01/90 44801.0 21.60 
09/28/83 15144.0 7.00 
07/28/81 8203.0 4.00 
08/16/89 13882.0 6.10 
08/30/89 4417.0 1.90 

Table C.6 Summary of WG-1 runoff events used in model validation. 

Date Rimoff voliune Peak nmoff rate 

(mm/dd/yy) (m^) (m^/sec) 
07/30/81 306694.7 29.4 
09/10/83 54505.4 12.8 
08/01/90 49488.9 13.0 
08/20/88 25759.0 4.3 
08/14/86 15413.4 2.7 
08/04/80 8186.0 1.2 
07/15/81 7795.5 2.3 
09/28/83 3700.4 0.5 
08/10/86 1330.9 0.4 
09/15/83 183.7 0.2 
07/15/86 17.1 0-01 
07/16/81 9543.0 1.4 
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In this section, mathematical formulations for the computation of model 

element slope are presented. Mathematical formulations for the three model 

element length alternatives were presented in Chapter 4. It was also mentioned in 

that chapter that there were eleven different options in TOPAZ for computation 

of model element slope. Slope option 6 was chosen for this research on the basis 

of its good match with the manually derived element slopes. Slope option 6 is 

thus presented first. Further work on slope alternatives in TOPAZ has resulted 

in incorporation of only four different slope alternatives in the final version of 

program module (Garbrecht, 1999, personal communications). These foiu* slope 

alternatives are also presented below. These mathematical formulations are being 

presented acknowledging the fact they are developed by Dr. Jurgen Garbrecht 

of USD A-ARS who kindly provided them for incorporation in this dissertation. 

D.l Slope alternative 6 adopted for this research: 

where 

SQ = Subcatchment slope by option 6 

ric = Number of cells in the subcatchment excluding the channel cells. 

rich = Number of cells in the relevant channel link. 

Zti = Elevation of the extreme upstream cell of flow path i 

^out = Elevation of the previous to last cell of the current channel link. 

Se = 
2 

(D.l) 
L T/ 2  

Zi = Elevation of channel cell i 



253 

= Elevation of extreme upstream channel cell of the relevant link 

= Elevation of extreme downstream channel cell of the relevant link 

Lr = Length of plane element length alternative 1 (described in Chapter 4). 

D.2 Finally incorporated slope alternatives in TOPAZ 

D.2.1 Mean topographic slope 

This subcatchment slope measurement is the mean of topographic slope 

for all cells in the subcatchment: 

where St is the mean topographic slope, n, is the number of cells in the sub

catchment, and is the topographic slope at each cell. The topographic slope 

at each cell is obtained by fitting a quadratic surface to a three-by-three cell 

window with the center cell being the cell under consideration. The derivative of 

this surface at the center cell produces the topographic slope at the center cell. 

D.2.2 Mean cell-flow-path slope 

This subcatchment slope measurement is the mean of the cell-flow-path 

slopes for all cells in the subcatchment: 

where Sc is the mean of the cell-flow-path slopes of £dl cells, n, is the nimiber of 

cells in the subcatchment, and 5® is the cell-flow-path slope. The cell-flow-path 

(D.2) 

(D.3) 
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slope is the mean of all the flow vector slopes along the flow path from the cell 

to the downstream channel. 

D.2.3 Mean divide-flow-path slope 

This subcatchment slope measurement is the mean of the divide-flow-path 

slopes for all divide cells in the subcatchment: 

where is the mean of the divide-flow-path slopes of zdl divide cells, nj is the 

number of divide cells in the subcatchment, and 5** is the divide-flow-path slope. 

The divide-flow-path slope is the mean of all the flow vector slopes along the flow 

path from the divide cell to the downstream chaimel. Divide cells are the cells 

which do not receive any inflow from surrounding cells. 

D.2.4 Global slope 

This subcatchment slope measurement is the mean elevation difference 

between the subcatchment and the channel divided by the distance to the center-

of-moment of the subcatchment: 

where Sg is global slope for the subcatchment, Eg is the mean elevation of the 

subcatchment and Ec is the mean elevation of the channel, and L\ is the distance 

to the center-of-moment. 

( D A )  

f Ea — Ec 
' = —cl— (D.5) 
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