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The goal of this study is to assess ARDBSN model peifomiance across watershed 

sizes, and to assess the effect of using different mapset resolutions and basin 

configurations on runoff volume. Arid basin (ARDBSN) (Lane, 1982) is a distributed 

parameter, continuous hydrologic simulation model designed to simulate the effects of 

land-use practices on runoff volume, soil erosion and sediment yield on rangeland 

watersheds. 

Four subwatersheds located within the Walnut Gulch Experimental Watershed, 

were used in this study. Subwatershed areas ranged firom 1.4 to 630 hectares. 

A large-scale GIS database (1 ;5000) developed for the Walnut Gulch 

Experimental Watershed, and one of the most common mapset scales (1:24 000) used in 

GIS analysis, were used to parameterize the ARDBSN model. Four thresholds were used 

to discretize watershed ST-223 and WS-11. These thresholds correspond to 1.5,2.5, 5, 

and 10 percent of the watershed area. 

Sensitivity analysis showed that Curve Number (CN) parameter was the most 

important in defining nmoff volume and peak runoff rate. Model calibration 

performance was measured primarily by the coefBcient of efBciency (R ,̂ Nash and 

Sutcliff, 1970) for total annual runoff volume and for maximum annual peak runoff rate. 

Runoff voliraies model efficiencies obtained were very good for LH-101, LH-103, and 

WS-11, and reasonably good for ST-223. In general, this model trends to over predict 

runoff volume for small rainfall events, and under predict for large rain&ll events. 
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The number of overland flow elements delineated within the 1:24,000 and 1:5,000 

scales scarcely varies. The number of channels diminishes as the threshold values 

decreases. scale has a strong sffect on the length of the channel network. 

Overall, high resolution maps show a better runoff volume model efSciency. 

Watershed 11 and watershed 223 had an average model e£5ciency seven and six percent 

higher than those obtained by these subwatersheds imder the 1:24,000 map scale. 

Considering this, the author concludes that 1 ;24,000 map scale can be used with high 

confidence in hydrologic simulation modeling in areas with similar characteristics to 

those of the Walnut Gulch E}qperimental Watershed. 

The results showed that watershed configuration complexity significantly alters 

the model results on large watersheds, and can be attributed to the improved 

representation of spatially distributed watershed features with increased geometric 

complexity. 
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CHAFTERl 

INTRODUCTION 

1.1 Problem statement 

Rangelands are the primaiy source of water supply from both sur&ce and 

groundwater resources in many semiarid regions. Water quali  ̂firom rangelands is a 

national issue of great concern. Damage firom soil erosion alone is estimated at tens of 

billions of dollars per year (Committee on Conservation Needs and Opportunities, 1986), 

A^ch does not include nutrient and pesticide contamination of ground and sur&ce water 

siq)plies. 

The temporal and spatial distribution of sediment load depends on a tangeland 

response to management and climatic factors. The multiple inter-related factors and 

processes of rangeland ecosystems dictate that successM rangeland management 

requires an integrated approach. Mathematical models are among the best tools available 

for evaluating watershed management and water quality problems. They can project the 

consequences of alternative management, planning, or policy-level activities and 

substantially reduce the cost of managing water resources (Of&ce of Technology 

Assessment, 1982). 

"^th the computer revolution in the sixties and seventies, distributed modeling 

became popular and watershed characterization took a new turn towards watershed 

discretization. This approach focused on determining the characteristics of 

subcomponents of a watershed with the assumption that additional detail will lead to 
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better representation of the overall watershed and better interpretation of the processes 

and system controlling the watershed response. 

Over the last 10 years there has been major breakthroughs in computer hardware 

and software capabilities. Digitized and remotely sensed data are also becoming 

increasingly available. These developments have lead to new computer tools such as 

Geographic Information Systems (GIS). GIS are at present a common and often necessary 

tool in hydroiogic and other investigations involving spatial data, ̂ th these tools, new 

watershed characterization approaches will be developed. GIS will help in the issue of 

reduction and interpretation ofthe ever increasing volume of spatial data. 

GIS are a powerful tools for watershed discretizatiorL GIS can easily subdivide a 

large basin into smaller subbasins. Once a watershed has been discretized, GIS can be 

utilized to estimate subwatersheds characteristics that incliide soils, land use, land cover, 

and topographic properties. Satellite data are common sources of land use and land cover 

information required for watershed characterization. Characterization is usually not an 

end in itself, and in hydrology is commonly related to parameterization of hydroiogic 

models. 

In most GIS applications to the linked-lumped subwatershed system, GIS have 

been used to estimate subwatershed characteristics by selecting dominant soils and land 

use in a watershed. GIS can be also used to define topographic characteristics within a 

subwatershed such as average land slopes and channel slopes and lengths (Srinivasan and 

Arnold 1993, Sasowsky and Gardner 1991). 
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Although GIS's are an extremely powei&l tool in watershed characterization and 

discretization, their ultimate contribution to hydrolo  ̂may be as a tool for studying the 

impact of spatial variability and spatial lumping schemes. The challenge is to establish 

distributed watershed characterizations and discretizadons methodologies that are 

primarily based on visualization ^)proaches as opposed to more traditional abstract 

mathematical and statistical formulations. 

GIS can be used as a tool to aid in determining the hydrologic response of the 

various discretization schemes such as the grid cell, and subwatersheds. GIS can speed 

the analysis to determine to what extent watersheds should be partitioned to simulate their 

hydrologic characteristics with acceptable accuracy. Assuming dominant soils and land 

use properties to characterize a lumped subwatershed can lead to significant errors when 

applied to hydrologic models (Arnold 1992). 

The resolution of used to develop input parameters is an important factor in 

the hydrologic response of a watershed model (Arnold, 1992; Wolock and Price, 1994; 

and Wood et al., 1988). It is the resolution of the data used in determining watershed 

characteristics that ultimately results in the accuracy of a hydrologic model. For 

example, the resolution basin topography has been shown to affect runoff flow paths 

(Tachikawa et al., 1994). The spatial distribution of soil types and land use within a basin 

also affects runoff response (Srinivasan, 1992). 

Since watershed size has a bearing on the necessary accuracy of input data, the 

accuracy of model output varies with mapset scale. Two of the most common m^set 

scales used in developing information for use as input information, either by hand or in a 
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GIS, are 1:24,000 and 1:250,000. These scales correspond to two scales published by the 

United States Geological Survey (USGS) for 7.5 minute quadrangle and 1x2 degree 

m .̂ In using these two different scales of maps, accuracy of a watershed model's 

ou^ut depends not only on the size of the watershed, but also on the inherent scalar error 

of the map used. This is because coarse data may not give accurate representation of 

actual basin characteristics. 

The following questions should be answered when conducting hydrologic 

modeling activities in a GIS environment are: 1) ̂ x^iat are the effects on hydrologic model 

accuracy when using different scale mapsets to develop input data; 2) can general rules be 

developed regarding discretization approach and subarea sizes; and 3) >»iiat kind of 

lumping schemes are acceptable to characterize hydrologic processes on subwatersheds. 

1.2 Objectives 

The goals of this study are to assess the USDA-ARS Arid Basin (ARDBSN) (Lane, 

1982) model performance across watershed sizes, develop a standard methodology to 

parameterize a distributed qiiasi-physical hydrologic simulation model, and to assess the 

impacts of using different m^set resolutions and basin configurations on model output by 

using a GIS link to develop inputs from spatially referenced data. 

Specifically, this study is focused upon the following objectives: 

1. Perform an univariate model sensitivi  ̂analysis across watershed sizes. 

2. Calibrate and validate the ARDBSN hydrologic simulation model. 
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3. Compare 1:5,000 and 1:24,000 scale digital m^)set resolutions on subbasin delineation. 

4. Assess the effects of four basin configurations on the development of input variables 
such as topogr^hy and soils for a distributed parameter, continuous-time hydrologic 
model. 

1.3 Approach 

To meet the objectives of this study, ARDBSN hydrologic simulation model 

was selected. ARDBSN is a physically-based, distributed parameter, continuous 

simulation model designed to simulate the effects of land-use practices on nmoff 

volume, soil erosion and sediment yield on rangeland watersheds. ARDBSN is a 

good model for this study because it requires a minimum of observed data for 

calibration  ̂while providing a means of making predictions on ungaged watersheds 

and soil water content model parameter is iq>dated under continuous simulation mode. 

Four subwatersheds located within Walnut Gulch Experimental Watershed, 

were used in this study. Subwatershed area ranged from 1.4 to 630 hectares. These 

subwatersheds are representative of thousands of hectares of rangelands found 

throughout the southwestern United States (Renard et al., 1992). Historical records of 

climate, runoff volimie, and peak discharge were used. Since the ultimate goal of the 

study is to develop a procedure to parameterize ARDBSN, a sensitivity analysis was 

done by varying parameters that can be either extracted from data layers or generated 

within the ARC/INFO GIS environment 
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Linkage between the ARDBSN model and ARC7INF0 GIS was established 

through the development of special-pmpose computer programs and an inter&ce that 

provide the access points between the GIS database, ARDBSN model, and the user. 

The GIS software package used in this study was ARC/INFO (ESRI, 1992), \^cli is 

pei±iaps the most common commercial software for manipulating, analyzing, and 

displaying geographically referenced digital data. The ARC/INFO system has many 

analytical and data management features, including a sophisticated input subsystem 

for digitizing, editing, and reformatting data; powerfiil output subsystems for 

constructing impressive maps and reports; a useful arrays of spatial operations for 

topological overlay, buffer creation, and spatial query (Morehouse, 1992). There is a 

repertoire of spatial modeling routines such as ARC/NETWORK, ARC/TIN, 

ARC/GRID, and standard statistical programs (Morehouse, 1992). 

Two different map scales were used in our study. A large-scale GIS database 

(1:5000) (Miller et al., 1995) developed for the Walnut Gulch Experimental 

Watershed, and one ofthe most common mapset scales (1:24 000) used in GIS 

analysis (this scale correspond to that published by the United States Geological 

Survey (USGS) for 7.5 minute quadrangle maps) were used to parameterize the 

ARDBSN model. 

The principle theme layers used in this study were : 1) a digital elevation 

model (DEM), 2) soils, 3) vegetation, and 4) stream channels. A suite of Arc Marco 

Lai^uage (AML) were created to subdivide the watershed into plane and channel 

elements and to obtain relevant soil, vegetation, and topographic parameters. Four 



thresholds were used to define the P order watersheds or those watersheds not 

containing a channel. The four thresholds were 1.5,2.5, 5, and 10 percent of the 

watershed area. In a raster environment, stream channels are defined as a function of 

the contributing area above each cell: with an upland area greater than a given 

threshold were defined as stream chaimels. As such, a lower threshold value for 

defining a stream channel results in a greater number of stream channels. 

Soil characteristics, as required in the ARDBSN input file, were determined using 

distributed weighted average soils properties. 

1.4 Benefits 

The results of this study will be a methodology to discretize a watershed and 

to parameterize ARDBSN model using GIS-based techniques. Thus, the potential for 

GIS to help in better understanding watershed heterogeneity can be established. GIS 

will be used to develop parameters of watershed heterogeneity that would be useful 

not only in watershed characterization but also as a guide for modeling of watershed 

processes. 

The uniqueness of the resolution digital database, developed for the Walnut 

Gulch Experimental Watershed, offers the opportunity to establish a baseline for 

determining the extent in v^ch available digital datasets can be used to represent 

physical natural features and reproduce some hydrological processes commonly 

fovind in rangeland watersheds. 
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Finally, techniques and GlS-based procedures developed in this stwfy can be 

used to parameterize the ARDBSN model for simulating hydrological processes in 

ungaged rangeland watersheds with similar climatic and hydrologic characteristics as 

Walnut Gulch. 



CHAPTER2 

LITERATURE REVIEW 

2,1 Tntroduction 

Hydrologic models are computer generated enviromnents which attempt to simplify 

the characteristics and conditions that influence surface flow. These models have day to 

day practical uses such as predicting erosion rates, sedimentation, the salinization of soils, 

non-point source pollution, and areas prone to waterlogging. The construction of a model 

begins with the identification of the most important factors that exert influence over the 

direction and velocity of sur&ce flow. Every &ctor affecting surface flow coiild never 

realistically be considered, so the model is really only a simplification of the actual 

conditions present in the real world. 

With this simplification comes limitations which the user must understand when 

interpreting and evaluating the accuracy of the model results. Once a model is 

constructed, varying stimuli such as rainfall rate and intensity, can be ̂ plied to the 

model to predict different hydrologic parameters. This fimction has many obvious 

applications in the areas of watershed management, erosion control, and planning. 

In modeling the behavior of surface flow, the most important consideration is 

topogrs^hy or, more specifically, slope. The most common procedure is to divide the 

study area into a grid with equally sized squares or "cells". The water that enters any cell 

may flow into as many as eight cells surrounding it. The direction of flow is determined 

by finding the direction of steepest slope from the center of that cell to the center of the 
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ones around h. When the flow direction is determined the output cell is coded with the 

value representing that direction. If no flow is determined, or if two cells flow into each 

other, the cell is coded as a "sink". Once these flow directions have been determined, an 

algorithm can calculate the accumulated flow for the ̂ ole study area with a given 

amount of precipitation. The cells with the most flow are most likely stream channels at 

low elevations and may be identified as such. Cells with no flow accumulation are most 

likely peaks and may be identified as such. 

When modeling hydrologic flow slope is only one of the many &ctors influencing 

sur&ce flow. Vegetation cover, soil types, and unequal precipitation over the study area 

are some factors that may need to be considered. As these and other factors are 

incorporated into the model the more accurate and realistic it becomes. On the other hand 

as it gets more complex and it may take more time for the software to process the 

information. The complexity of the model should be determined according to the needs of 

the user and the information that will be derived. 

2.2 Geographic Information Systems 

Geographic Information Systems, or GIS, provide a medium to develop, store, 

analyze, and visualize spatially distributed data. The spatially referenced data may be in 

the form of digitized m  ̂layers showing elevation or soils, or output data from 

environmental models. Many GIS packages enable the user to stack several map layers on 

top of one another and thiis visualize and analyze the data in the maps. A GIS must 
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contain five essential elements: data acquisition, data preprocessing, data management, 

data manipulation and analysis, and output generation. 

Because of their capabilities for visualization and analysis, GIS have become 

popular in many fields (Antenucci et al., 1991). Currently, GIS is being widely used in 

natural resources assessment and modeling, but has also found its way into design 

engineering, transportation engineering, hazard assessment, and even the medical field 

(Tempalski, 1994; Rinard et al., 1994). GIS is also used in conjunction with satellite 

imagery to as  ̂in mapping and other remote sensing studies (Muttiah and Byars, 1994). 

In environmental fields, GIS serves as a medium to develop information on natural 

resources production, mapping, and modeling. 

Spatial data used by GIS are divided into map layers. These layers can be either 

raster or vector in structure. Raster, or cell based, data is most commonly used in 

modeling. For example, a soil raster layer would have each grid cell referenced to a file 

or database containing attribute information on each particular grid cell. Size or 

resolution of each grid cell in a map layer is related to the accuracy of the data and the 

application requirements. Finer grid-cell resolutions give a more detailed map layer, 

whereas coarser grid resolutions give less detailed informatioiL An advantage of finer cell 

size is the greater spatial detail of the data, A^^e the downside is the high storage space 

and increased computational requirements to manage and manipulate the data. 

Vector, or line, data is based on a series of points A^ose locations are referenced 

to geographic coordinates. Since vector data is represented by a line and is not dependent 
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on grid cell size for representation, it can represent the original scale of the data texture. 

Examples of vector data include street maps and proper  ̂boundary maps. 

2.3 GIS Linkages 

The utility of GIS for analysing relational and spatial data makes this type of 

technology ideal for linking to environmental and hydrologic models. The GIS then 

serves as a method to analyze spatial data and develop input parameters for use in a 

model. Such linkages greatly reduce the time needed to develop inputs for models, while 

simplifying the input process. 

The methodology for linking a hydrologic model to a GIS is conceptually simple. 

A GIS-based front-end processor will analyze the ii^ut m  ̂layer(s) and extract the 

distributed parameter information based on the data in each m  ̂layer cell. The data are 

then formatted into an iaput file structure the model can use. Depending on the 

c^)abilities of the GIS and the model, the GIS can be used to spatially display output 

information. This can be accomplished by either using GIS tools to build output map 

layers or by viewing text or graphical (line) outputs. 

Several hydrologic models have been successfully linked to GIS. Sasowsky and 

Gardner (1991) linked the Simulation of Production and Utilization of Rangelands 

(SPUR) model to a GIS to develop input parameters for the model. Rewerts and Engel 

(1991) linked the ANSWERS model to a GIS for the development of input structures. 

Srinivasan (1992) developed a link with the AGNPS model to a GIS not only for 
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development of input structures, but also to visualize raster m^s generated by the GIS 

based on AGNPS ou^ut 

Arnold (1992) developed a linkage for the SWAT hydrologic model similar to the 

AGNPS inter&ce developed by Srinivasan (1992). The SWAT linkage also incorporates 

advanced visualization tools capable of statistical analysis of output data. 

Findii  ̂from the studies to Hnlc GIS with hydrologic models are in general 

agreement that this type of methodology has promising applications for use in water 

resources planning and management The GIS linkage allows modelers to assess regional 

or even continental scale processes whose hydrology has not previously been modeled. 

Using GIS as a front-end preprocessor has advantage in linking several types of models, 

such as surface water, hydrogeologic, and atmospheric models to a common environment. 

During the past several decades, federal and state agencies charged with water 

quality protection have attented to address the problem of nonpoint-source pollution by 

establishing the relationship between land management practices and environmental and 

water quality degradation. Efforts have been directed at mitigating adverse agricultural 

impacts by (1) expanding the understanding of the processes that influence surface 

hydrology and the fate of chemicals in the environment, (2) establishing methods and 

developing tools for evaluating the extent and nature of agricultural pollution of water 

resources, and (3) translating the knowledge into improved land management practices 

and sustainable agricultural production systems. However, some of these efforts require 

long-tenn demonstration projects and expensive on-site measurements and monitoring. 
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Because of these issues, computer models for nonpoint-source pollution control are being 

relied on more frequently to provide guidelines in developing strategies for alternative 

agricultural management 

In recent years, computer modelii  ̂has gained widespread acceptance as a cost-

effective tool for developing agricultural man^ement practices that protect water quality. 

Numerous lumped and distributed parameter models, including CREAMS (Knisel, 1980), 

ANSWERS (Beasley and Huggins, 1982), AGNPS (Young, et al., 1987), and SWRRB-

WQ (Arnold, et al., 1990), have been developed to predict the impact of agriculture on 

the quali  ̂of surface water. Models are powerful tools in determining the probable 

impacts of alternative management strategies and &tming systems on water quality. 

However several limitations in their use and the potential for misuse must be recognized. 

A major limitation in the use of hydrological models has been their inability to 

handle the large amounts of input data that describe the heterogeneities of natural 

systems. For a long time, researchers have recognized that the spatio-temporal variability 

in landscape characteristics including soils, land use, topogr^hy, and climate, affects the 

hydrological response of the physical system and severely limits the applicabili  ̂of 

models. The extreme complexity of manipulating large volumes of spatial and nonspatial 

(or attribute) mput data, for example, severely limits the use of distributed hydrological 

models. A recent and emerging technology represented by geographic information 

systems (GIS) provides the tools to generate, manipulate, and spatially organize disparate 

data for distributed modeling. In GIS, the successive analysis of spatial data can partition 
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large heterogeneous areas into small hydrologically homogeneoiis units iqmn which a 

model can be ̂ plied. 

During the last decade, interest in modeling the movement of nonpoint-source 

pollutants in complex landscapes, and the potential that GIS offer for managing spatially 

disparate enviromnental data have been growing. Applications of GIS include work in 

soils erosion modeling (De Rxx> et al., 1989) evaluation of change in water quality fix>m 

land use management activities (Hopkins and Clausen, 1985; Walsh, 1985); surface 

runoff modeling (Vieux, 1988; Stube and Johnson, 1990); and groundwater flow 

modeling (Hammock and Lorenz, 1992). However, in most of these applications, the GIS 

was utilized to estimated model input parameters. Needham and Vieux (1989) exanuned 

the application of ARC/INFO GIS to generate spatial input data for the AGNPS model. 

Using a GIS, Van Blargan et al. (1990) generated data for a hydrologic model. Moore et 

al. (1988) utilized ARC/INFO to provide topographic attributes for modeling hydrology 

and water quality in a watershed. Wolfe and Neale (1988) used a raster GIS (GRASS) to 

provide limited data input to a finite-element hydrologic model. Using the analytical 

c^)abilities of GRASS, the overlaid map layers for soils and land use to delineate 

hydrologically homogeneous areas having unique parameters. Oliveri et al. (1991) 

developed a method for automated generation of input data for the AGNPS model using 

ERDAS GIS software. 

Geographic information systems have been inter&ced or integrated with 

simulation models in several recent studies. Srinivasan and Engel (1991) developed an 
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inter&ce between GRASS CIS and ANSWERS to assist with inputting and interpreting 

model ou^ut Blaszczynki (1992) integrated the revised universal soil loss equation 

(RUSLE) with GIS to evaluate the environmental impacts of soil erosioiL De Berry 

(1991) linked a rainMl runoff model with ARC/INFO to determine runoff volxmies in a 

watershed. Hession et al. (1989) linked the Virginia GIS (VirGIS) with AGNPS model to 

evaluate the effectiveness of alternative cropland management strategies in reducing 

nonpoint-source pollution to the Chesapeake Bay. Tim et al. (1992a, b) integrated two 

simplified pollutant export models with VirGIS to estimate soil erosion, sediment yield, 

and phosphorus loading from the Nomini Creek watershed in Westmoreland County, 

Virginia. 

2.4 Spatial Resolution and Hydrologic Modeling 

The resolution of data used to develop ii^ut parameters is an important factor in 

the hydrologic response of a watershed model (Arnold, 1992; Wolock and Price, 1994; 

and Wood et al., 1988). It is the resolution of the data used in determining watershed 

characteristics that ultimately results in the accuracy of a hydrologic model. For 

example, basin topography has been shown to affect runoff flow paths (Tachikawa et al., 

1994). The spatial distribution of soil types and land use within a basin also affects 

runoff response (Srinivasan, 1992). 

As hydrologic modeling activities focus on larger and more complex watersheds, 

new technologies have evolved to assist with the development of input data. These 
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methods range from manual input from generalized databases (Arnold and Sammons, 

1988) to the linkage of advanced Geographic Information Systems (GIS) with hydrologic 

models to develop complex iiq)ut structures fix>m raster, or grid, based map layers 

(Arnold, 1992; Wolock and Price, 1994; Rewerts and Engel, 1991). 

It is within the framework of GIS that the issue of the scale and grid cell 

resolution of the series of map layers (mapsets) used to develop hydrologic model inputs 

becomes important (Mas and Miller, 1994; Wolock and Price, 1994; Wood et al., 1988). 

Grid cell resolution of raster map layers and subsequent cell attributes must 

accurately represent the actual conditions for the study site in order for a model to 

produce reasonable resiilts (Martinec and Rango, 1989). Because watershed size has a 

bearing on the necessary accuracy of input data, the accuracy of model output varies with 

m^set scale. 

Two of the most common mapset scales used in developing information for use as 

input information, either by hand or in a GIS, are 1:24,000 and 1:250,000. The scales 

correspond to two scales published by the United States Geological Survey (USGS) for 

7.5 minute quadrangle mq)s and 1x2 degree m^s. In using these two different scales of 

maps  ̂accuracy of a watershed model's output depends not only on the size of the 

watershed, but also on the inherent scalar error of the map used. This is because coarse 

data may not give accurate representation of actual basin characteristics. 

^^thin the context of GIS, common mapset scales of 1:24,000 and 1:250,000 are 

available in digital format, with the latter being more widely available. Large scale 
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modeling activities, such as those utilized in national-scale projects, have used the 

1:250,000 scale map layer data to develop input structures (Rosenthal et al., 1993). Since 

1:24,000 data is not widely available, it has mainly been used for smaller scale modeling 

efforts ranging from field scale up to watersheds having an area of200 km  ̂or less 

(Srinivasan, 1992; Srinivasan and Engel, 1991). The question that should be answered 

when conducting hydrologic modeling activities in a GIS environment is: what are the 

effects on hydrologic model accuracy when iising difTerent scale mapsets to develop iiq)ut 

data?. 

2.5 Scaling and its effects 

Song and James (1992) reviewed five scales used in hydrologic simulation: 1) 

laboratory scale, 2) hillslope scale, 3) watershed scale, 4) basin scale, and 5) continental 

and global scale. The laboratory-scale models use hydrodynamics equations and are often 

one-dimensional. The hillslope-scale models combine surface and subsurface flow, may 

include preferential flow through soils pores, and may be two-dimensional or even three 

dimensional. The watershed scale models add topography in simulation of sur^e runoff 

and geology in simulation of baseflow, and often divide larger watersheds into smaller 

homogeneous parts. Basin-scale models employ storage and translatory routing schemes 

in combining watershed runoff. Continental and global-scale models focus on 

atmospheric processes and their interaction with land-sur&ce processes. 

Scaling and its effects are tied to heterogeneity. At a smaller scale, heterogeneity 
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is small and it is large at larger scale. Clearly, it is the greatest at the continental or global 

scale and the smallest at the laboratory scale. This heterogeneity can be traced to three 

sources. First, weather, climate, topography, soils and geology are the principal sources 

of heterogeneities. The hydrological response of a watershed is governed by local 

combination of these factors. Second, the discontinuities or boundaries separating soil 

Qrpes, geologic formations, or land covers induce heterogeneities. Hydrologic 

heterogeneity is further accentuated by the differences in the &ctors that control 

hydrologic processes of rain&ll, interception, evs^ration, infiltration, baseflow and 

runoff. These factors may include physical properties such as trees, ridges in the ground 

surface, geometry of the soil layers, and so OIL 

The hydrologic models use parameters to represent watersheds as a whole, 

v^ereas Hata on watershed characteristics are collected at a number of field locations and 

are difficult to transform into a collective measure. The question then arises as to the 

scale that is best suited for hydrologic simulation. As the spatial scale changes from small 

area to a large area, the watershed response becomes less sensitive to spatial variations of 

input as well as system characteristics. On the other hand, greater heterogeneity suggests 

smaller optimal scales. This spatial extent, however, is constrained by the differences in 

physical, vegetative, and topographic features that can cause the pattern of hydrologic 

response to vary. This, then, leads to defining a scale as the size of a unit or a 

subwatershed within v^ch the hydrologic response can be treated as homogeneous. This 

scale must not be too <nnall to be dominated by local physical features, nor so large as to 
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ignore significant hydroiogic heterogeneity caused by spatial variabilities of watershed 

characteristics. The optical scale in a watershed is determined by the collective woridng 

of multiple processes that generate hydroiogic response and the availability of hydroiogic 

data (Singh, 1995). 

2.6 Influence of Watershed Segmentation 

Spatial Discretization of watersheds is required for modeling their runoff 

response. The accuracy of modeled response is sensitive to spatial and temporal sizes of 

descretization. There are two commonly used methods of subdividing a watershed: (1) 

subwatershed method, and (2) grid method. In the subarea method, the watershed is 

partitioned in subareas of unifoim properties ̂ ^ch are connected to the drainage network 

represented by channel elements. In the grid method, the watershed is segmented into 

square elements of constant sizes leading to a square grid mesh. Depending in its 

location, each element is either an overland element or a channel element The spatial size 

is distinguished as physical spatial scale and the computational spatial size. The spatial 

discretization size to be selected must meet two conditions. First, it must adequately 

represent the physical areal variabilities of rain&ll, soil type, and land-use condition of 

the watershed. Second, it must lead to niunericaUy satis&ctoiy computations (Srinivasan 

and Arnold, 1993). 

The minimum level of physical spatial scale to be used in hydroiogic modeling 

that woiild adequately represent the spatial heterogeneity of a watershed has been the 
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subject of considerable interest Bathurst (1986) suggested dividing the watershed into 

elements no longer than 1% of the total area to ensure that each element was more or less 

homogeneous. 

Bathurst (1986) undertook a sensitivity analysis of the SHE model for an upland 

watershed, with the objective of defining the accuracy with which the various parameters 

must be evaluated and calibrated. The Watershed was 10.55 km  ̂in area, was represented 

on a 17 X 20 arcay of squares, each square having a dimensions of250 X 250 m\ and 169 

of the squares were actually within the watershed boundary. Grid spacing and time step 

were the two most important structural parameters. These should be small in comparison 

with the scale of the spatial and temporal variations which they are employed to 

represent The grid square area should no exceed 1% of the total watershed area. 

Tao and Kouwen (1989) examined whether the spatial resolution of a watershed 

would have a significant effect on the results from a distributed-system model. For two 

grid sizes, 5 km X 5 km, and 10 km X 10 km, on the 3.52 km  ̂Grand River Watershed in 

Southwestern Ontario, Canada, containing four reservoirs. They concluded that the two 

grid sizes had no significant effect on the model results. 

Pierson et al., (1994) investigated the use of a sur&ce soil classification scheme 

to partition the spatial variability in hydrologic and interrill erosion processes an a 

sagebrush plant community. They found four microstates to exist within the sagebrush 

coppice-dune dxme-interspace complex. The microstates explained the majority of 

variability in hydrologic and interrill erosion response found in the site. The variability 
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resulted fiom spatial pattern of surface soil and vegetation properties >^ch were 

continuous across the landsc .̂ The microstates were easily discernible based on readily 

observable soil and vegetation characteristics (shrub cover, ground cover, and soil 

crusting). The variability with each microstate was quite low, making each microstate 

more or less homogeneous. 

The effect of watershed subdivision (or discretization) on prediction accuracy of 

hydrologic models on 12 watersheds were evaluated by Hromadka et al. (1988). They 

used a simple model based on the unit hydrograph method. The watersheds were 

descretized into several subarea schematics linked together by channel routing elements. 

Three levels of descretization were considered: 3, 9, and 18 subareas. The variance of the 

model-simulated discharge Var(Q) decreased significantly with level of discretization 

when parallel routing was used, but this decrease reflected a departure of the model 

results firom the true watershed behavior. A discretized model was foimd equivalent to a 

simple one-siibarea model and the simple model incliided the variation of effective 

rainfall over the watershed which was not included in the discretized model. 

Zhang and Montgomery (1994) examined the effect of digital elevation model 

(DEM) grid size on the portrayal of the land surface and hydrologic simulations on two 

small watersheds the westem United States. Elevation data were gridded at 2,4,10,30 , 

and 90 m scales. They found that the grid size of the DEM significantly affected both the 

representation of the land sur&ce and hydrologic simulation. A grid size smaller than the 

hillslope length was necessary to adeqiiately simulate processes controlled by land form. 
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A 10-m grid size was proposed as a reasonable compromise between increasing spatial 

resolution and data hanHling requirement for modeling land surface processes. Although 

chamiel flow dominates hydrograph characteristics for large watersheds, grid size 

influences physically based models of runoff generation and surface processes. 

Using TOPMODEL (Beven and Kirkby, 1979) on the 111.5 km2 Sleepers River 

Research Watershed in Vermont, Wolock (1995) evaluated the effects of subbasin size on 

topographic characteristics and simulated flow paths. He found that a subwatershed 

should have an area at least 5 km  ̂before it is likely to be representative of larger 

watersheds along the same stream in terms of the topogr^hic characteristics and 

simulated flow paths. The percentage of overland flow in total streamflow was highly 

variable for subbasins smaller than 5 km  ̂but was nearly constant for subwatersheds 

grater than 5 km  ̂There were predictable differences between 1 and 5 km  ̂subwatersheds 

along the same stream but differences between a subwatershed smaller than 1 and 

one that is 5 in size are unpredictable. Wolock (1995) suggested caution should be 

exercised when extrapolating from small Qess than 1 km^) intensively instrumented 

research watersheds to larger watersheds. 

Willgoose and Kuczera (1995) used a subgrid approximation to provide an 

effective parameterization of the processes that occur on scales smaller than those that 

can be modeled. They examined different effective parameterizations, the data required 

to identify the correct parameterization, and the implication of not being able to identify 

all of the parameters on the scale dependence of flood hydrology, using data from small-
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scale plot experiments (lOOm  ̂and large-scale watersheds (1 km .̂ While infiltration 

parameters can be adequately calibrated fix}m small-scale plots, the kinematic wave 

parameters cannot. The kinematic wave parameters are highly correlated v^en estimated 

fix>m small-scale data and caimot therefore be extrapolated to larger watersheds. 

2.7 Influence of Watershed Characteristics 

Watershed characteristics are both spatially and temprorally variable. For 

example, topography varies from one location to another and topographic variability 

affects the apparent slope and flow path length. Current digital and terrain elevation 

models (DEM and DTM) are frequently employed to octract topographic feature for 

hydrologic modeling. Vieux (1993)investigated the DEM aggregation and smoothing 

effects on surface runofif modeling. Errors are propagated in surface runoff simulations if 

apparent slope is flattened or the flow path length is shortened. Quin et al. (1991) found 

that a large grid cell resolution than a 5-m grid cell resolution had a significant effect of 

soil moisture modeling. According to Tarboton et al. (1991), drainage network density 

and configuration are highly dependent on smoothing of elevations during the pit-

removal stage of network extraction. Low rainfall intensities proportionally produce 

larger errors than higher intensities for an extracted network. 

Seyfiied and Wilcox (1995) analyzed, using five field examples, how the nature 

of spatial variability affects hydrologic response over a range of scales: (1) infiltration 

and surface runoff affected by shrub canopy, (2) groundwater recharge affected by soil 
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depth, (3) groundwater recharge and streamflow affected by small-scale topogrs^hy, (4) 

&ozen soil runoff affected by elevation, and (50 snow&ll distribution affected by large-

scale topography. Depending on the scale of modeling, the sources of variability may be 

stochastic or deterministic and both stochastic and detenninistic variability can have a 

large impact on hydrologic response. Thus, it is not physically possible to characterize 

watersheds in terms of a single deterministic length scale independent of scale and 

watershed characteristics. The deterministic length is a result of the scale of interactions 

due to the sources of deterministic variability (e.g., shrubs, rock outcrops, snow drifs, 

etc.). If the model scale is within this length scale, then site-specific parameterization is 

required, for hydrologic response is sensitive to the spatial variability of site-specific 

characteristics. At large scales, stochastic or homogeneous ̂ jproaches may su£5ce 

because small-scale variations are smoothed out Thus, physically based models should 

include ail sources of variability and use nonspatial data to characterize variability at 

scales smaller than deterministic length scale. The models should also reflect larger scale 

variability A^ch generally has greater effect, and they along with measurements grids 

should be consistent with the nature of variability. 

2.8 Distributed Basin Scale Models 

Basin scale models have been limited by 1) the time and the expense in obtaining 

input data and 2) intense computational requirements. Consequently, a trade-off has 

occurred between spatial and temporal resolution. Distributed parameter models allow the 



basin to be subdivided into small grid cells. Because of the extreme spatial complexity, 

these models have until now been limited to single storm events. On the other hand, 

continuous time models have not allowed the basin to be subdivided as finely and some 

lumping of inputs is generally required. Advances in computer speed and memory size, 

combined with spatial data handling systems, such as Geographic Information Systems 

(GIS), may overcome these limitations. Table 2.1 shows a comparison of attributes of 

several basin scale models. 



Table 2.1. Comparison of Non-Uri>an Model Attributes (After Donigian 
andHnber, 1990). 

Attribute CREAMS HSPF WEPP SWRBB 

Sponsoring Agency USDA EPA USDA USDA 

Simulation Type C,SE C,SE C,SE C 

Rainfall/Rimnff 
Analysis 

Y Y Y Y 

Erosion Modeling Y Y Y Y 

Pesticides Y Y N Y 

Nutrients Y Y N Y 

Soil Processes 
Pesticides 
Nutrients 

Y 
Y 

Y 
Y 

N 
N 

Y 
Y 

Multiple land Type 
C^)ability 

N Y Y Y 

Instream Water 
Quality Simulation 

N Y N N 

Data and Personnel 
Requirements 

M H H M 

Overall Model 
Complexity 

H M H M/H 

Y= yes, N= no, M= moderate, H= high, C= continiious, SE= stonn event 
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2.9 Continuous Time Models 

2.9.1 HSPF 

The Hydrological Simulation Program -FORTRAN (HSPF) (Johanson et al., 1984) 

simulates watershed hydrology and water qiiality for both conventional and toxic organic 

pollutants. Donigian and Huber (1990) provide an excellent review of the history and 

capabilities of HSPF. HSPF is the only watershed model that allows the integrated 

simulation of contaminant runoff processes with instream hydraulic, water temperature, 

sediment transport, nutrient, and chenucal interactions. The instream nutrient processes 

include DO, BOD, nitrogen and phosphorus reactions, pH, phytoplankton, zooplankton, 

and benthic algae. The organic chemical transfer and reaction processes include 

hydrolysis, oxidation, photolysis, biodegradation, volatilization, and sorption. Data 

requirements for HSPF are extensive (Donigian and Huber, 1990). HSPF is a continuous 

simulation model and requires continuous data (generally hourly rainfall is required) to 

drive the simulations. The watershed is divided into land segments and stream channel 

segments. HSPF has been applied to the 68,000 square mile watershed draining into 

Chesapeake Bay. Although the watershed can be subdivided, the land segments are 

normally large enough to require considerable lumping of inputs. 

2.9.2 WEPP 

New generation erosion prediction technology was developed by the USDA -

Water Erosion Prediction Project (WEPP) (Foster and Lane, 1987; Lane and Nearing, 
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1989). The new technology will eventually be used by the USDA- Natural Resources 

Conservation Service, USDA-Forest Service, USDA-Bureau of Land Management, and 

other organizations involved in soil and water conservation and environmental planning 

and assessment WEPP is based on modem hydrologic and erosion science and is process 

oriented and, conceptually, a significant improvement over the Universal Soil Loss 

Equation (USLE). The WEPP effort produced models based on the fimdamental erosion 

processes of interrill erosion (detachment by raindrop impact and lateral transport by the 

flow); rill and concentrated flow erosion (detachment by flow); sediment transport by 

flow; deposition by flow; deposition in impoundments; and concentrated flow hydraulics. 

The models contain major modules for climate generation, snow accimiulation, 

snow melt, infiltration, runoff soil temperature, erosion, soil moisture, crop growth, plant 

residue, and tillage. Soil properties play an important role in all modules except the 

climate module. 

The hillslope version estimates soil detachment and deposition along complex 

landscapes profiles from sheet and rill erosion. The WEPP hillslope version is ejqpected 

to eventually replace the USLE. The watershed version uses a representative watershed 

within a field for erosion estimatioiL Several representative landscape profiles and 

concentrated flow paths are used. 

The grid version will estimate erosion and deposition for all areas of a field and 

along all concentrated flow paths and sediment yield from all discharge points from the 

field. The grid cells allow regularly or irregularly shaped fields with boundaries than may 
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or may not coincide with watershed boundaries to be modeled. The watershed and grid 

versions use the hillslope version to estimate subwatershed and cell contribution and 

route the sediment with CREAMS sediment routing (Foster et al., 1981). 

The various cases that the three versions of the WEPP models cover are discussed 

by Foster and Lane (1987). The erosion prediction procedures developed will applied 

to"field sized" areas. The actual size of a particular area that can be modeled as a field 

will depend on the variation and complexi  ̂of the area. The mayimiim field size is 

expected to be approximately 640 acres for most cases. The models do not ciirrently 

consider nutrient and pesticide movement 

2.9.3 SWRRB 

The Simulator for Water Resources in Rural Basins (SWRRB) model was 

developed to predict the effects of land management practices on water and sediment 

yields for large, ungauged, rural basins (Arnold et al., 1990; Williams et al., 1985). 

SWRRB was developed by modifying the CREAMS daily rainfall model (Knisel, 1980) 

for large, complex basins. Major additions to the CREAMS models include allowing 

simultaneous computations for several subwatersheds within a large basin and adding 

components to qmiilatft weather, return flow, pond and reservoir storage, crop growth, 

transmission losses, groundwater, and sediment routing. SWRRB operates on a daily time 

step and is capable of simulations up to 100 years or more. 
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Being a continuous-time model, SWRRB can thus determine impacts of various 

land management decisions such as crop rotations, chemical applications, and planting 

and harvest dates. SWRRB allows basins to be divided according to land use, soils, and 

topography. Since SWRRB places a limit on the number of subbasins within a watershed, 

some lumping of input parameters is necessary. 

2.10 Lumping Schemes 

A common modeling discretization approach is to subdivide a watershed by 

natural subcatchments (e.g., HEC, WEPP watershed, SWRBB, SPUR, etc.) This 

preserves the natural flow paths, boundaries, and channels required for realistic of routing 

water, sediment, and chemicals. There are several strategies for parameterizing the 

subwatersheds that includes: 

- 3-D. Overlay a grid within the subwatersheds. This preserves the natural 

subwatershed boundaries while allowing for considerable spatial detail within the 

subwatersheds. This discretization scheme is possible in the ROTO framework, 

however, it may still be too complex for a continuous time model. This approach 

has the advantages of both schemes (Srinivasan and Arnold, 1993). 

- 2-D. Each subwatershed be simulated by a representative hillslope. This is the 

approach taken in the WEPP watershed version with each subwatershed 

consisting of a WEPP hillslope run (Lane and Nearing, 1989). 

- Multiple 1-D. Subdivide within the subwatershed by soils and land use. 
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Maidment (1991) refers to these subdivisions as hydrologic response unit (HRU). 

There is no routing and subwatershed outputs are obtained by taking the weighted 

average of the HRU's within the subwatershed. 

- 1-D. Use a siogle soil, land use, curve number, etc. for each subwatershed. The 

inputs can be area weighted or dominant values. 

2.11 Impact of Lumping and Discretization 

Deer-Ascough et al. (1991) showed the hydrologic impact of lumping soils using 

a simulation model. They siq)plied five levels of soils input to the SWRBB model for a 

small watershed near West Lafayette, Indiana. The 329 ha watershed is located at Purdue 

University's Indian pine Natural resources Field station and is referred to as the Animal 

Science watershed. The scenarios ranged from using the percentages of the nine soils 

series found in the watershed to using the dominant soil. Model result for the five 

simulations are shown in Table 2.2. 

Table IJ.. Hydrologic Impact of Lamping Soils (after Deer-Ascough et aL 1991) 

Number of Soils in Sur&ce Runoff Subsurface Total Flow 
Simulation (mm) (mm) (mm) 

1 112.3 9.3 121-6 
2 100.9 8.8 109.7 
3 94.8 8.8 103.6 
5 82.9 8.1 91.0 
9 922 9.2 101.4 
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The modelii  ̂analysis showed that using the dominant soil represent the entire 

watershed produces runoff estimates the overestimated flow by twenty percent This may 

be even more significant since the Animal Science watershed is relatively sinall (329 ha) 

and the soils are relatively homogeneous (all soils are in the B or C hydrologic soils 

group). 

Srinivasan (1992) studied the impact of varying grid cell sizes with the AGNPS 

simulation model. AGNPS simulations were developed for the Animal Science watershed 

near Purdue University. Cell sizes were varied and the impact on AGNPS ou^ut for 

runoff, sediment, and nitrogen was determined. Table 2.3 gives results from the study for 

erosion estimates. 

Table 23. Effects of cell resolntion on erosion estimates for Animal Science 
Watershed for original elevation layer (Srinivasan, 1992). 

Cell Resolution 
(meters) 

Sediment Delivered 
to the Outlet 

(tons) 

Average Overland 
Erosion 
(tons/ac) 

Average overland 
Deposition 
(tons/ac) 

40 47.6 0.398 0.365 
60 46.1 0.394 0.358 
80 44.7 0.384 0.350 
100 46.0 0.395 0.350 
125 49.7 0.298 0.364 
200 47.0 0.362 0.315 
283 31.4 0.360 0.322 
400 38.7 0.312 0.262 

Duchon et al. (1992) made an initial attempt to determine the effect of lumping 

inputs using a modeling approach. They siq)plied input data to SWRBB with Landsat and 
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GEOS satellite data for a 538 square km watershed at Chickasha, Oklahoma. They 

divided the basin in two ways: (1) into four subwatersheds based on topographic 

boundaries and (2) by land cover without regard for spatial positioning. They concluded 

that basin subdivision by land cover derived &om Landsat provides better model 

parameterization than subdivision by topographic boundaries. SWKBB simulation results 

showed that using the most common land cover to represent an entire basin can have 

large impacts on the hydrologic budget. Using the dominant soil (7% of the basin) to 

represent the entire basin can result in monthly differences in ET, percolation, and soil 

water of more than 50 mm. They also found that using average soil properties for the 

entire basin instead of subbasin averages had a relatively small effect on the hydrologic 

balance. 

Sasowsky and Gardner (1991) attempted to propose optimimi watershed 

configuration for runoff prediction. The watershed is a 23 square km near Tombstone, 

Arizona. SPUR was parameterized using three different configurations shown in Table 

2.4. 

Table 2.4. Watershed configunition for SPUR variability analysis. 

Nimiber Shreve Order Channel Segments Contributing 
Areas 

1 >2nd 28 66 
2 >4th 15 37 
3 >13th 1 3 
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The authors found that there was a limit to improvemrait with decreasing area 

sizes and that the 4th order configuration dis as well as the 2nd. The analysis is somewhat 

con&sing since they used different curve ninnbers (they did not mention how the y lump 

the curve numbers) and different parameters for channel abstractions depending on the 

configuratioiL Since there was a limit to model accuracy as the size of the subcatchment 

decreased, this enforced the authors notion of a representative elementary area (REA). 

2.12 Representative Elementary Area rREAt 

The concept of the REA was developed by Wood et al. (1988). The REA is 

defined as a critical size of a watershed in which implicit continuum assumptions can be 

used without knowledge of patterns of parameter values. Wood et al. (1988) describe it in 

the following way. 

"Differences in actual patterns of variability between area at the small scale (10-100 ha) 

will produce different responses, even if the underlying distributions are identical. Actual 

variabilities within the area represent different realizations fiom these distributions. As 

scale increases, more and more of the variability in the distributions is sampled within 

each area, until eventually at some large scale, all areas will yield almost identical 

responses for the case of stationary distributions". 

To prove their theory. Wood et al. (1988) took a 17 square km catchment and 

subcatchments for four levels of disaggregation (87,39,19, and 3 subcatchments 148 

total). Runoff was simulated using TOPMODEL A^ch subdivided the catchment into 30 



m grid cells. Runoff for each subcatchment was estimated by summing the runoff fix>m 

the cells within it (no channel gains or losses). Model outputs fix>m all 148 subcatchments 

were arranged in ascending order based on size. A moving average is obtained using a 

window of 15 subcatchments, moving in increments of 5. Moving averages of runoff and 

infiltration are plotted against the average catchment size within the window. Plots of 

cumulative runoff '*level of" at about 1.0 square km suggesting that this is the REA size. 

The concept of a REA seems to appeal to many researchers. The research has 

focused on runoff only and watersheds with homogeneous land use. Land use is a more 

discrete continuum than soils and lumping can cause greater problems. Also, Wood et al. 

(1988) simply sums nmoff from cells without channel gains or abstractions. This 

assumption may be valid for runoff however for sediment and associated pollutants, 

delivery ratios normally decrease with increasing area, and summing up cell results may 

be very misleadii .̂ Cxirrent literature on lumping and spatial scale (Wood et al., 1988; 

Duchon et al., 1992; Sasowsky and Gardner, 1991) assume homogeneous land use and 

management with spatially varying topography, soils, and rainfall. Current literature only 

attempts to determine the impact of spatially variability on runoff and infiltration while 

water quality has been ignored. In many cases, sediment, nutrients, and pesticides are 

more sensitive to land iise variability than runoff. 

For catchment greater that the REA, it is not necessary to explicitly represent the 

internal pattern of hydrological behavior. When the hydrological model is being used to 

drive a model upland erosion, knowledge of these patterns is crucial to the representation 
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of the erosion process. A distribution function ̂ )proach enables the sur&ce runoff 

hydiograph to be represented but does not indicate the areas fiom which the runoff is 

produced. 

It should be noted that the scale at which the continuum assumption is valid 

becomes a fimction of the dominant hydrological processes operating in the catchment 

and the type of output information required by the user. If the user is interested only in 

catchment outflow, rather than inland erosion, large elements might be used but in this 

case it is likely that much simpler models would be more appropriate (Baven, 1989). 

Hence, if the potential of physically base distributed parameter models is to be realized, 

the element size would need to be small enough for valid plication of the continuum 

assumption for the process of interest. 
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CHAPTERS 

HYDROLOGY MODEL DESCRIPTION 

3.1 rnfrodiiction 

The need for water resources are becoming more criticai in the Southwestem 

United States and Northern Mexico as increasing urban and expanding industry and 

agriculture demands put more pressure on existing water supplies. Flood prevention and 

control and sedimentation problems add to the need for development of practical 

^jproaches to the problems of water yield, flood frequency analysis, sediment yield, and 

channel stability. 

Solutions to each of these problems require the development of practical methods 

to predict runoff rates and amounts from semiarid watersheds. The ARDBSN simulation 

model presented herein represents one of these methods. ARDBSN was developed by 

Lane (1982) and is intended for education on small semiarid watersheds up to a few 

tens of square kilometers in size wh  ̂channels are ephemeral and transmission losses 

occur. 

3.2 Model Computational Structure 

The computational structure of the model follows the channel network from 

iq}land areas to the watershed outlet Each primary channel can receive input from any 

combination of an upland and two lateral flow areas (Figure 3.1). Secondary channels 

receive input &om one or two upstream channels and one or two laterals flow areas. 
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Each iq)land and lateral flow area can receive a different rainfall input and can have 

different infiltration parameters. Thus, the model is distributed in that a watershed is 

represented by discrete iq)land lateral flow areas. 

Each channel segment is described by its contributing area above the point of 

interest, the lei^th of the segment, the average width of channel segment, the effective 

hydraulic conductivity of the channel bed material, its iq)stream contributing area, and its 

lateral contributing areas. Outflow from a channel segment becomes input to a 

downstream segment until the watershed outlet is reached. Transmission losses for each 

channel segment are accumulated to produce a total transmission loss for the basin. A 

surface water balance is computed by accounting for rainfall, infiltration on the upland 

lateral flow areas, transmission losses, and runoff for the entire basin. 

Upland 

Lateral 

Lateral 

Upland 
Lateral 

• Raingage 

Figure 3.1 Demonstration of contributing areas and channels segments used to 
represent watershed 11. 
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3.3 Upland Component. 

The objectives of the upland phase of the hydrology model are 1) to predict 

chaises in water quantity and quali  ̂resulting firom management changes; 2) to be 

physically based, so that model parameters can be evaluated from available data for 

ungaged areas; 3) to have sufficient detail to allow simulation on subdivided watersheds 

to coincide more or less with ranch and pasture boundaries; 4) to be computationally 

efScient to enable long-term simulation for frequency analysis; and 5) to be used for 

environmental impact analysis, nonpoint pollution assessment, and other types of 

resources utilization and environmental-protection-problem solutions (Renard, et al., 

1987). 

3.3.1 Water Balance 

SW = SW^ + P - Q - ET - PL - QR (3.1) 

The ARDBSN model maintains a continuous water balance on a daily 

computational basis using the equation: 

here S W is the current soil water content, SWq initial soil water content, and P, Q, ET, 

PL, and QR are respectively the daily precipitation, runoff ev^x)transpiration. 
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percolation, and return flow for a basin and subbasins; all units are in inches. 

In maintaining the continuous water balance, complex watersheds are subdivided 

to reflect such diverse Actors as different vegetation or soils, topogn^hy, and stream 

morphology. In other words, runoff is computed for each subarea, and the water is routed 

to the outlet of the basin to obtain the total runoff. 

3.3.2 Runoff 

The curve number method, is iised to compute surface runoff on a daily basis 

from: 

Q = (3.2) 
P + S - I tl 

where Q is daily surface runoff (in), P is daily rainfall (in), la is the initial abstraction 

(in) value, and S is the retention parameter (in). The maximum value, S„  ̂for the 

retention parameter, S, is computed with the following SCS curve number relationship 

(USDA 1972): 

1000 5  ̂ = - 10 
CNj  

(3.3) 



i^ere CNi is the diy-antecedent-moisture-conditioa curve number. The traditional three 

antecedent moisture levels ̂  -dry, n - normal. III - wet), as used by the Soil Conservation 

Service (SCS), has been modified in the model by allowing soil moisture to be updated 

daily and by computing daily curve numbers based on soil water storage, rather than 

using the three curve nimibers associated with their moisture classes. Thus, each day as a 

curve nimiber O^^lliams and LaSeur, 1976), and the soil moisture changes between 

runoff events with estimates of evapotranspiration and percolation using routines very 

•Similar to those used in the SWRRB model (Williams et al., 1985). The soil retention 

parameter is computed daily as a weighted average of the unused storage in the various 

soil layers scale fix>m zero to S ,̂ as : 

where n is the number of soil layers, S  ̂is the current water storage (in/in) in layer I, and 

W; is the weighting factor. The weighting factors decrease exponentially to give greater 

dependence of S on the upper soil layers as: 

5 = (w, 
UL. - SW, 

) (3.4) 

(3.5) 

where dj is the ratio between the depth to bottom of layer I and the depth to bottom of the 

last layer, and a is a constant adjusted so = 1. 
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333 Peak Flow Calculations 

Peak discharge for daily runoff evCTts is calculated n-«ring the following 

relationships; 

(3-6) 

where Qp is the peak flow rate (in/h), Q is the daily runoff voliime (in), and C5 is a 

constant Runoff duration (D is in h) is obtained from: 

where A is the watershed area (acres), and C, and C2 are constants. 

3.3.4 Percolation 

The percolation component of ARDBSN uses a storage routing model combined 

with a crack-flow model to predict flow through the root zone. Water moving below the 

root zone becomes ground water, or appears as return flow that is routed into the chaimel 

network. 

The stor^e routing model uses an exponential function with the percolation 

computed by the subtracting the soil water in excess of field capaci  ̂at the end of the day 

fiom that at the beginning of the day, as: 

D = C, A (3.7) 

P L J ^  =  ( S W .  -  F C )  (1 - e ^') > FC. (3-8) 
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\^ere PLl, is the amount of percolate (in), SW; is the soil water content at the beginning 

of the day for layer I (in). At is the time interval (24 h), Tj is the travel time throiigh a 

particular layer (h), FCj is the field capacity water content for layer I, (in), and I is the soil 

layer number increasing with depth. 

The crack-flow routine is used in the model to allow percolation or infiltrated 

precipitation, even though the soil water content may be less than field capacity. Given a 

dry soil with cracks, infiltration can move through the cracks of a layer without becoming 

part of the soil water in the layer, ̂ ^^e the portion that becomes part of the layer's stored 

water cannot percolate by the stor^e-routing model until the storage exceeds field 

capacity. Crack percolation uses the equation: 

g f f T  
PL2  ̂ = PL,., (1 - (3.9) 

where dc is a soil parameter that expresses degree of cracking. Crack flow occurs only on 

day when waters enters the layer (PI;.,) and is greatest A^en the next lower layer is dry. 

3.3.5 Evapotranspiration 

The evapotranspiration (ET) component in ARDBSN is the same as the used in 

CREAMS and SWRRB and is based on work by Ritchie (1972). Potential evaporation is 
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computed with the equation: 

E 
0.0504 H A O (3.10) 

Y + A 

where is the potential evaporation (in), A is the slope of the saturation-vapor pressure 

curve at the mean air temperature, is the net solar radiations in iangleys, and y is the 

psychometric constant The model computes soil evaporation and plant transpiration 

separately; potential soil evaporation is computed with the equation: 

where £„ is the potential evaporation at the soil surface (in), LAI is the leaf area index 

defined as the area of plant leaves relative to the soil sur&ce (mVm^), and GR is the 

mulch (residue) cover factor. Actual soil evaporation is computed in two stages based on 

the soil moisture status in the upper soil profile. In stage one, soil ev^x>ration is limited 

only by the energy available at the surface and, thus, is equal to the potential. When the 

accumulated soil evaporation exceeds the first-stage upper limit, the stage-2 evaporation 

begins. The first-stage upper limit is estimated by: 

g, ^-a.ALAI 

£ = mini E GR 
SO o 

(3.11) 

U = 1.38 (a - 0.118)°"^ (3.12) 

vsiiere U is the stage-1 upper limit (in), and a is the soil evaporation parameter (in/day°^) 
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dependent on soil-water transmission ciiaracteristics. Stage-2 soil evaporation is predicted 

by: 

£, = a (f°-  ̂ - (f - (3.13) 

where E, is the soil evaporation for dat t (in), and t is the number of day since stage-2 

ev^)oration began. 

Potential transpiration (EpJ &om plants is computed with the equations: 

E LAI 
E = — Q ^ LAI ^ 3 (3.14) po 2 

Epo > 3 (3.15) 

If Epo + E, > Eo, E, is reduced so Ep  ̂+ E  ̂= Eo. Because the LAI is generally considerably 

less than three in rangeland plant commimities that ARDBSN is intended to consider, the 

first equation 3.14 above will be used most of the time. 

If soil water is limited, plant transpiration is reduced with the equation: 

Bp = BpoJW_ 
0.25 FC 

SW^ 0.25 FC (3.16) 



\«^ere: 

Ep = plant transpiration reduced by limited soil moisture (in) and 
S W= current soil water in the root zone (in). 

If SW > 0.25 (FC), Ep = Epo, and if Ep + E, exceeds available water, E, is reduced so Ep + 

E, is equal to available water. Ev^ratranspiration (ET), then, is the sum of plant 

transpiration plus soil evaporation, and cannot occeed available soil water. 

3.3.6 Distribution of ET in the soil profile 

Soil-water evaporation is remove uniformly from the soil profile down to a 

maximum depth (ESD). The variable ESD is set in the ARDBSN code. If the soil profile 

does not contain sufQcient water to meet soil-water evaporation demand, the actual 

amoimt of evaporation is reduced accordingly. Transpiration is initially distributed 

through the soil layers by the following equation: 

v = v „ e ' ' ' ' '  ( 3 . 1 7 )  

where: 

V = water-use rate by crop at depth D (in/day). 
Vo = water-use rate at the surface (in/day). 
V, = constant = 3.065, and 
D = soil depth / depth to bottom of last soil layer with roots. 

The total water use within any depth can be computed by integrating equation 

3.17. The value of vo is determined for the root depth each day, and the water use in each 

soil layer is computed with the equations: 
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V, ET 
V O 

1 - e-'-
(3.18) 

UW. = ^ (e - e (3.19) 
V, 

where: 

UWj = water use in layer I (in), and 
D i.| and D; = the fractional depths at the top and bottom of layer 1. 

When calculating actual uptake, transmission demand for a layer that cannot be satisfied 

by the available water in that layer is added to the demand of the next layer. This process 

is continued until the transpiration demand is satisfied or the bottom of the root zone is 

reached. The UWi vector contains the initial estimates of ET \^ch are to be subtracted 

firom the various soil layers. If a layer has insufficient water, the excess ET is taken out of 

the first layer containing available water and having roots present 

3.3.7 Water balance for ponds 

The ARDBSN model uses a component of SWRBB (Williams et al., 1985) that 

was designed to account for the effects of &rm/ranch ponds on water yield. The water 

balance equation is; 

VM = + QI - QO - EV - SP (3.20) 
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>^ere: 
VM = volume of water stored in pond at end of dacf (acre-ft). 
VMo= volume of water in pond at beginning of day (acre-ft). 
QI = inflow to the pond during the day (acre-ft). 
QO = outflow from the pond during the day (acre-ft). 
EV = evaporation from pond (acre-ft), and 
SP = seepage from pond (acre-ft) 

Inflow (QI), is considered to be surface runoff from the watershed area into the pond plus 

precipitation on the pond's water sur&ce. Outflow (QO) from the pond occurs from either 

an emergency spillway or a principal spillway and occurs M^en the permanent pool 

stor^e is exceeded. Evaporation from the pond is computed with the equation: 

where, a is an ev^)oration coefBcient (approx. 0.6), and SA is the sur&ce area of the 

pond (acres). Seepage from the pond is calculated by the equation: 

where, SC is the saturated-soil conductivity of the bottom (in/h). Since pond surface area 

is required for computing evaporation and seepage, a relationship between pond volume 

and surface area is necessary. Surface area can be calculated by the equation: 

EV = — CL E SA 
12 

(321) 

SP = 2 SC SA (3.22) 

VM P (3.23) 

v^ere, 6 is a parameter determiner to be 0.9, VM  ̂is the maximum pond volume (acre-



ft), and SA  ̂is the maximum pond sur&ce area (acres). 

66 

3.3.8 Sediment Yield 

Estimating soil loss from the upland areas of rangelands is difficult (Renard 1980) 

because most of the technology currently used was developed for cultivated cropland 

areas. The Modified Universal Soil Loss Equation (MUSLE) (Williams and Bemdt 1977) 

is used in the basin scale version of ARDBSN. The equation used is: 

^  =  ^ ( Q  K  C  P  L S  (3.24) 

where Y is the sediment yield firom upland area (tons/acre), is a coefGcient (0.95), Q is 

the upland runoff volume (in), Qp is the peak-flow rate (c&), K is the soil erodibility 

factor [(ton/acre) (acre/100 ft-tons) (hr/in)], C is the cover/management factor, P is the 

erosion control practice factor, and LS is the slope length and steepness &ctor. 

Determining the LS factor in this eqiiation is critical to calculating sediment yield. The 

model elements must be carefidly selected to describe prototype configuration. As the 

model is used to describe larger and larger elements, some detail is lost Thus, the way 

the LS term is evaluated may change with the size of the area to be simidated. The 

average land slope of any subarea or subwatershed can be estimated by field 

measurements or by measurements fiiom topographic map with the Grid-Contour Method 
% 

(^^^ams and Bemdt 1976). 



The LS factor is computed with the equation (Wischmeier and Smith, 1978) 

LS =  ( — ( 6 5 . 4 1  +  4 . 5 6 5  S + .065) (3^5) 
72.6 

where, A is the average slope length (ft), S corresponds to Sin 6, where 9 is the angle of slope, 

and the exponent M varies with slope and is computed in SWRRB with the equation: 

M = 0.6 [1 - exp(-35.835 S)] (3.26) 

The value of the C factor for each crop is determined finm the tables in Agricultural Handbook 

537 (Wischmeier and Smith, 1978). Values of K and P can also be obtained for each 

subwatershed using Agricultural Handbook 537 or using the conservation report of SCS for 

each State. 

3.4 Channel Component 

This component is intended for application on small rangeland watersheds, up to a 

few tens- of-square-miles, with well defined channel system. Because the sediment yield 

calculations are based on computed transport capacity, the procedures are designed to 

compute sediment transport capacity in alluvial channels with noncohesive sediments. 

Since many of the basic relationships incorporated in the model were developed using 

data &om semiarid rangelands in the Western United States, the emphasis, therefore, is on 

streamflow occurring in ephemeral stream channels as a result of rainfall events (Lane, 
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1987). The objective of the channel component is to coiq)le the hydrologic and sediment 

components to predict rates and amounts of runoff and sediment yield. 

3.4.1 Transmission Losses 

The model includes the ability  ̂of the stieamflow routing procedure to incorporate 

reductions in nmofif volume and peak rate as a result of transmission losses, and the 

ability of the hydraulic component to approximate spatially variable and unsteady flow 

through the hydrogrs^h approximation technique. 

Transmission losses are computed as a fimction of channel length, channel width, 

and hydraulic conductivity. Hydrologic variables are upstream inflow and lateral inflow 

(Lane, 1982). The outflow V(x,w) (acre-ft) from a channel element is : 

v^ere a(x,w), b(x,w), and F(x,w) are parameters of the inflow vs. outflow regression 

curve, Vop is the upstream inflow volume (acre-ft), Vlat is the lateral inflow volume (acre-

ft) and X is the channel length (mi). The regression parameters are computed as ; 

X 
(3.27) 

a ( x , w )  =  — [ 1 - 6  (x , w )  ]  
1 ^ 6  

(3.28) 
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r,  ,  V 1 -6  (x,w) 

>^ere w is the channel width (ft), and: 

b (x,w) = e (3.30) 

a = -0-00456 K D (3.31) 

and K is the effective hydraulic conductivity (in/hr), D is the mean duration of flow (hr) 

k = -1.09 In (1 - 0.00545 K ^ ) (3.32) 

6 = e (3.33) 

and V is the mean runoff volume (acre-ft). Both the mean runoff volume and mean 

duration of flow are related to watershed area as: 

D = (3.34) 
F = (3.35) 

where C„ C2, C3, and C4 are fitting parameters and A is the watershed area (mi .̂ 



70 

CHAPTER4 

WATERSHED REPRESENTATION AND DESCRIPTION 

Four small watersheds within the USDA-ARS Walnut Gulch Experimental 

Watershed (Fig 4.1) in southeastern Arizona (Renard, 1970) were selected for model 

testing. ARDBSN's model's runoff is compared to measured runoff from Lucky Hills 

watersheds 101,103, and 223, as well as watershed 11. 

4.1 Watershed Description 

The Lucky Hills watersheds are located about 3.5 kilometers north of the city of 

Tombstone on the Tombstone pediment which consist of Quaternary and Tertiary 

alluviimi (Gilluly, 1956). Pediment alluvium is composed of permeable, lensed and 

interbedded sand, gravel, conglomerate, caliche conglomerate, sUts and clay. Topogr^hy 

of the Lucky Hills watersheds is low undulating hills with slopes ranging from 3 to 15 

percent dissected by stream channels, with slopes within 1 and 3 percent 

Soils on the Lucky Hills watersheds are primarily of the Stronghold series and are 

classified as a coarse-loamy, mixed, thermic ustochreptic calciorthid. The surface horizon 

has a gravelly sandy loam texture, a bulk densi  ̂of around 1.4 g/cm  ̂and contains 

approximately 1 % organic carbon (Simanton et al., 1989). There is little profile 

development with depth in these coarse textured calcareous soils. 
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Figure 4.1. Nested ivatersheds within Walnut Gulch Experimental Watershed. 
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As mention before, one objective in this study was to test the ARDBSN model 

performance across a range of scales. Therefore, the watershed 11 was selected to 

represent the highest extreme point among the different watershed sizes used in the 

study. 

Watershed 11 is 6.25 km  ̂in sur&ce area. The elevation of this subwatershed 

range from 1426 m (4680 feet) to 1560 m (5120 feet) amsl. The subwatershed dissects a 

high foothill alluvial ̂  that fills the intermontane basin consisting of deep Tertiary and 

Quaternary sand, gravel, clay, and caliche conglomerate (Libby et al., 1970). Previous 

data shows that the alluvium is more than 366 m (1200 feet) deep in places and contains a 

large volume of groimdwater. Much of the conglomerate is extremely well cemented, 

approaching the strength and appearance of structural concrete. These conglomarates act 

as rock units and exert much structural control on surface stream channel and 

groimdwater. 

Five different soil map units are present in watershed 11. The map units most 

important and distinct are Tombstone, and Bernardino-Stronghold association with 34 

and 44% of the watershed surface area, respectively. Soil series characteristics are shown 

in Table 4.1. 

Extreme variability in amount and spatial distribution characterizes precipitation 

within this region. The mean anmial precipitation for these watersheds is 370 millimeters. 

Seventy percent of the rainMl and almost all of the runoff events are caused by brief. 



Table 4.1. Soil series characteristics found in watershed 11. Walnut Gulch Experimental Watershed. 

Characteristic Elgin Bernardino McAllister Stronghold Tombstone 

Depth Class Very deep very deep very deep very deep very deep 
Drainage well well well well excessive 

Permeability Slow mod. Slow mod. Slow mod rapid mod rapid 
Landform fan terraces fan terraces fan terraces fan terraces fan terraces 
P. Material Mixed fan mixed fan mix fan mix calcareo fan mix calcareo fan 

alluvium alluvium alluvium alluvium alluvium 

Slope range 8 to 12% 10 to 30% 3 to 8% 3 to 30% 8  t o  1 5 %  
Elevation (f) 4500-5000 4500-5200 4500-5000 4500-5200 4200-5000 
Classification fme fine fme-loamy coarse-loamy loamy-skeletal 

MTU* MTU Haplargids MTU Haplargids MTU MTU 
Paleargirds Calciorthids Calciorthids 

• MTU = Mixed, Thermic Ustollic ~ = somewhat 
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high-intensily, convective thundeistonns of limited aieal extent occuning from June to 

September (Osbom and Hickok, 1968). Osbom and Davis (1977) identified the two 

primary moisture sources for the summer thimderstorms as the Gulf of Mexico and to a 

lesser extent the tropical Pacific Ocean. Rainfall during the winter is characterized by the 

low intensity frontal storms from the Pacific Ocean (Sellers, 1960). 

Limited rainfall and low relative hiimidity characteiize the climate of the 

watershed, ̂ ^ch have an elevation of around 1400 meters. The mean maYimnm daily 

temperature of June, the hottest month, is 34.5 degrees Celsius. During the coldest month 

of January the mean minimum temperature is 1.2 degrees Celsius. On average the frost 

fi:ee season is 237 days. 

There is evidence that most of the Walnut Gulch watershed was grassland prior to 

the Anglo settlement (Gelderman, 1970). After a permanent water source was developed 

near Tombstone in about 1875, livestock populations dramatically increased (Cox et al., 

1986). Humprey (1958) estimated that 1.5 million catde were gra2dng throughout 

southeastern Arizona by 1891. Overstocking and cyclic dry periods resulted in a 

decreased productivity of perennial grasslands and increased shrub densities (Hastings 

and Timier, 1965). Today the Lucky Hills watersheds are primarily covered by desert 

shrub vegetation, having a canopy cover of about 30 %. Dominant plant species are 

^^tehom acacia {Acacia constricta var. Vemicosa), creosote (Larrea tridentata), tarbush 

(Flonresia cemua), and desert zinnia (Zinnia pumila). 



Kincaid et al., (1966), Simanton et al. (1977), Osbom et al. (1978), and Simanton 

et al. (1978) showed that runoff and sediment production from the shrub-dominated 

watersheds in Wahiut Gulch is much greater than on predominately grass-covered 

watersheds. The inadvertent conversion of vegetation to shrub species accelerated the 

erosion process and as the loamy sur&ce horizon eroded, coarse rock fragments 

accumulated on the soil sur&ce. Renard et al. (1985) stated that the formation of erosion 

pavement stabilizes the accelerated erosion rate, because it absorbs the impact of 

raindrops and reduces runoff veloci .̂ Simanton et al. (1989) reported that ̂ iproximately 

60 % of the soil surfrice is currently covered by erosion pavement 

Although cattle have been excluded from Lucky Hills watersheds since 1962, the 

watershed remains shrub dominated. On July 23,1975 the herbicide Tandex "Brush 

Balls" was applied to watershed 101 and by August 6 shrubs showed obvious signs of 

treatment Sideoats grama (Bouteloua curtipendidd) grass was seeded on the watershed 

during each of the two following simmiers and by 1979 the grass canopy was about 40 % 

A^Mle shrub cover was about 15 %. In the following years grass densi  ̂decreased and 

1990 measurements show that shrub and grass canopy cover wa% both about 15%. 

Althoi  ̂canopy cover is comparable, the majority of the above ground biomass consists 

of shrub species. Unsuccessful maintenance of grass species may be due to preferential 

grazing by rodents (Fudd, 1991). 
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4.2 Watershed Representation 

A single location is selected for model evaluation because the research objective 

is to conduct an in depth analysis of the ARDBSN hydrologic component not the 

applicabili  ̂of the model to different environmental regions. Therefore, results of this 

research are indicative of model performance achieved on watersheds having similar 

characteristics and ̂ ctrapolation of results to watersheds having different characteristics 

may be in^propriate. Reasons for selecting the LUCIQ  ̂Hills watersheds include the 

configuration of the watersheds, the quality and quantity of hydrologic data, and the 

vegetation type. 

Watersheds are represented as a cascade of hillslope and channel elements in the 

ARDBSN model. The watershed 103 is represented as a single channel receiving runoff 

from three hillslope areas, one upstream from the channel and the other two adjacent to 

the channel (Fig 4.2). Watershed 101, which is at the headwaters of LH- 103, is modeled 

as the top hillslope profile. Watershed 223 is represented as a two chaimel elements 

receiving runoff fiom five hillslope areas, channel one has the representation described 

above for the watershed 103, channel one runoff feeds channel two ̂ ^ch receives runoff 

firom two additional adjacent hillslope areas. The two lateral areas are assumed to have 

the same hydrologic response as watershed 103 and are modeled as hillslope profiles. 

Watershed 11 is represented as five channel elements receiving ranoff fiom twelve 

hillslope areas (Fig 4.2). 

This configurations allow individual components of the ARDBSN model to be 



evaluated independently. The major assumption when using these configurations is that 

the lateral hillslope areas of watershed 223 are hydrologicaliy identical to watershed 103. 

Map and field observations indicate that th  ̂are reasonable similar. Using watershed 105 

data, Simanton et al. (1977) developed a ample linear regression model relatii^ rainfall 

depth and runoff depth. This research indicates that the Luclgr Hills watersheds are 

hydrologicaliy similar, model parameters characterizing watershed 103 should also 

represent the lateral areas of watershed 223. 

Hydrological measurements on the Lucky Hills watersheds were initiated in the 

early 1960*s. Broad crested V-notch weirs (Brakoisiek et al., 1979) were installed at the 

outlets of watersheds 101 and 103. In 1977 the Lucky Hills 103 weir was replaced by a 

Santa Rita supercritical flimie (Smith et al., 1981). At each gauging stations a FW-1 six 

hour stage recorder (Blaisdell, 1941) was installed. The runoff events used for this study 

were recorded from both the weir and the Santa Rita Flume structures. 

Measurements of rain&ll and runoff were obtained from the USDA-ARS 

Southwest Watershed Research Center's electronic database. Watershed 101 drains into 

watershed 103. Rimoff retained within the stilling pond behind the weir at watershed 101 

is not accounted for at the watershed 103 outlet, thus the runoff from the watershed 103 is 

actually greater than the measured value. A volumetric correction is added to the runoff 

measured at watershed 103 to account for this problem. No correction is applied to the 

runoff rate. 
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Rain&ll data were obtained from recording rain gai^es 22,23 and 83, viiich are 

weighing-type rain gauges. Rain gauge 83 is located near the outlet of watershed 101, 

x^diile rain gauges 22 and 23 are located in the lower part and near the boundaries of the 

watershed 223. These gauges were operated yearlong until the end of 1979. Starting 1980 

rain gauge 83 was deactivated during the winter months, and reactivated in 1991. 

Rainfall data for watershed 11 were obtained from eleven recording rain gauges located 

across this watershed (Hemandez-Narvaez, et al. 1997). 

d 1 nf Rainfall Record 

Rain&dl characteristics such as, amount, duration, intensity, etc., play a key role in 

runoff generation process. This is particularly important in arid and semi-arid zones, in 

which most of the total annnal runoff is generated by only a few high-intensity, short-

duration rainfall events. Tiscareno-Lopez (1993) did a sensitivi  ̂analysis using the 

physically-based simulation model WEPP. He reported runoff volume and peak runoff 

from hillslopes were very sensitive to rainfall characteristics (amount, duration, and ip). 

Continuous simulation models as ARDBSN require a time series of rainMl for 

long periods using time increments of a day. Rain&U records for this study were retrieved 

from the Walnut Gulch Electronic Database (WGED) known as STORM (STOrage and 

Retrieval Manager for SWRC integrated data system). This database contains rainfall 

records from most of the raingages in Walnut Gulch Experimental Watershed (Fig. 4.1). 
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Appendix A shows the rainfall record used in this study and their statistics. 

Especially important in selecting this record >vas that the weather inputs reflect the long 

teim expected behavior of the hydrologic system. Figures 4.3a and 4.3b show the annual 

tendency around the mean. As it can be seen, in average, 60% of the total annual rainfall 

Mis in summer, and the length of the record reflects a typical weather behavior for this 

region. For Lucky Hills 101 and 103, a twelve-year rainfall record was selected for 

simulation purposes. Lucky Hills 223 had a rainfall record of 10 years. Watnshed 11 had 

a record length of eight years. 

4.4 Electronic Database Description 

Integration of hydrologic simulation models (water quality, sediment transport, 

soil erosion, etc.) with GIS is currently an active area of research. The main reason for 

this is that the ease with which people can have access to geographically-referenced 

information. Many environmental projects use data layers available &om the region under 

study, with no regard of the quality of the information inherent in such data layers. 

However, this would cause a biased judgement &om reality. 

Hydrologic applications of GISs require the development of ̂ propiale databases. 

The process includes determining what data are needed, identifying sources of that data, 

converting the data into ̂ propiate format for the GIS software, and mantaining the 

database. Quality control measures are important throughout the development process 

(Wolfe, 1996). 
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The creation of a good digital database is a most important and complex ta«;lc iq)on 

^^ch the usefulness of the GIS depends (Goodchild, 1994). A GIS database is comprised 

of a number of data layers, depending of the application. Data layers often used in 

hydrologic applications include soils, land use, stream channels, watershed boundaries, 

and topogr^hy. 

There are numerous databases available for iise with hydrologic models. Land use 

used in hydrologic modeling are obtained from satellite imagery, aereial 

photography, or ground surveys. Satellite imagery ̂ ically used to develop land use data 

include Thematic M^)per (TM), Multispectral Scanner (MSS), Advanced Very High 

Resolution Radiometer (AVHRR), and System Pour I'Observation de la Terre (SPOT). 

At a national level, a few examples of classified land use data in digital form 

include 4-ha from the U.S. Geological Survey (USGS) GIRAS database (Land Use 

Land Cover or LULC) (Mitchell et al., 1977), and 12-km 2 AVHRR (Loveland and 

Scholz, 1993; Eidenshink, 1992). Another source of digital land use data is the 

Topologically Integrated Geogr^hic Encoding and Referencing System, >^ch is 

commonly referred as the TIGER files. The TIGER files are a database developed by the 

U.S. Census Bureau. The database contains data on rivers, roads, railroad, political 

boundaries, and other related information. GIS World (1992) provides an extensive list of 

available sources of TIGER data. 

The U.S. Geological Survey (USGS) provides a variety of digital topographic 

that is used with hydrologic simulation models. These data are in the form of digital 
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elevation models (DEMs) and digital line gr^hs (DLGs). DEMs are a grid of point 

elevations, and are available for 1:24,000 and 1:100,000 scale maps at sampling intervals 

of 30 m and 90 m, respectively. 

Digital soils data for hydrological simulation modeling in the United States are 

available in two databases, the Soil Survey Geogn^hic Database (SSURGO) and the 

State Soil Geogr^hic Databse (STATSGO) (Lytle, 1993). SSURGO is a detailed soils 

database with infonnation based on the USGS 7.5 minute quadrangles (1:24,000 scale). 

Currently, there is only a small portion of the SSURGO soils database available 

for Arizona. However, the STATSGO soils database is available for the entire United 

States. STATSGO is a more generalized database that was prepared using the USGS 

1:250,000 scale quadrangles. STATSGO was created for more regional scale natural 

resource planning activities, while SSURGO was created for more site specific 

^plications. 

There are numerous additional sources of digital data. Other Federal agencies or 

State agencies are a valiiable source of digital and hard copy data. GIS World (1992) 

provide a detailed listing of other spatial databases. Frequently, however, adequate data 

are not available for a specific application. When data must be developed, this can be an 

intensive resource and time endeavor. It should be emphasized that the most valuable and 

important component in any modeling effort are the data. Without adequate data, results 

from hydrological models are questionable at best (Hann and Stoim, 1996). 
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In 1994, the Southwest Watershed Research Center (SWRC-USDA-ARS) in 

Tucson, AZ. created a high-resolution, highly accurate representation of Walnut Gulch 

Experimental Watershed within a GIS environment The purpose was to aid in the 

development of models and improve our understanding of sur&ce processes acting on 

Wahiut Gulch (MiUer, 1995). 

To parameterize the ARDBSN model, two different data layer resolutions were 

used. The high resolution, large scale (1:5,000) database developed by the SWRC, and a 

combination of small scale (1:24,000, and 1 *.250,000) databases developed by the U.S. 

Geological Survey (USGS), and the Natural Resources Conservation Service (NRCS), 

respectively. 

ARDBSN model parameters, at both scales, were derived mainly from four theme 

layers: soils, elevation, vegetation, and stream channels. The raster maps of soil units and 

surface elevation were both created using a ten-meter grid cell resoliition. The channel 

network was drawn from 1:5000 orthophoto maps, ̂ ^dlich allow for a very high level of 

precision and accuracy. Stream channels were traced by hand and have accuracy and 

resolution better than one meter. Vegetation data were transcribed into digital form from 

1:24,000 rectified maps. 
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CHAPTERS 

MODEL CALIBRATION, VALID ATION, AND SENSTHVITY ANAL YSK 

5.1 Introduction 

The reliance on hydrologic models is increasing as water managers examine 

emerging problems and e}q)loit new data sources. Models enable us to study very 

complex problems and synthesize different kinds of informatioiL However, model results 

are only as reliable as model assumptions, inputs, and parameter estimates. 

Many hydrologic models are based on conceptual representations of physical processes 

that govern the flow of water through and over the soil. Such models typically have two 

types of parameters: physical parameters and process parameters. Physical parameters 

represent physically measurable properties of the watershed. Process parameters represent 

watershed properties that are not directly measurable. 

To calibrate a model one must select values for the model parameters so that the 

model closely simulates the behavior of the study site. The process by which this is 

accomplished is called model "calibration". There are two parts to this process: parameter 

specification, and parameter estimation. Parameter specification uses prior knowledge 

about watershed properties and behavior to specify initial estimates for the parameters of 

the model. For physical parameters, estimates are made using measurements obtained 

from maps or measurements in the field. For process parameters, estimates of the range of 

possible values for these parameters are determined based on judgement and 

understanding of the hydrology of the watershed. 
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Parameter estimation uses various techniques designed to reduce uncertainty in 

the estimates of the process parameters. A ̂ ical ̂ iproach is to first select an initial 

estimate for the parameters, within the ranges previously specified. The parameter values 

are then adjusted to closely match the model behavior to the real world. The process of 

adjustment can be done "manually" or using computer-based "automatic" methods. To 

calibrate a model, one must select some aspect of watershed behavior to ̂ ^ch the model 

will be related. Manual calibration uses a trial-and-error process of parameter 

adjustments; after each parameter adjustment is made, the simulated and observed 

hydrographs are compared to see if the match has improved. Sorooshian and Giq)ta 

(1995) pointed out that the main weakness of manual calibration is that the absence of 

generally accepted objective measures of comparison makes it difBcult to know ̂ en the 

process should be terminated (i.e. when the "besf' possible fit has been obtained). 

A typical automatic parameter estimation procedure consists of four major 

elements: 1) an objective function, 2) an optimization algorithm, 3) a termination criteria, 

and 4) calibration data. In addition, processes of verification and sensitivity analysis are 

necessary to establish confidence in the results. It is important to clearly state that 

automatic calibration methods have not yet matured to the point that they can entirely 

replace manual methods. Although quick to provide solutions, automatic methods still 

require user expertise and are typically used in conjimction with manual procedures 

(Sorossihian and Gupta, 1995). 



5.2 Estimation of ARDBSN's Parameters 

Because the model will be ̂ )plied, calibrated and validated over a wide range of 

watershed sizes (areas), sensitivity analysis of runofif volume to model parameters will 

be conducted across a wide range of watershed sizes. To conduct this analysis, four 

subwatersheds within Walnut Gulch Experimental Watershed (WGEW) were selected. 

Three nested subwatersheds, Lucl  ̂Hills 101,103, and Pond Tank 223 were chosen to 

obtain some degree of interior model knowledge. Lucky Hills 101 is 3.1 acres in area, 

^^diile Lucky Hills 103 and Tank 223 are 9.2 and 79 acres in area, respectively. The nested 

basins will allow internal verification of the model. 

Watershed 11, in the Walnut Gulch Experimental Watershed was also chosen to 

observe how ARDBSN responds to difTerent runoff generation control processes. 

Watershed 11 is 1575 acres in area. A graphical representation of the different 

subwatersheds is shown in Figure 4.2. The overland flow elements' distributions will be 

refered to as the standard watershed configurations. Results of these standard watershed 

configurations will be used as a point reference in the next ch£q)ter. 

Different length in rainfall data were iised for each subwatershed. The length of 

the rainfall data record for LH-101, LH 103, ST-223, and WS 11 were 14,15,13, and 13 

years, respectively. Carefiil attention was taken that the rainfall periods covered a range 

of rainfall sizes, initial moisture conditions, and climatic variation. 

The ARDBSN panuneters for the iqpland component that must be estimated are 

hydrologic soil properties (porosity, saturated hydraulic conductivity, water content at 
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wilting point and field capacity), SCS curve number, rooting depth, the depth of each of 

the eight soil layers, an evaporation coefScient based on soil texture, and the seasonally 

varying leaf area index. These parameters were estimated on the basis of guidelines 

contained in Lane (1984) and Knisel (1980). Some parameters are a function of soil 

texture, ̂ ^ch was estimated on the basis of the Cochise County soil survey (SCS, 1971). 

Geometric model parameters of plane area, and slope were measured on 1:480 

scale maps with a 1-foot contour interval. Channel geometries (length, and width at the 

outlet) were measured in the field. 

ARDBSN requires monthly varying temperature and solar radiation as inputs for 

computing ev^mtranspiration. Average monthly temperatures were obtained fiom the 

rqx)rt "Climate Data for Arizona" (NOAA, 1990) for the Tombstone station, ̂ »^ch is in 

the Walnut Gulch Experimental Watershed. Mean monthly solar radiation was obtained 

using the empirical equation developed by Black and presented by Chang (1968). 

Typical Lucky Hills upland area parameter values obtained for ARDBSN are given in 

Table 5.1. 
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Table 5.1. Initial values of ARDBSN*s parameters for a representative plane 
in Lncky Hills watersheds. 

PARAMETER VALUE 

Area variable (acres) 
Initial storage 02 (fraction of field capacity) 
Number of soil layers maximums 
Curve Number 85 
Return flow time 100 (days) 
Soil evaporation 0.122 On/day 
Soil porosity 0.43 On^) 
Field capacity (0.3 bar) 0.20 (iny^) 
TX^ting point (15 bar) 0.04 (in^) 
Saturated hydraulic conductivity 0.50 (in/hr) 
Soil layer depth variable (in) 

5.3 Calibration and valiHarinn Hata 

In keeping with the earlier methodology, a wide range of climatic variation and a 

number of anmial runoff events and soil initial conditions were used in calibration and 

validation. The main reason for doing this was to ensure that some degree of generality 

can be attached to model conclusions and interpretations. 

The calibration and validation runoff data must be independent In partitioning the 

years between the two sets, years outside the range of the calibration will be used for the 

validation set By doing so, the model's predictive capability beyond the calibration range 

can be assessed ̂ emes, 1982). 

Minimization of errors in the data was made. First, the records used in the 



calibration process were tested to assure that they were firom an homogeneous Hata set. 

Double Mass Analysis Technique (DMAT) (Dunne and Leoplod, 1978) was used 

considering annual runoff volume for a 21-year period (1965-1985). Lucky Hills 102 

(LH-102) and Lucky Hills 104 (LH-104) subwatersheds were used for checking the 

homogeneity of the runoff records at the outlets of the Lucky Hills 101 (LH-101) and 

Lucky Hills 103 (LH-103) subwatersheds. The results are shown in Figure 5.1. 

LH-101 shows a homogeneous record from 1965 to 1979. From 1979 to the end 

of the record, a decreasing trend was observed. This means that runoff volimie produced 

in the LH-101 was lower than the average runoff obtained from LH-102 and LH-104. 

This decrease in runoff volume may be the result of the management practices imposed 

on this subwatershed. LH-101 was treated with herbicide in 1975 and then was reseeded 

with grass in 1976. 

On the other hand, LH-103 shows a homogeneous record for the period in 

consideration. From the Figure 5.1, it seems that the replacement of the V-Notch weir by 

a supercritical flume in 1978 did not affect the runoff volume records. The regression 

parameters of the runoff volume relationship between LH-101 and LH-103 with respect 

to LH-102 and LH-104 are shown in the Table 5.2. 
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Fig 5.1. Doable mass anafysis of annual runoff volume for checking the 
homogeneity of the records at the outlet of the subwatersheds LH- 101 
and LH-103, respectively. 
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Table 5J!. Regression parameters obtained from the Doable Mass Analysis. 

Watershed Constant Reg.Coe£ r  ̂ SE«c Significance 

LH-101 • -1.67 1316 0.98 0.037 ** 

LH-101" -1.95 1.560 0.99 0.043 ** 

LH-101 = -9.49 2.058 0.95 0.161 ** 

LH-103' -0.047 0.427 0.99 0.004 ** 

LH-103 " 0.046 1.925 0.99 0.047 ** 

LH-103 ̂  -0.796 1.957 0.99 0.048 ** 

•* 0.001 level 
a. Whole records (1965-1985) 
b. From 1965-1975 
c. From 1976-1985 

Based on the results shovm above, for this investigation, it can be assumed that 

the selected record were chosen &om a homogeneous period. The changes made to the 

instrumentation did not affect the runoff volume measured at the outlet of the different 

subwatersheds. The management practice imposed on LH-101 also did not show up an 

effect on the runoff volume for the period used in our study. Tables containing summary 

information on aU of the rainfall-runoff data for each of the four subwatersheds are 

presented in Appendix A. Frequency histograms of quarterly rainfall and runoff events 

for the period selected in our study on LH-103 are presented in Figure 5.2 as a typical 

example of the data distributioiL The histograms illustrate the typical characteristic of 

rainfall and runoff in semiarid zones. The highest rainfall depth and runoff events occur 
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in the months of July, August, and September (the rainy season). 

The same strategy was employed for the calibration of the Watershed 11 (WS-11) 

i^ch is 1575 acres in size. The Qrpe of conditions found in WS-11 that differ from 

Lucky Hills subwatersheds are the storm center location Gower or upper portions of the 

basin) and dry or wet initial channel conditions, as channel losses are very important in 

WS-11. 

S d MnHftl Pffrfnnnanr.g 

Calibration is the process of adjusting parameter values to optimize model 

performance according to a set of predefined criteria. Every model uses a set of one or 

more parameters that are used to determine the basic behavior of the modeled system. 

Parameter values can be specified directly or can be estimated using manual or automatic 

optimization techniques (Soorooshian and Gupta, 1995). 

To determine which set of parameters provides the best results, there must be a 

way to assess the results. In other words an objective criteria for measuring the quality of 

results must be defined. The ASCE (1993) reviewed a variety of measures of "goodness 

of fif for hydrological models. Their work revels that many published paper provide 

inadequate information about the quality of model predictions. They recommend the use 

of three measures of goodness-of-fit for time series of flow predictions. 
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Figure 5 .̂ Typical distribution of quarteiiy raiufaU depth at raingage 83 (above) 
and runoff events (below) in Lucky Hills watersheds. 
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The ASCE's tbree criteria for continuous hydrogrs^hs are discussed below. 

Deviation of runoff volumes (D,) 

V -  V.  
D, (%) = 

V 
* 100 (5.1) 

where: 
V = measured yearly or seasonal runoff volume 
Vj = modeled yearly or seasonal runoff volume. 

Dv can be any value, and would equal zero for a perfect model performance. It should be 

noted that could equal zero even if the simulated hydrograph itself bears no 

resemblance to the gauged hydrograph. is numerically equivalent to the percentage 

difference in mean flow and as such is a measure of the water balance of the model. 

NashStttcUffe coefficient (R )̂ 

It 

2 (e.-sf 
= 1 r= l  

(5.2) 
n 

s (fi„-e)' 

where: 
Qo = measured annnal runoff volume 
Qs = simulated annnal runoff volume 
Q = average annual runoff volume 
N = number of years 
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if = 0, the model predictions are no better than iising the average of the anmial runoff 

volume (Nash and Sutcliffe, 1970). 

Coefficient of gmn from the daify mean (DG) 

2 iQo-Qf 
= 1 -  ̂ (5.3) 

S (Qo-W 
i=l 

\^ere: 
Qo = measured daily flow 
Qs = simulated daily flow 
Qi = average measured flow from previous years for that day 
n = number of days 

This varies between zero and one, with zero representing a perfect model. This measure 

tends to be influenced by differences at high flows, making it suitable for evaluating the 

performance of simulation models where floods are important, but less ̂ >propriate for 

situations where low flows are of most interest 

The primary measure selected to assess model performance in this study will be . 

the coefficient of efficiency, introduced by Nash and Sutcliffe (1970). The coefficient 

of efficiency was selected because it is dimensionless and is easily interpreted. If the 

model predicts observed runoff with perfection, = 1. If R  ̂< 0, the model's predictive 

power is worse than simply using the average of observed values Qo. This measure has 

also been used by other investigators to assess continuous simulation model performance 

on Walnut Gulch (Jasso-Ibarra, 1998; Sasosky and Gardner, 1991; Renard et al., 1989) 
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and other small experimental watersheds (Wilcox et al., 1989; Arnold and ̂ ^i^lliams, 

1987). Comparison of results from this study with other investigations will be &cilitated 

by using this measure. 

In addition to this measure, the deviation of runoff volimies (DJ and the mean 

square error (MSE) measure were computed for the entire length of the records. The 

primary runoff variables used in model calibration and validation are total annual runoff 

volume and peak runoff rate. For the calibration period on each subwatershed, the 

coef&cient of efSciency (R  ̂will be computed for both Q and Qp. The same statistic is 

used to assess model simulations of runoff volumes and peaks of the validation period. 

The mean and standard deviation of the simulated Q an Qp will also be presented for 

comparison with the same statistics for the observed data. The means and standard 

deviations are presented for qualitative assessment and are only intended to provide a 

simmiary information to the computed efficiency coefficients. 

Although the coefficient of efficiency is a widely used measure with easily 

interpretable properties, it is not without shortcomings. As Martinec and Rango (1989) 

pointed out that the mean for the period of interest should be used and not a long-term 

mean (continuous simulation) as this will artificially improve the efficiencies. 

Efficiency coefficients for Q and Qp are used as the objective function to judge 

model performance at various parameter locations. To reiterate, the only varying 

parameter in this study is the Curve Number (CN)- The goal is to find a CN value that 

will acceptably reproduce observed runoff when it is applied to its respective field 
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estimated CN. Remember that the goal of model calibration in this study is not to find the 

optimum set of parameters but to find a near optimum set that wiU ensure that the model 

can be used and interpreted with confidence. 

The CN values tested in our study ranged from 81 to 90. Figure 53 shows the 

variation in runoff volume e£5ciency as a flmction of the CN parameter. The figure 

illustrates that CN has very |m)found effect on runoff volume. Based on these results we 

can advise practitioners to be cautious in determining the CN value for an ungaged 

watershed. In case of doubt, it is better to underestimate the CN value around the "true 

value" than to overestimate it An underestimation has a lesser impact on runoff volume 

than an overestimation does, as can be seen in Figure 5.3. 

Calibration and validation efSciencies for observed and simulated runoff volumes 

are shown in Table 5.3 for each of the subwatersheds. Table 5.4 contains summary 

statistics for the watersheds. Examination of the tables supports the conclusion that the 

model performed very well for the LH-101, LH-103 and WS-11 and marginally well for 
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theST-223-

Note that the calibratioii efBciency for LH-101 is quite good. The possible reason 

for the degradation of model results during LH-101 validation is that the CN value 

obtained fiom calibration data set does not correspond to that used in our validation data 

set. Remember that LH-101 was object of changes in its soil-water retention properties 

by the ̂ iplication of herbicides and posterior reseeding of grasses. Under these 

circumstances, a recalibration is needed for the validation data set period. 

In general, the ARDBSN model performed a good job with the validation data 

sets from LH-103 and WS-11. The main reason for the lower model efSciencies obtained 

might be the unusual climatic conditions presented in 1983. This year had the highest 

rainfall depth (17 in) recorded in WGEW during the last 20 years. The rainfall 

characteristics were low in intensity and long in duration, as opposed to those for which 

the model was created. When that year is omited, the model validation efBciency is 

increased approximately 20 percent in both subwatersheds (data no presented). Model 

validation on the ST-223 was not performed because of the limited runoff volume 

records at this location. 

The model results obtained here are comparable to other modeling studies using a 

quasi-distributed continuous simulation model on the WGEW and other experimental 

watersheds. Jasso-Ibarra (1998), working with the SWAT (Amold et al., 1994) model 

found model efGciencies very similar to those reported in this study. 



Table 5.3. Runoff volume model performance for calibration and validation data sets across watershed sizes. 

Calibration Validation 

Watershed Area 
(acres) 

Curve 
Number 

Model 
Efficiency 

Mean Sq. 
Error 

Fc Model 
Efficiency 

Mean Sq. 
Error 

Fc 

LH-101 3.2 85 0.79 0.145 2.28 N.S. -4.29 0.925 38.13 

LH-103 9.1 84 0.84 0.071 1.72 N.S. 0.50 0.276 1.13 N.S. 

ST-223 108 84 0.56 0.263 2.36 N.S. N.A. N.A. N.A. 

WS-11 1574 87 0.73 0.048 2.02 N.S. 0.62 0.021 0.83 N.S. 

N.S. = Non significant (0.95 level) 
•• = Highly significant (0.95 level) 
N.A. = Non applicable 
Fc = F distribution with nj -1, nj-l degree of freedom (Hann, 1977). 



Table 5.4. Summary statistics for runoff volume and peak discharge for calibration and validation data sets for 
all study watersheds. 

Runoff Volume (in) Peak Discharge (cfs) 

Area Event 
Watershed (acres) Set Type Mean S.D. Var Mean S.D. Var 

LH-101 3.2 Calib. Obs. 0.952 0.833 0.694 5.491 3.307 10.941 
Sim. 0.932 0.551 0.303 6.226 2.881 8.302 

Valid. Obs. 0.587 0.451 0.203 4.190 1.800 3.243 
Sim. 2.163 2.701 7.296 8.860 3.653 13.348 

LH-103 9.2 Calib. Obs. 0.786 0.663 0.440 10.683 5.493 30.173 
Sim. 0.825 0.505 0.255 14.422 6.791 45.313 

Valid. Obs. 0.702 0.553 0.306 8.577 5.245 27.516 
Sim. 0.981 0.634 0.403 18.750 10.512 110.51 

ST-223 108 Calib. Obs. 0.847 0.747 0.559 N.A. N.A. N.A. 
Sim. 0.750 0.486 0.236 N.A. N.A. N.A. 

WS-11 1575 Calib. Obs. 0.486 0.329 0.108 564.39 523.48 274036 
Sim. 0.482 0.231 0.053 814.17 671.91 451465 

Valid. Obs. 0.220 0.275 0.076 255.54 286.06 81835 
Sim. 0.246 0.251 0.063 395.48 395.48 136643 
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He used a daily and annual-based approach to deteimine the best CN value to optimize 

the SWAT model performance. Hernando et al. (1997) calibrated the ARDBSN model 

for the WS-11 within Walnut Gulch Experimental Watershed. The model efGciency for 

this watershed was 0.87. The model calibration consisted in the optimization of four 

parameters (CN, iTiitial soil conditions, and two peak flow coef5cients) which would help 

to improve efBciraicies. 

Sprii^er et al. (1984) used the SPUR (\Wght et ai., 1987) model in three 

subwatersheds in Idaho. They calibrated the model using a six-parameter scheme. The 

model efBciency (R  ̂considering monthly runoff volume for the three subwatersheds 

was 0.63,0.67, and 0.85 for Murphy Creek, Upper Sheep Creek, and Reynolds Mountain 

East, respectively. 

With respect to runoff volimie, the summary statistics above demonstrate that the 

model simulations are relatively good in comparison to other studies for all the 

watersheds except for the validation data set in LH-101 reasons for this were given above. 

Peak runoff rate model simulations are reasonably good according to our results. 

Table 5.5 shows the regression parameters for all the watersheds under study. The 

coef&cient of determination ranged from 0.44 to 0.75 for the calibration data set, and 

from 0.06 to 0.61 for the validation data set In both cases the WS-11 had the highest 

values. As expected, LH-101 shows the influence of the management practices. The 

equations that define Qp in ARDBSN model are based on Q. Therefore, if the model fails 

in simulating Q, Qp is going to fail. In general, peak runoff in our model tends to 
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overestiiiiate the observed data. 

The efficiencies and statistics presented in Tables S3,5.4, and 5.5 embody a great 

deal of information for the entire calibration and validation records. To more fiilly 

evaluate model performance, visual presentation of individual watersheds is given. 

Figures 5.4 to 5.7 are scatter plots of observed versus simulated runoff volumes 

and peak rates for the calibration data set. These figures support the conclusions given 

above regarding model performance for the Lucky Hills subwatersheds, and Watershed 

11. The scatter plots for the Lucky Hills 102,103, and ST-223 show a trend to 

overpredict for small annual runoff volumes and under predict for large annual runoff 

volumes. However, this tendency is not quite true with respect to WS-11, in which case 

the trend seems to be the opposite. 

Observed and simulated peak rimoff relationships for the different subwatersheds 

are shown in Figures 5.6 and 5.7a. The scatter plot support the conclusion that ARDBSN 

overestimates the peak runoff for small runoff events regardless of the size of the 

watershed. Evidences of this behavior were noted by Lane (1982), v^o stated that for 

small events, the mean duration of flow used in the equation defining Qp overestimates 

the actual flow duration which results in the underestimation of the average loss rate. 

Thus, overestimation of the peak discharge of the outflow occurs. 
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Table 5 .̂ Regression parameters for peak mnoff rate in both calibration 
and validation data sets. 

Watershed a b r  ̂ StdJBrror 
Co^Bcient 

Calibration set 

LH-101 3.040 0.580 0.44 0.265 

LH-103 3.577 1.015 0.69 0.280 

WS-11 188.78 1.108 0.75 0.364 

Validation set 

LH-101 8.166 0.166 0.06 0.904 

LH-103 3.384 0.277 0.31 0.138 

WS-11 136.47 1.014 0.61 0.358 

Typical ̂ iications of the hydrological model include simulating flood 

frequencies using observed rainfall data and simulating flood frequencies using rainfall 

frequency distributions. The procedures described above were ̂ )plied to watershed WS-

11 on the WGEW. Observed rainfall data from 1966 to 1986 were used to simulate 

runoff volumes and peak rates on this watershed. Observed and simulated flood peaks are 

shown in Figure 5.7b. The observed and simulated values agree well for return periods up 

to 20 years. However, the coef5cient of determination between observed and predicted 

peak rates was = 0.79. This suggests that the hydrological model predicted the 

distribution of flood peaks better than it predicted for individual events. 
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Figure 5.7b. Observed and computed flood frequency curves for watershed WS-11. 



For more information about model assessment. Figures 5.8 and 5.9 show the 

total annnal runoff obtained fiom the calibration data set. As stated above, ARDBSN 

model performance was quite good. One of the simulation years that was unique was 

1975. In this particular year, the simulated runoff volume was lower that the observed 

nmoff volume for all the subwatersheds in our study. Appendix B shows the rain&U 

records &om rain gauge 83 and 22, which correspond to Lucky Hills subwatersheds and 

Watershed 11, respectively. As can seen &om these records, two rainfall events got 

^)proximately 40% of the total annual rain&ll. Thus, these rainfall events were 

responsible for much of the runoff volumes coming out of these subwatersheds. These 

kind of situations represent a shortcoming, which is basically due to the intrinsicway 

that the ARDBSN model computes runoff volumes. As it was mentioned before, this 

simulation model has the tendency to under predict large rainfall events. 

Figure 5.10, shows the total annual runoff volumes for the watersheds considering 

the validation data set. In general the agreement between observed and simulated runoff 

volumes is good. The overprediction in 1983 was a result of the rainfall characteristics 

presented in that year and explained before. 
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Fig 5.9. Observed and model simulated total annnal runoff volume for watersheds 
ST-223 and WS-11. 
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Figure 5.10. Observed and model validated total annual runoff volumes for 
watersheds LH-101, LH-103, and WS-11. 
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5.5. Daily and monthly runoff volume simulation. 

Daily and monthly model simulations were made for the watersheds LH-101, LH-

103 and WS-11. Daily data were not available for watershed ST-223. The number of 

runoff events simulated and recorded at the outlet of watershed LH-101 was 13S and 

110, respectively. Watershed LH-103 had 135 recorded and 140 simulated runoff events. 

On the other hand, watershed 11 had 108 observed and 152 simulated runoff events. 

Overall, ARDBSN model tends slightly to over predict the number of runoff events 

occurring in the different subwatersheds. Figure 5.11 shows that most of the difference in 

predicted runoff volumes ocurrs in the winter and spring months, v^iiere the rain&U 

characteristics are not those for which ARDBSN was created. 

Table 5.10 shows the Nash-Sutcliffe efSciency coef&cients and the mean square 

errors for three subwatersheds. Model efficiencies were good for LH-101, LH-103, and 

WS-11 in both daily and monthly simulation base. Daily-based efficiencies were 0.795, 

0.784, and 0.638 for LH-101, LH-103, and WS-11 respectively. On the other hand, 

considerii  ̂monthly-based runoff events LH-101 had 0.765, LH-103 had 0.792, and 

WS-11 had 0.707 model efficiency. The mean square error ranged firam 0.008 to 0.003 

inches for the daily-based simulation runs, and &om 0.035 to 0.011 inches for the 

monthly-based simulations. 

Figures 5.12 and 5.13 show a graphical representation of observed and simulated 

both daily and monthly runoff volume for watersheds LH-101 and WS-11. These Figures 

show a good agreement between observed and simulated nmoff voliune. The correlation 
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coefBecients for LH-101, LH-103, and WS-11 were 0.89,0.87, and 0.84, respectively. As 

mention before, ARDBSN model trends to over predict small runoff volumes, and to 

under predict large runoff volumes. This tendency is present regardless watershed size. 

Table 5.6. Model efficient  ̂and mean square error for three watersheds 
considering daily and monthfy nmoff voliimes (in). 

Watershed Simulation base Model Efficiency Mean Sq. Error 

LH-101 Daily 0.795 0.008 

Monthly 0.765 0.035 

LH-103 Daily 0.784 0.006 

Monthly 0.792 0.021 

WS-11 Daily 0.638 0.003 

Monthly 0.707 0.011 

Figure 5.11. Observed and predicted monthty nmofif volumes in watershed LH-101. 
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(below) runoff volume for watershed WS-II. 
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5.6 Model sensitivitv analvgiR 

Sensitivity analysis has been perfonned on many physically-based models to 

examine the implication of parameter uncertain  ̂on output response and to identify 

critical input parameters. Sensitivi  ̂analysis quantifies the sensitivity of ou^ut 

parameters to perturbation of input data. It provides a measure of model uncertainty in 

that it indicates the expected errors in model predictions due to errors in model input 

parameters. These analyses use individual parameter perturbations to approximate the 

partial derivatives of model equations or response with respect to each parameter. The 

sensitivity of one input parameter to the result can be evaluated if only one input variable 

is characterized by non-zero standard deviation, and the other variables are characterized 

by zero standard deviation (Peltola and Rouvali, 1991). That is, single parameter values 

are increased or decreased by a constant amount within a range of expected boundary 

conditions, w^e the remaining parameters are fixed at their nominal or baseline values. 

Two approaches to sensitivity analysis are typically used: perturbation or 

deterministic, and stochastic. The simplest method, the perturbation method, 

^proximates sensitivities of output variables to the perturbed parameter by differential 

quotients based on two runs of the model. The first run holds all the parameters constant; 

the second with one perturbed. Choice of the size of the perturbation as well as the 

computational effort may be a significant problem for this method. Hof&nan and Gardner 

(1983) stated that performing an sensitivi  ̂analysis by perturbing each input parameter 

by a fixed percent of the base value assumes that each parameter is equally important. 
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McCuen and Snyder (1986) describe sensitivity in two forms: absolute and relative. 

Absolute sensitivity values are defined as 

 ̂ ^ (5.4) 

where O is the model ou^ut and X is the model iiq)ut Absolute sensitivi  ̂values are not 

easily compared to the sensitivity of other iiq)ut parameters. For comparison of all input 

parameters to changes in the model response, a relative sensitivi  ̂coefBcient should be 

used. Relative sensitivities, which are invariant to the magnitudes of the input and output 

values, are defined by McCuen and Snyder (1986) as 

' &X. O. 

M^ere Xj reflects the change in ii^ut and Oo reflects the output value at some specified 

level of each Xj. 

Linear sensitivity analysis equations have their limitations for use in imcertainty 

analysis. The basic assumptions of the deterministic sensitivity analysis are that the input 

parameters are independent of one another (parameter covariance is ignored), that the 

expected model response is equal to the model response using the mean value of each 

parameter, and that model error predictions can be approximated by testing small 

perturbations in the input parameters (Gardner et al., 1981). Although the perturbation 

method, where the parameters are varied individually, makes a complex interactions 

dif&cult to determine, it provides a quick way to establish a ranked list of parameters to 
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which particular attention should be paid for further uncertainty analysis. The 

perturbation method also does not require the additional knowledge of frequency 

distributions for each input parameter. The ranked listings produced from a sensitivity 

analysis indicate the relative importance of input parameters on model response and can 

provide insight for prioritizing parameters that should be emphasized in data collection 

and parameterization efforts. 

5.7 Univariate Sensitivitv Analysis 

As mentioned above, GISs represent a good opportunity to parameterize 

distribiited hydrologic simulation models. Since the intention is to set up a simple and 

confident way to parameterize ARDBSN, it was decided to include in this study some of 

those parameters that can be either extracted from data layers or generated within the 

ARC/INFO GIS environment Table 5.7 shows the parameters selected for ARDBSN 

model sensitivity analysis. 

A reasonable level of confidence exists in the definition of geometric 

(topographic) parameters given the availability of large-scale maps and ability to directly 

measure channel geometries. A much lower degree of confidence exists in the hydraulic 

roughness and channel hydraulic parameter estimates as they were not directly measured 

nor can be they easily measured. Therefore, model calibrations to better estimate these 

highly uncertain parameters is required. 
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Table 5.7. Upland and channel parameters included in ARDBSN sensitivity 
analysis. 

PARAMETER SOURCE 

Upland 
Area 

Curve Number 

Porosity 

Watershed area from topogr^hic maps 
Rimo£f Curve Number for antecedent moisture 
condition U. From SCS National Engineering 
Handbook. 
Soil porosity from NRCS- STATGO database. 

Initial Storage Soil initial storage. 

Channel 
Length 
Width 
Hydraulic Conductivity 
Roughness Coe£5cient 
Slope 

Channel length, from topogr^hic m^s. 
Channel width, from topographic m .̂ 
From NRCS-STATGO database. 
From Literature Review. 
From topogre^hic maps. 

5.8 Sensitivity to selected parameters. 

Initial estimates of parameter values used in the sensitivity analysis were made as 

summarized in Table 5.8. These parameter values are denoted "base values", and the 

parameters were then varied about the base value to determine model sensitivity. 
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Table 5.8. Summary of model parameters for prediction of mnoff volume 
and peak discharge for different snbwatersheds, 1968-1974. 

Watersheds 

Parameter LH-101 LH-103 ST-223 WS-11 

Upland 
CN 85 85 85/86 78/79 
Porosity (in^) 0.43 0.43 0.43 0.44 
Area (acres) 32 9.1 108.0 1574 
CONA(in/h)°  ̂ 0.122 0.122 0.122 0.122 

Channel 
Ks (in/h) 2.00 2.00 2.00 1.5/2.0 
Length (mi) 0.031 0.114 0.872 5.166 
Width (feet) 2.0 3.0 9.0 27.4 
Roughness 0.03 0.03 0.03 0.040 

For 1968-1974, the foiir subwatersheds were analyzed. Observed and predicted 

runoff voltime and peak discharge were related as is shown in Table 5.9. 

Table 5.9. Regression analysis results between observed and predicted runoff 
volume and peak discharge. 

VOLUME RUNOFF (in) PEAK DISCHARGE (cfs) 

Watershed Constant R. Coef. R2 Constant R. Coef. R2 

LH-101 0.40 0.501 0.68 3.04 0.58 0.44 
LH-103 0.36 0.679 0.72 4.07 1.01 0.69 
T-223 0.23 0.619 0.61 - - -

Avg LH's 0.33 0.599 0.67 3.55 0.79 0.56 

WS-11 0.10 0.929 0.85 188.78 1.1 0.75 
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As can be seen, in Lucky Hills the model generally overpredicts runoff volumes for 

observed volumes less than 0.8 in (on average), and underpredicted for larger values. The 

average coefBcient of determination for Lucky Hills was 0.67, meaning that the model 

explained 67% of the variance in runoff volume. For watershed 11, the model 

overpredicted runo£f volumes for observed values less than 1.5 in, and underpredicted for 

large values. In this case, 85% of the runoff volume variance is explained by the model. 

For peak discharge, the coefScient of determinations for LH-101, LH-103, WS-11 

were 44%, 69%, and 75% respectively. 

From these results it appears that the ARDBSN model predicts runoff volume 

better that it does peak discharge. This tendency was observed in all cases without regard 

watershed size. Based in these analyses, the base values of the parameters were judged as 

adequate to use in determining model sensitivity. 

5.9 Sensitivitv analvsis for runoff volume and peak discharge. 

Runoff volume, and peak discharge rate wiU be used to assess the sensitivity of 

runoff characteristics to change in various parameters. Univariate sensitivity analysis is 

carried out using the uniform multiplier approach described by Goodrich (1990). 

The parameters used for the sensitivity analysis are either those that cannot be measured 

directly in the field with a high degree of confidence, or those that will be extracted 

directly by a GIS software to be used in Ch^yter 6. 

Uniform multipliers of0.5,0.75,1.25 and 1.5, corresponding to a range between 



124 

+/- 50% parameter perturfoatioii, were ̂ )plied to ail the parameters but Curve Number 

and Area. Curve number uniform multipliers were 0.90,0.95,1.05, and 1.10 (+/- 10% 

parameter perturbation). On the other hand, the perturbation range for area was between 

+/- 20%. 

Mean valiies of predicted runofiT volume, peak discharge, and bedload channel 

sediment were computed for each subwatershed for each run. As each parameter was 

varied about the base value, the mean values were compared with the means fiom the 

''base value" predictions as a measure of the sensitivity. The simulation data are 

summarized in Tables 5.10 to 5.13. Column one and two fix)m these Tables show which 

parameters were varied, and by how much. First row shows the mean predicted values 

from the base values. Colimms 3,4, and 5 show the mean values divided by the 

corresponding mean values predicted using the base values of all parameters. Values of 

1.0 in these four columns represent no change in runoff volume, peak discharge, and 

bedload channel sediment; values less than 1.0 represent decreases. For example, a 50% 

decrease in soil porosity (POR), resulted in a 34,17, and 35% increase in runoff volume, 

peak discharge and bedload sediment, respectively. A 50% increase in FOR, resulted in 

7,4, and 7% decrease in nmoff volume, peak discharge, and bedload sediment, 

respectively. The results for POR are summarized in the rows 10 to 13 in these Tables. 

The following analysis is made considering the total annual runoff volume (Q), 

and the annnal mayiTniim peak discharge rate (Qp) from only three subwatersheds (LH-

103, ST-223, and WS-11), this is because we wanted to get some insight about what 
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processes control runoff generation across scales. The mentioned sub^vatersheds have a 

well defined drainage network with different number of overland flow elements (OFE). 

The areal extent of the contributing areas is a function of watershed size. 

Results are presented graphically in Figure C.l to C.6 (Appendix C) to show the 

effects of parameter perturbations over a fiill range of the simulation runs. In these figures 

the base response corresponds to a zero percent parameter perturbation. Solid and dashed 

lines track the change in runoff response for +/- 50 and 25 % perturbations. The results 

are ordered chronologically. 

The parameters with no impact on the runofl" volume fix5m LH-103 were 

Manning's roughness coefQcient (n) and channel slope (cslo). Parameters with negligible 

impact on the same variable were watershed area (A), charmel length (clen), channel 

width (cwid), and channel effective hydraulic conductivity (Kec). Parameters with impact 

in Q were curve number (CN), and porosity (POR). Curve number had the biggest impact 

on runoff volume. This result was expected due to the way that Q is computed by the 

simulation model. ARDBSN uses the Soil Conservation Service (SCS) method (one 

parameter model) to estimate runoff volume. From Figure C.l we can see that an 

overestimation of 

10 percent in the CN value has a big impact on Q, on the other hand, an underestimation 

of equal magnitude than the above caused less impact on runoff volume. 
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Table 5.10. Sensitivity analysis for Laclty Hills 101 watershed. 

Variation (%) Rnnoff Peak Rnnoff Bedload 
(in) (cfe) (Ton) 

Base Value 0.00 0.933 8.849 2.672 

Area -20 1.000 1.000 1.000 
-10 1.000 1.000 1.000 
+10 1.000 1.000 1.000 
+20 1.000 1.000 1.000 

CN -10 0J35 0.501 0328 
-05 0.582 0.717 0.575 
+05 1.719 1J72 1.732 
+10 3.109 1.879 3.139 

Porosity -50 IJ45 1.176 1J56 
-25 1.078 1.040 1.081 
+25 0.960 0.979 0.958 
+50 0.935 0.968 0.933 

K -50 1.031 1.019 1.029 
-25 1.016 1.010 1.016 
+25 0.982 0.989 0.983 
+50 0.962 0.976 0.963 

Length -50 1.028 1.017 1.026 
-25 1.014 1.009 1.013 
+25 0.987 0.992 0.987 
+50 0.973 0.983 0.974 

Roughness -50 1.000 1.000 4J42 
-25 1.000 1.000 1.862 
+25 1.000 1.000 0.608 
+50 1.000 1.000 0.400 

Slope -50 1.000 1.000 0J13 Slope 
-25 1.000 1.000 0.622 
+25 1.000 1.000 1.435 
+50 1.000 1.000 1.922 

Width -50 1.028 1.017 1.026 
-25 1.014 1.009 1.013 
+25 0.987 0.992 0.987 
+50 0.973 0.983 0.974 



Table 5.11. Sensitivity anafysis for Lacky EQIls 103 watershed. 

Variation (%) Rnnoff 
(ill) 

Peak Rnnoff 
(ds) 

Bedload 
(ton) 

Base Value 0.00 0.919 19.952 9.787 

Area -20 0.961 0.566 0.451 
-10 0.986 0.791 0.723 
+10 1.009 1.199 1.279 
+20 1.016 1J91 1.560 

CN -10 0323 0.483 0311 
-05 0.575 0.706 0.563 
+05 1.737 1388 1.770 
+10 3.156 1.915 3.260 

Poroshy -50 IJ51 1.163 1367 
-25 1.078 1.039 1.081 
+25 0.962 0.980 0.960 
+50 0.941 0.969 0.938 

K -50 1.030 1.010 1.027 
-25 1.015 1.005 1.013 
+25 0.985 0.995 0.987 
+50 0.971 0.989 0.974 

Length -50 1.030 1.010 1.027 
-25 1.015 1.005 1.013 
+25 0.986 0.995 0.987 
+50 0.972 0.990 0.975 

Roughness -50 1.000 1.000 4.030 
-25 1.000 1.000 1.799 
+25 1.000 1.000 0.627 
+50 1.000 1.000 0.425 

Slope -50 1.000 1.000 0331 Slope 
-25 1.000 1.000 0.636 
+25 1.000 1.000 1.413 
+50 1.000 1.000 1.870 

Width -50 1.030 l.OlO 1.027 
-25 1.015 1.005 1.013 
+25 0.986 0.995 0.987 
+50 0.973 0.990 0.975 
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Table 5.12. Sensitivity anafysis for Stock Tank 223 watershed. 

Variation (%) Rnnoff 
On) 

Peak Rnnoff 
(cfe) 

Bedload 
(ton) 

Base Value 0.00 0.824 138-792 97.592 

Area -20 0.974 0.827 0.765 
-10 0.988 0.914 0.882 
+10 1.010 1.084 1.119 
+20 1.019 1.166 1.239 

CN -10 0314 0.469 0308 
-05 0.570 0.696 0.564 
+05 1.747 1.400 1.774 
+10 3.200 1.942 3.292 

Porosity -50 1370 1.167 1381 
-25 1.076 1.034 1.079 
+25 0.964 0.983 0.963 
+50 0.941 0.971 0.939 

K -50 1.078 1.033 1.073 
-25 1.037 1.016 1.035 
+25 0.965 0.984 0.967 
+50 0.926 0.968 0.935 

Length -50 1.075 1.032 1.070 
-25 1.032 1.014 1.031 
+25 0.959 0.981 0.961 
+50 0.919 0.964 0.929 

Roughness -50 1.000 1.000 3.870 
-25 1.000 1.000 1.856 
+25 1.000 1.000 0.660 
+50 1.000 1.000 0.441 

Slope -50 1.000 1.000 0343 Slope 
-25 1.000 1.000 0.618 
+25 1.000 1.000 1303 
+50 1.000 1.000 1.759 

Width -50 1.078 1.033 0.801 
-25 1.037 1.016 0.946 
+25 0.965 0.984 0.978 
+50 0.926 0.968 0.953 
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Table 5.13. Sensitivity anafysis for Watershed 11. 

Variation (%) Rnnoff 
Cm) 

PeakRimoff 
(cfi) 

Bedload 
(ton) 

Base Value 0.00 0-678 1035J86 341.715 

Area -20 0.947 0.803 0.738 
-10 0.975 0.902 0.869 
+10 1.022 1.096 1.135 
+20 1.040 1.192 1.273 

CN 
-10 0J67 0.486 0356 
-05 0.605 0.708 0.597 
-H)5 1.710 1384 1.727 
+10 3.093 1.900 3.169 

Porosity -50 1.277 1.087 1.283 
-25 1.048 1.016 1.048 
+25 0.977 0.992 0.977 
+50 0.964 0.986 0.963 

K 
-50 1.206 1.156 1.217 
-25 1.096 1.075 1.101 
+25 0.928 0.942 0.926 
+50 0.849 0.878 0.841 

Length -50 1.195 1.148 1.205 
-25 0.765 0.779 0.739 
+25 0.654 0.694 0.629 
+50 0.844 0.873 0.836 

Roughness -50 1.000 1.000 3.687 
-25 1.000 1.000 1.828 
+25 1.000 1.000 0.648 
+50 1-000 1.000 0.448 

Slope -50 1.000 1.000 0351 
-25 1.000 1.000 0.650 
+25 1-000 1.000 1398 
+50 1.000 1.000 1.834 

r? lat -50 1.195 1.148 1.008 
Wiatn -25 1.091 1.071 1.056 

+25 0.918 0.934 0.916 
+50 0.844 0.873 0.829 
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Soil porosity has a moderate impact on Q. An underestimation of 50% caused the 

highest variation around the base run values, M^e an overestimation of 50% caused 

negligible variation, this means that in case we do not have a site value for POR, an 

overestimation of this parameter will cause a little impact on the final result The porosis 

has an indirect influence on Q. The way that POR affects Q is through the retention 

parameter S used in the SCS method, and modified by ARDBSN to estimate runoff 

volume. In ARDBSN the S parameter is updated daily, and to do this, it has to consider 

the upper limit (POR - 6 15 bars) of soil water stor^e (UL) in the root zone. In this way, 

variations in soil porosity will affect UL and in consequence Q will be affected. 

With respect to peak runoff rate, the parameter perturbations were similar to those 

for Q, that is, GN and POR were the parameters with more impact on Qp. However, in 

this occasion the watershed area (A) also impacted Qp. Because of the way that A is used 

in the model, perturbations to it should logically only have impact on peak runoff rate. 

As can be seen fipom Figure C.4, either an over or an underestimation of A is directly 

proportional to the percent of the parameter perturbatioiL 

Channel and watershed geometry parameters will set to a value estimated fix)m the 

Southwest Watershed Research Center electronic database by using Geographic 

Information System (GIS) retrieval tools. Manning's roughness coefScient and effective 

hydraulic conductivity will be set to a value estimated fix>m the NRCS STATGO database 

and retrieved via GIS tools (Miller, 1996). 
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It is surprising that channel geometries, and n have no impact on Q, as all the 

runoff generated must flow through channel segments to reach the watershed outlet 

These findings give an indication of the domination of overland flow processes in runoff 

generation at this scale. 

Parameter perturbations on Stock tank 223 (Table 5.12) showed the same 

tendency as the results 6om LH-103. Again, CN was the most important parameter 

affecting Q, and at this scale, other parameters such as chaimel length, channel width, and 

channel effective hydraulic conductivity showed iq> to have a small but noticeable 

influence on volume runoff values (Figure C.2). This might indicate that fiom this scale 

and above, channel flow processes would be starting to contribute in the runoff 

generation processes. 

Again, peak runoff rate was more sensitive to CN and area perturbation values. A 

decrease in the effect of area perturbation values on Qp was observed with respect to that 

observed in LH-103 (Figure C.4). Area values had in average a decrease of 24% in 

affecting ST-223 peak runoff rate response. This indicates a lesser influence of upland 

areas on the Qp at this watershed scale. 

Runoff volume sensitivity to CN perturbation values was the most important for 

the WS-11, and change percentages relative to the average base value were about the 

same as they were for the LH-103 subwatershed. ARDBSN model was more sensitive to 

overestimation of the CN value. When the CN value was overestimated 10%, there was a 

300% increase about the Q average base value. 
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On the other hand, an underestimation of the same percentage, produced a 70% 

difference about the Q average base value (Table 5.13). 

The effects of chaimel geometry (length and width) and effective hydraulic 

conductivity were evident at this scale. The influence that these three parameters have on 

runoff volume is the same. This means the percentages of variation imposed on 

CHNLEN, CHNWID, and values produced about the same difference when compared 

to the results from each simulation run with their respective Q average base value (Table 

5.13). Results showed gr^hically in Figure C.3 illustrate the influence of the parameters 

mentioned above. Based on these results, we can see that at this watershed scale, channel-

related parameters through channel flow processes play an important role in the 

generation of runoff volimie. 

Watershed 11 had peak discharge (Figure C.6) results different from those 

obtained for LH-103 and ST-223 subwatersheds. In the latter subwatersheds, the impact 

of channel parameters was negligible (one to 3 percent in variation when the perturbation 

parameter values ranged from -50% to +50%) while WS-11 showed an increase in the 

importance of chaimel parameters (CHNLEN, CHNWID, and Kec). The difference with 

respect to the base value (Table 5.13), considering the range mentioned above, was 

increased in plus/minus 20%. These findings support the increasing importance of 

channel flow processes in both the generation of runoff and peak discharge at the outlet of 

the watershed. 
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From channel flow processes, transmission losses might be the most important 

one for runoff generation. This is because many semiarid watersheds have alluvial 

channels that abstract large quantities of streamflow, and these abstractions or 

transmission losses, are important because water is lost as the flood wave travels 

downstream. Thus, runoff volumes are reduced. Lane (1982), showed the importance of 

transnussion losses in reducing runoff volumes and peak rates in semiarid subwatersheds. 

For a 4.1 mile chaimel reach on the Walnut Gulch Experimental Watershed, he found that 

transmission losses reduced the runoff volume by 31%, and the corresponding peak 

discharge was reduced by 30%. 

As a summary for model sensitivity analysis, regardless of subwatershed scale, 

runoff volume and peak are most sensitive to the Curve Nimiber. For using ARDBSN on 

ungaged subwatersheds an underestimation of the CN value is better than an 

overestimation. Results shown that an overestimation of 10% will cause the runoff 

volimie to be overestimated about 300% compared with the "true" CN value. 

Overland flow processes are the most dominant in runoff generation at small 

subwatershed scale (9.2 acres). This was evident since geometry channel parameters and 

channel effective hydraulic conductivity did not affect runoff volume at this scale. The 

effect of channel flow processes on nmoff generation increases in importance with 

increasing subwatershed size. Tank 223 subwatershed (108 acres) showed a slight, but 

evident, effect of channel-related parameters. In the other hand, these parameters showed 

a bigger impact on runoff volume in the Watershed 11 (1575 acres), in which (due to 
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intrinsic channel characteristics) transmission losses play an important role in the 

watershed response to rain&U. 

Channel and watershed geometry parameters will set to a value estimated &om the 

Southwest Watershed Research Center electronic database by using Geogr^hic 

Infonnation System (GIS) retrieval tools. Manning's roughness coefficient and effective 

hydraulic conductivity will be set to a value estimated fix>m the NRCS STATSGO 

database and retrieved via GIS tools (Miller, 1996). This means that the Curve Number 

(CN) parameter will be the only one we will use for the calibration of the ARDBSN 

hydrologic simulation model. 

5.10 Conclusions. 

The calibration of ARDBSN model was made varying only the CN parameter. 

Model performance was measured primarily by the coefficient of efficiency (R ,̂ Nash 

and Sutclif  ̂1970) for runoff volume and peak runoff rate. Model efficiencies obtained 

were good for LH-101, LH-103, and WS-11, and feir for ST-223. Model efficiencies 

found with ARDBSN model are comparable to those obtained for models used in other 

studies on Walnut Gulch and other regions in the United States. After calibration, 

model performance was verified using an independent set of rain&ll-runoff years. Results 

indicate that the model perform well for LH-103 and WS-11. 

Validation in LH-101 failed, likely as the result of changes in the soil-water retention 

relationship due to management practices imposed in this subwatershed. 
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In general, this model trends to oveipredict runoff volume for small rainfell 

events, and underpredict for large rainfall events. This result is due to the method used in 

computing runoff volume. 

A sensitivity analysis was performed to four subwatersheds within the Walnut 

Gulch Experimental Watershed. These subwatersheds ranged in size firom 3.1 to 1575 

acres. The parameters selected for this analysis were those that can be either extracted 

from datalayers or generated within the ARC/INFO GIS environment 

Based in our analysis, the Curve Number (CN) parameter was the most important 

in defining runoff volume and peak runoff rate. An imderestimation of 10% about the 

base CN value produces a reduction of about 70 % in runoff volume and 50% in peak 

discharge. In the other hand, an overestimation of the same magnitude (10%) produce an 

overestimation of about 300% and 90% in runoff volume and peak discharge, 

respectively. Geometric channel parameters (width, length) and effective hydraulic 

conductivity become important when the watershed size is increased. 
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CHAPTER6 

MAP SCALE AND DISCRETIZATION THRESHOLDS 

6.1 Introduction 

Considerable time and effort are required to acquire the run the models and 

interpret resulting information. Hydrologic simulation models integrated with a GIS can 

eliminate many of these problems. Several models have been integrated with GIS which 

include AGNPS and GRASS GIS by Srinivasan and Engel (1994), ANSWERS and 

GRASS (Rewerts and Engel, 1991), SPUR and ERDAS (Sasowsky and Gardner, 1991), 

and SWAT and ARC/INFO (Williams et aL, 1997) 

These models either discretize the watershed into smaller elements by overlaying 

a square grid (ANSWERS or AGNPS) or into various subbasins (SWAT and SPUR). 

With the integration of these models with a GIS, it is possible to divide the watershed 

into a large number of elements since the GIS automatically generates the input Hence 

they can consider the spatial variability to the level of detail supported by the data. 

However, as the niunber of such elements increase, so does the computation time. It is not 

clear from studies to date if the effect of increasing input levels of detail improves the 

accuracy of the simulated output For effective use of the above tools, it is necessary to be 

able to discretize the watershed to an appropriate level of detail. A gross discretization 

may lead to poor simulation results whereas very fine discretization would require ̂  

more input data and significantly increased computation time and space, which may be 

important for large watersheds comprised of hundreds of subbasins, with little or no 
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increase in accuracy. 

6.2 Integration of ARDBSN Model with ARC/INFO GIS 

The integration of hydrologic models with GIS can take many forms and depends 

on the problem to be solved. Figure 6.1 shows the schematic illustration of three 

potential levels of integrating GIS with hydrologic models. For an in-depth explanation 

of these levels of integration the reader should refer to Hm and Jolly (1994). Each level 

of integration has associated procedures, problems, opportunities, and potential errors, 

some of \^ch have been discussed extensively (Burrough, 1988; Zhang et al., 1990; 

Maidment, 1991; Tim etal., 1992a). 

In this study, the first level of hydrologic model and GIS integration shown in 

Figure 6.1 was adopted. At this level, the GIS and model are developed separately. Input 

data required by the model are extracted fit)m the GIS. The model is run independently of 

the GIS and output can be analyzed as desired by the user. Due to its simplicity, this level 

of integration has been used the most (Sasowsky and Gardner, 1991; Chariat and 

Delleur, 1993; Joao and Walsh, 1992). 

Figure 6.2 shows the approach used to integrating ARC/INFO with the ARDBSN 

distributed parameter model. Briefly, the approach entails the following procedure: 1) 

assembly and analysis of digital data in several coverages that characterize the landsc^)e 

and sur&ce hydrology; 2) transformation of the encoded digital vector coverages from 

ARC/INFO vector to the raster (grid) format by using ARC GRID; 3) conversion of grid-
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based data into a foimat compatible with the ARDBSN model; 4) running the ARDBSN 

-model; and 5) evaluation and analysis of the ARDBSN model output results. 

Op«r«tkio Syxtam 1 

t 
USER INTERFACE 

USER INTERFACE 
V USER 

(a) Level 1 - Ad hoc integration 

OpcfiOns Sytfcm 2 

OptraUag SyMm t 

... 

t 
, COMMON USER INTERFACE : 

(b) Level 2 - Partial integration 

Figure 6.1. Levels of integration of GIS and simulation models (Tim and Jolly, 1994) 



Figure 6.2. ARDBSN liydrologic simulation model and ARC/INFO GIS linkage. 
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6.3 Hvdrologic Modeling in ARC/INFO 

The purpose of hydrologic modeling in ARC/INFO is to derive environmental 

characteristics which relate to hydrology. The modeling tools in ARC/INFO use a raster 

structure to overlay a land area with a grid, hence the GRID functions are carried out in 

GRIDTOOLS. A digital elevation model (DEM) is the basic digital data necessary to 

perform hydrologic modeling. From a DEM, several characteristics can be determined 

about the sur&ce hydrology of a particular area. This includes flow direction and flow 

accumulation which are used to detennine the actual streams of the area. Drainage 

basins may also be delineated, streams ordered and the raster based stream files in GRID 

can be converted to a vector coverage to be used later for other analysis in ARC/INFO. 

The first step in the modeling process is to obtain a DEM of the study area. The 

DEM may have to be converted fix)m another format into ARC/INFO. The second step is 

to use the FLOWDIRECTION command to determine the flowpath that water will take 

when it hits the earth's sur&ce. There are eight directions of flow fix)m a cell relative to 

the eight adjacent cells. Each direction is identified by an unique number. 

One problem with DEMs is inaccuracies. A DEM can create sinks or peaks in the 

digital model. Sinks are areas of internal drainage, where the flow of surrounding cells 

converge into the center one. These areas can be natural, as in a karst area, however 

areas of internal drainage attributed to errors in the DEM will adversely affect the process 

and product of hydrological modeling. A peak is the opposite of a sink in that it is a 

region of cells that is higher than adjacent cells and flow is stopped incorrectly. 



141 

Whatever the case, the sinks must be filled and the peaks adjusted to obtain accurate flow 

directions. The FILL command must be used repetitively until all sinks are filled, then 

the FLOWDIRECTION can be applied to obtain accurate flow directions for the study 

area. 

Once an accurate flow direction have been generated, two functions may be 

performed; delineation of the watersheds and delineation of stream networks. If 

watersheds need to be delineated then the commands WATERSHED and BASIN should 

be used. The BASIN command delineates drainage basins for a particular sur&ce. The 

WATERSHED command is similar to the BASIN command, but it delineates local 

watersheds for specified pour points. 

If streams and stream networks need to be delineated then the 

FLOWACCUMULATION command is used. FLOWACCUMULATION calculates 

accumulated flow fiom upslope cells and writes it as an output file. Stream networics can 

then be delineated from a DEM using the output file from the FLOWACCUMULATION 

command. Three commands are used to delineate and describe streams: STREAMLINE, 

STREAMLINK, and STREAMORDER. STREAMLINE is a vectorization command 

designed to convert stream networks into vectors to be used in ARC/INFO coverages. 

STREAMLINK fimction allows the user to assign unique values to each of the links in a 

raster network. This can be usefril to attaching attribute information to a segment of the 

stream. STREAMORDER is a method of assigning a numeric order to links in a stream 

network that corresponds to the link's position in the watershed. 
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ARC/INFO is a very powerful geographic infonnadon system. The basic 

functions for hydrologic modeling in ARC/INFO is to model within the program for use 

in the many other environments of ARC/INFO. This is a very useful since existing 

ARC/INFO data sets do not have to be exported to model and then imported back to the 

program for other applications. However, it is not suggested to do the modeling in 

ARC/INFO unless it is suited to a particular application. There are miich simpler models 

that will accomplish hydrologic modeling with much more ease than ARC/INFO. The 

user of a hydrologic model should be familiar with the limitations of the model being 

used and products they expect to derive &om the modeling effort 



Figure 63. Outline of steps to derive surface characteristics 
from a DEM (ESRI, 1992) 
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6.4 Data Sources and Description 

A large-scale GIS (1:5000) (Miller et al., 1996) developed for Walnut Gulch 

Experimental Watershed was used to parameterize the ARDBSN model. The principle 

theme layers used in this stu  ̂were: 1) a digital elevation model (DEM) with a 10m 

resolution created firom low-level aerial photogn^hy; 2) soils, characterized at the map 

unit level firom 1:5000 orthophotographs (Breckenfield et al., 1995); 3) vegetation, as 

characterized in the field; and 4) stream channels, digitized finm 1:5000 orthophographs. 

For the small-scale GIS, soils and vegetation GIS layers were obtained from the 

USDA-NRCS Computer Based M^^ping System (CBMS). The CMBS data for the study 

area was developed by digitizing 1:250,000 scale soil maps to create a raster layer 

consisting of 6.25 hectare cells (250 x 250 m). The NRCS 1:24,000 scale vegetation 

cover map was used in this study. This is the most detailed vegetation cover map 

available and is available in CMBS format, which is the same format as that of CBMS 

soil map. The digital elevation model (DEM) of the study areas were obtained fix)m the 

U.S. Geological Survey. The maps were imported into ARC/INFO where the raster 

digital elevation map was created. The subwatershed boimdaries were delineated using 

the surface hydrologic modeling capabilities within ARC/INFO, which are described in 

the next section. Measured daily rain&ll for 3 and 11 raingages in and around the 

subwatersheds T-223, and WS-11, respectively was obtained firom the SWRC-STORM 

database. Runoff events at the outlet of each subwatershed were obtained firom the 

STORM database. Both climatic and nmoff event data for the period 1967 through 1974 
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were used in this study. Table 6.1 shows a summary of the different datasets used in this 

study. 

Table 6.1. Basic infomiation aboat the datasets used in this stady. 

Dataset Scale Resolntion Source 

Large Scale 

Topography 1:5000 10 X 10 m SWRC-GIS database** 

Soils 1:5000 10 X 10 m SWRC-GIS database* 

Vegetation 1:100,000 30 X 30 m SWRC-GIS database* 

Channels 1:5000 10 X 10 m SWRC-GIS database** 

Small Scale 

Topography 1:24,000 30 X 30 m U.S. Geological Survey 

Soils 1:250,000 1544 ac. NRCS***- STATSGO 

Vegetation 1:100,000 30 X 30 m SWRC-GIS database 

Channels 1:24,000 30 X 30 m Generated in ARC/INFO 

* Created firam low level aereal photognqihy. 
** Created from orthophotographs. 
*»* Natural Resources Conservation Service -

6.5 Model Parameterization Using GIS 

A suite of Arc Marco Language (AMLs) were created to subdivide the watershed 

into plane and channel elements and to obtain the relevant soil, vegetation, and 

topographic parameters. Four thresholds or levels of complexly were used to define the 

first order watershed or those watersheds not containing a channel. The four thresholds 
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were 1.5,2.5,5, and 10 percent of the watershed area (Table 6 J.). In a raster environment, 

stream channels are defined as a function of the contributing area above each cell: with an 

upland area greater than a given threshold were defined as stream channels. As such, a 

lower threshold value for defining a stream channel results in a greater number of stream 

channels. 

Table 6 .̂ Watershed configurations according to stream thresholds values by nsing 
1:5,000 scale. 

Watershed Threshold 
(%) 

Threshold 
(kml) 

Number of 
Channels 

Number 
of Planes 

Drainage 
Length (km) 

11 1.5 0.118 21 51 13.8 

2.5 0.196 11 27 11.9 

5.0 0.393 5 12 9.98 

10.0 0.786 5 12 8.16 

223 1.5 0.0072 23 45 3.27 

2.5 0.012 13 37 2.64 

5.0 0.024 6 18 2.09 

10.0 0.048 4 13 1.53 

Having derived the stream channel network by e^plying different thresholds, it was 

possible to create plane elements according to the intersections of those channels. Both 

the intersections of channels elements and origins of the iq)permost channels were 
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identified, and their locations used to define the outlet points of internal subwatersheds. 

Internal subwatersheds were defined according to these oudets in the Arc/Info GRID 

module, and subsequently converted into polygonal rfata The streams channels defined in 

GRID were converted into vector elements. 

In order to create lateral and upland elements, these polygonal subwatersheds 

were intersected with the vectorized channels to produce a subwatershed map in which 

upland, lateral, and channel elements were identified for hydrologic modeling purposes 

(Figure 6.4). Note that a large threshold value results in a decreased number of channel 

and plane elonents, and represents a reduction in geometric complexly, and potentially a 

reduction in the capture of spatially distributed watershed characteristics. These 

subwatersheds served as the basis for extracting basin characteristics and parameterizing 

the ARDBSN model. Soil characteristics were extracted for each plane and upland 

element on an area-weighted basis by intersecting the subwatershed configurations with 

the soil theme layer. A Thiessen polygon map was generated in the GIS from known rain 

gage locations on both watersheds, and an area-weighted rainfall depth automatically 

derived for each rainfall event based on the thiessen weights for each lateral and upland 

subwatershed element 



a). 1.3 percent b). 2.S percent 

d). 10 percent c). S.O percent 

Figure 6.4. Watershed 11 with four discretizations thresholds. 

•1̂  
00 
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6.6 Basin Delineation 

The WATERSHED tool in Arc/Info was used to generate four raster map layers 

delineating subbasins within the Walnut Gulch Experimental Watershed for each dataset 

Watershed tfireshold values of 10,5.0,2.5 and 1J percent of the watershed area were used 

on both the 1:24,000 and 1:5,000 scale xaag layers (Figure 6.5). When using the smaller 

basin threshold values the number of exterior subbasins increases. This limits the area of 

interior subbasins, leading to an increase in the total number of basins generated with smaller 

basin threshold values. 

The number of overland flow elements delineated within the 1:24,000 and 1:5,000 

scales varies slightly. A greater difference is noted as basin threshold is decreased. This is 

due in part to the search algorithm that WATERSHED uses to determine flow over the DEM. 

The minimum size of the drainage basins is only relevent to those basins having no basins 

draining into them. 

An interior basin consists of that area that flows into an interior stream segment As 

a result, interior basins can be of any size. However, since areas within the watershed 

boundary may represent headwater areas, they may also be classified as exterior basins. 

Vi^th topography represented by distinct cells, each containing individial values for 

elevation and flow direction, coarser data are expected to show less detail, giving a larger 

error when smaller subbasin areas are delineated (Srinivasan, 1992). For watershed 11 the 

increase in resolution of the 1:5,000 data does not show an increase in the number of 
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a) Low res(rfiiti<n (1:24^000 ) 

b) Hl̂  resohitHHi (1:5,000) 

Figure 6 .̂ Results of basin delineation witliin the WGEW ARC/INFO 
WATERSHED tooL The 10 percent area threshold is shown for both 
scales. The number of predicted subbasins is generalfy the same, with only 
minor differences in subbasin location predicted. 
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basins delineated as channelized sections. The number of channels within watershed 11 for 

both scales are shown in Table 63. As can be seen, the number of channels dismimshes as 

the threshold values decreases. This was expected because as the threshold contributing area 

increases, the number of overland flow elements decreases and in consequence the number 

of channels also decreases. The effect of scale on drainage length and delineated watershed 

area is shown in Table 6.3. Scale has a strong effect on the length of the channel network. 

The finer the scale the larger the channel nertwork. The total channel length computed for 

watershed 11 for the 1:5000 scale ranged from 8.59 to 5.07 miles for 2.5 and 10 percent 

threshold area, respectively. On the other hand, the 1:24,000 scale ranged fiom 823 to 4.59 

miles for the thresholds mentioned above. 

The total watershed area also showed differences. The difference between 1:5000 and 

1:24000 scales is an average of 0.05 square miles. This difference is independent of the 

threshold area. This difference in area is related to the cell resolution associated with the 

DEM mapset scale. Srinivasan (1992) notes a similar trend in that as cell resolution 

increased, computed watershed area increases due to the increasing number of grid cells. 

With respect to the watershed 223, the effect of the mapset scale on the number of 

overland flow elements, number of channels, total channel length, and watershed area 

delineation was similar to that of watershed 11. Table 63 shows the values obtained for each 

parameter for the 1:5000 and 1:24000 scales. 
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6.7 Model Simulation Pgrformance 

Hydiologic simulation models as ARDBSN are intended to be used imder different 

conditions from they were created. To assess model performance, to have at least 

rainfall and runoff volume records of the site of interest would be desirable. However, this 

is more the exception than the rule. Therefore, to give the model a sense of confidence, 

testing and assessing model performance under variant hydrologic conditions is necessary. 

The coefficient of efficiency of Nash and Sutcliffe (1971) was used to assess 

ARDBSN model performance. As mentioned before, a coefficient of efficiency of one 

indicates perfect agreement If the results are highly correlated but biased, then tbe 

coefficient of efficiency will be less than the coefficient of determination (Aitken, 1973). 

Producing frequency distributions that are similar to measured frequency distributions is 

important for simulation models. Close agreement between means and standard deviations 

indicated that the frequency distributions are similar. The American Society for Civil 

Engineers Task Committee on Evaluation Criteria for Watershed Models (ASCE Task 

Committee, 1990) recommends the Nash-Sutcliffe coefficient as a goodness-of-fit criterion 

(Nash and Sutcliffe, 1970) for watershed models. (This coefficient measures the 

goodness-of-fit to the line-of-perfect-fit (the 1:1 line) and measures how well the simulated 

and measured flows correspond). 



Table 6.3. Watershed geometric characteristics across scales. 

Large Scale (1:5,000) Smal Scale (1:24,000) 

1.5 2.5 5.0 10.0 1.5 2.5 5.0 10.0 

Watershed 11 

Channel number 21 11 5 5 25 10 5 5 

Number of elements 51 27 12 12 58 25 12 12 

Total area (sq. miles) 2.44 2.43 2.43 2.43 2.38 2.38 2.38 2.38 

Total channel length* 8.59 7.43 6.21 5.07 8.23 7.06 5.60 4.59 

Watershed 223 

Channel number 24 15 7 5 25 16 7 3 

Number of elements 46 38 18 13 56 34 16 8 

Total area (sq. miles) 0.18 0.19 0.19 0.19 0.16 0.16 0.16 0.16 

Total channel length* 1.98 1.64 1.30 0.95 1.77 1.44 0.92 0.68 

Channel length in miles. 
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6.7.1 Model perfonnance and map scale 

The resolution of data used to develop iiqmt parameters is an important &ctor in the 

hydrologic response of a watershed model. It is the resolution of the Hat  ̂ used in 

determining watershed characteristics that ultimately results in the accuracy of a hydrologic 

model. Watershed topogr^hy affects the flow paths that runoff takes to become streamflow, 

and the spatial distribution of soil types and land use within a watershed also affects runoff 

response. 

Two different scales were used in this study. In using these two different scales the 

accuracy of a watershed model's output depends not only on the size of the watershed, but 

also on the inherent scalar error. This is because coarse data may not give accurate 

rq>resentation of actual basin characteristics. 

To analyze the effects of map scale and computed watershed geometry on model 

performace, optimization of model parameters was necessary to obtain a baseline for 

comparisiorL The only parameter optimized was the Curve Ninnber (CN) since it has been 

shown to be the most sensitive parameter for runoff volume for models of this type (Lane, 

1982; Stone and Renard, 1985). 

Due to the scheme used to discretize the subwatersheds, the area of the oveiiand flow 

elements varied enormously. Watershed 11 ranged fiom 0.81 to 379.87 acres, and, watershed 

223 range was &om 0.02 to 26.94 acres. This great difference in overland flow element area 

caused a main problem >^en trying to obtain a unique CN value using the standard 

procedure mentioned in the National Engineering Handbook (USDA-SCS, 1972). Applying 
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an unvarying CN value to watersheds of different scales results in an over-prediction of 

runoff on larger watersheds. 

To overcome this problem, the Curve Number-Area relationship presented by 

Simanton et al., (1996) was used. The optimum value of CN as related to drain^e area (A) 

in ha follows a log-log relationship as: 

CN = kA-°°" (6.1) 

where k is a fitted coefScient equivalent to a '̂ roof* curve number, and A is the watershed 

area in acres. Equation 7.1 was derived from drainage areas rangii  ̂between 0.0003 and 318 

acres, and encompasses both shrubs and grasses, >A^ch are the most dominant type of 

vegetation found in Walnut Gulch Experimental Watershed. 

Table 6.4 shows the effect of scale on runoff volume model performance. Table 6.4 

shows the average values across the different watershed discretizations. Overall, high 

resolution information (large scale) showed a better runoff volume model efBciency. 

Watershed 11 had an average model efficiency of 0.69,and watershed 223 had 0.53 

considering the 1:5000 scale. These values are 7 and 6 percent higher than those obtained by 

these subwatershed imder the 1:24,000 scale. However, these differences between scales are 

not statistically different, considering a 95 percent probability. 

Figure 6.6 is shown for a better appreciation of how the volume runoff behaved 

across scales and watershed discretization schemes. Model efficiency tendency is not 

uniform for both watersheds. For watershed 11, there is a tendency to decrease model 
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eficiency ̂ en the area contributing threshold value is increased, and this tendency holds 

regardless of scale in most of the cases. For the high resolution, model efGciency goes fiom 

73 to 65 percent for 1.5 and 10 percent contributing area, respectively. 

respect to watershed 223, the tendency is the reverse. Here, model efGciency 

increase with increasing area contributing threshold value (Figure 6.6). There was no 

interaction b^ween threshold value and scale. This means that the model efSciency behavior 

was ocacdy the same for both scales. Here, the difference in model efGciency between the 

high and low resolution maps was 6 percent on average. 

Table 6.4. Average values for two scales across four discretization schemes. 

Parameter Watershed 11 Watershed 223 

1:5000 1:24,000 1:5000 1:24,000 

Model Efficiency 0.69 0.66 0.53 0.47 

Curve Number 92.0 92.5 87.75 89.75 

Area (acres) 86.95 80.62 5.46 6.14 

Channel Length (mi) 0.83 0.76 0.14 0.13 
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Figure 6.6. Model efficiency for two watersheds across scales and discretization 
schemes. 
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Table 63 shows a sununazy statistics for watersheds and different scales. As it 

can be seen, mean runoff values are very close to its correspondent observed value in both 

map scales. Variances between observed and simulated data considering scales and 

subwatersheds seems to be a little different, but th  ̂are not statistically different at 95 of 

probability according to the F distribution (Hann, 1977). 

These results sqrport the idea diat the higher the map resolution the better the model 

performance, and agree with Wolock and Price (1994) study. They concluded that resolution 

plays a key role in model accuracy. In their study, they asses the spatial resolution between 

1:24,000 and 1:250,000 scale data by using the USGS TOPMODEL. Their study shows a 

significant variation in model output between the two resolutions. Ratios between the 

overland flow and total flow at the 1:24,000 scale are 0.05, v^e at the 1:250,000 scale, 

these are more than tripled at 0.16. 

In the same way, Thang and Montgomery (1994) examined the effect of digital 

elevation model (DEM) grid size on the portrayal of the land sur&ce and hydrologic 

simulations on two small watersheds the western United States. Elevation data were gridded 

at 2, 4, 10, 30 , and 90 m scales. They found that the grid size of the DEM significantly 

affected both the representation of the land surface and hydrologic simulation. A grid size 

smaller than the hillslope length was necessary to adequately simulate processes controlled 

by land form. A 10-m grid size was proposed as a reasonable compromise between 

increasing spatial resolution and data handling requirement for modeling land surface 

processes. Although channel flow dominates hydrograph characteristics for large watersheds. 
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grid size influences physically based models of nmoff generation and sur&ce processes. 

Based on these results, it can be concluded that scale affects simulation model 

performance when runoff volume is taken as the variable of interest Watershed size plays 

a role in the way that model performance responds to scale. However, this effect is not very 

conclusive; at least, not considering the scales used in this study. One probable reason of 

this may be that the 1:24,000 scale is adequate to characterize or delineate watershed 

geometric features. Using Wahiut Gulch E3q)erimental Watershed high resoliition databases 

allows the establishment of a baseline finm which it can be decided whether it is convenient 

or not to use the commercial available data. From this point of view, the author concludes 

that 1:24,000 scale can be used with high confidence in hydrologic simulation modeling in 

areas with similar characteristics to those in WGEW. 

6.7.2 Model performance and watershed discretization schemes. 

A general trend in model performance as a function of geometric complexity can be 

inferred fiom Table 6.6. An increase in the threshold value corresponds to a reduction in the 

number of channels and overland flow elements delineated within a watershed. 

This trend is different for the subwatersheds studied. For watershed 11, an increase 

in the threshold value (and decreasing complexity) generally causes a reduction in model 

performance. Overall, this effect is present in this subwatershed regradless the map scale. 

The highest model efBciency (0.73) was found in the large scale and lowest threshold value 

which has 21 channels and 51 overland flow elements (OFE). At this scale, the difference 
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in model pa:fomiance between the highest and lowest level of watershed complexity  ̂was 

eight percent This difference decrease to three percent ̂ en the CTnall scale (1:24,000) is 

considered. 

Table 6 .̂ Rnnoff volume average summary statistics for two map scales across 
watershed discretization schemes. 

Observed 
data 

Watershed 11 Observed 
data 

Watershed 223 

Parameter 1:5,000 1:24,000 1:5,000 1:24,000 

Mean (in) 0.524 0.456 0.442 0.778 0.796 0.756 

STD.Error 0.092 0.063 0.058 0.216 0.140 0.125 

STD. Dev 0.345 0.240 0.220 0.780 0.504 0.451 

Min value 0.094 0.106 0.096 0.187 0.140 0.161 

Max value 1.047 0.880 0.818 3.131 1.79 1.688 

For subwatershed 223 an increase in the threshold value caused an increase in model 

performance at both scales. The worst model performance (0.40) was found in the most 

complex watershed configuration at the small scale. This subwatershed is 79 ha, and there 

is no gain in model pefomiance at large scale >^en watershed configuration complexity is 

increased firom S channel and 13 OFE to IS channels and 38 OFE. 

These results show that the relative watershed configuration complexity significantly 

alters the model results on large watersheds and can be attributed to the improved 

representation of spatially distributed watershed features with increased geometric 
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complexity. On smaller watersheds, where landscape features are more homogeneous, a 

distributed model as ARDBSN does not yield significantly better results as a function of 

watershed compl«dty. On watershed 11, for example, there are five soil types, but the 

relative significance of their differences are reduced ^en more gross watershed 

representations are used. This is because the differences among soil Q^pes are lost when an 

area-weighting scheme is used and other soil types dominate lateral or upland elemens. With 

a fino- watershed discretization, the different soil ̂ ^pes may play a more significant role in 

altering the runoff response. 

Of great consideration in the modeling of runoff in semi-arid Southwest is the effect 

of transmission losses. Transmission losses are accounted for in the ARDBSN model as a 

fimction of stream channel width and length. As is shown in Table 6.6, the level of watershed 

compl«dty is diiecdy related to channel length. Therefore, as watershed complexi  ̂and the 

subsequent reduction in transmission losses are some>A^iat accounted for by the curve number 

ajustment, but the drop in ef5ciency associated with reduced complexity may be partly due 

to the effect on decreased transmission losses as a function of reduced channel length. 



Table 6.6. Model efficiency, Curve Number, and watershed geometric elements across map scales. 

Large Scale (1:5,000) Smal scale (1:24,000) 

1.5 2.5 5.0 10.0 1.5 2.5 5.0 10.0 

Watershed 11 

Nash-Sutcliffe Coeff. 0.73 0.69 0.68 0.65 0.66 0.65 0.63 0.69 

Curve Number 92 92 92 92 93 93 92 92 

Number of chamiels 21 11 5 5 25 10 5 5 

Chamiel length * 8.59 7.43 6.21 5.07 8.23 7.06 5.60 4.59 

Number of elements 51 27 12 12 58 25 12 12 

Watershed 223 

C. of Efficiency 0.50 0.54 0.55 0.54 0.4 0.47 0.51 0.51 

Curve Number 90 87 87 87 92 91 88 88 

Number of channels 24 15 7 5 25 16 7 3 

Channel length* 1.98 1.64 1.30 0.94 1.77 1.44 0.92 0.68 

Number of elements 46 38 18 13 56 34 16 8 

* in miles 
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6.8. Curve Number estimate method and model performance. 

As described in Ch^ter 3, ARDBSN model uses the Curve Number method 

developed by the United States Department of Agriculture (USDA), Soil 

Conservation Service (SCS) to estimate runoff volume. This method is explained in 

then SCS National Engineering Handbook, Section 4, Hydrology (USDA-SCS, 

1985), and runoff depth from a watershed is calculated accordir̂  to the equations 32., 

and 3.3 in Cha^>ter 3. 

This method was developed for small watersheds and one of its assumptions is 

that runoff processes were spatially imiform across the entire watershed (Hawkins, 

1982). For many years, this assumption was taken by granted by practitioners and 

researchers because there was no way to accoimt for the spatial variation of soil, 

vegetative, and hydrologic properties of landscapes. 

New technology such as geographical information systems and distributed 

hydrological simulation models makes possible to overcome this limitation. Now, 

watershed characteristics (soil, vegetation, topogr^hy) can be spatially described and 

so runoff processes. Figure 6.7 shows the effect of two criteria to obtain curve number 

parameter values on model efficiency across watershed 11 thresholds. The first 

method is the SCS Curve Number method. The second method was developed by 

Simanton et al., (1973), and is described by equation 6.1. In this method CN value is a 

function of subwatershed area. 
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As can be seen, the CN value unifoimity assumption shows a dramatic decline 

in runoff volimie model efficiency A^en the threshold value goes from 1  ̂to 10 

pocent This reduction in model efficiency is about 25%. On the other hand, the 

Simanton method shows a decrease of 10 percent in model efficiency. The 

explanation for the better model efficiency "stabili  ̂across thresholds by using the 

Simanton method is because this model has "implicit" channel transmission losses 

which are a key Victor in runoff generation processes in the southwestern ephemeral 

streams (Lane et al., 1980; Lane, 1985). 

Figure 6.8 shows watershed runoff volume components (field runoff volume, 

and transmission losses). Uniform CN value assumption shows a '̂ constant" runoff 

volume coming out from the fields across thresholds values, regardless of average 

overland flow elements (OFE) area. On the other hand, the Simanton model shows 

that the runoff volimie coming from the fields tends to decrease with increasing 

average OFE area, which is more reasonable because when the OFE area is increased 

the initial abstractions on it are increased, too. Besides, under these conditions, areal 

watershed rain&U is seldom uniform and the average depth can be expected to decline 

as drainage area increases (Simanton et al., 1996). Evidences of high variation of 

thunderstorm rainfall over short distances has been observed in Southern Arizona 

(Osbom et al., 1979; Osbom, 1983). 
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Based on these results, it seems that to obtain better results ̂ en modeling 

hydrological processes in rangeland watersheds in the Southwest of the U.S. 

incorporating an area variable CN method is necessary. The uniform SCS curve 

number assumption Mis to describe ̂ propriately the watershed runoff volume 

components in watersheds of the size of the watershed 11 described here. 
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Figure 6.7. Watershed llmodei eficienQr across thresholds considering two criteria 
to obtain CN parameter. 
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Figure 6.8. Behavior of basin runoff components across scales using two CN criteria 
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6.9 Conclusions 

Four contributing area threshold values were used as a criterion for 

delineating overland flow elements in two watersheds within the GWEW. Watershed 

eleven and watershed 223 ate 631 and 79 has, respectively. Thre^old values of 1.5, 

2.5,5.0, and 10.0 percent of the watershed area were used on both the 1:24,000 and 

1:5,000 scale map layers. 

When using the smaller basin threshold values the number of exterior 

subbasins increases. This limits the area of interior subbasins, leading to an increase 

in the total number of basins generated with smaller basin threshold values. 

The number of overland flow elements delineated within the 1:24,000 and 

1:5,000 scales scarcely varies. A greater difference is noted as basin threshold is 

decreased. The number of charmels diminishes as the threshold values decreases. 

scale has a strong effect on the length of the channel network. The finer the scale 

the larger the charmels networic. 

To analyze the effects of map scale and computed watershed geometry on 

model performance. Curve Number was the only parameter optimized, since it is the 

most sensitive parameter for runoff volume in ARDBSN. 

Overall, high resolution maps show a better runoff volume model efiSciency. 

Watershed 11 had an average model efficiency of 0.69,and watershed 223 had 0.53 

considering the 1 ;5000 m  ̂scale. These values are seven and six percent higher than 
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those obtained by these subwatershed under the 1:24,000 scale. Considering 

this, the author concludes that 1:24,000 map scale can be used with high confidence 

in hydrologic simulation modeling in areas with similar characteristics to those in 

GWEW. 

Model efficiency tendencies are not uniform for both watersheds. For 

watershed 11, there is a toidency to decrease model efficiency A^en we increase area 

contributing threshold value, and this tendency holds despite scale in most of the 

cases. With respect to watershed 223, the tendency is reversed. Here, model 

efficiency increases with increasing area contributing threshold value 

The results showed, that the relative watershed configuration complexity 

significantly alters the model results on large watersheds, and can be attributed to the 

improved representation of spatially distributed watershed features with increased 

geometric complexity. On smaller watersheds where landsc^)e features are more 

homogeneous, a distributed model as ARDBSN does not yield much better results as 

a fimction of watershed complexity. The drop in efficiency associated with reduced 

complexity may be partly due to the effect of decreased transmission losses as a 

fimction of reduced channel length. 

Based on these results, it can be concluded that m  ̂scale affects simulation 

model performance when runoff volume is taken as the variable of interest 
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Watershed size plays a main role in the ̂ vay that model performance responds to map 

scale. 
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CHAPTER? 

CONCLUSIONS AND RECOMMENDATIONS 

A sensitivity analysis was performed to four subwatersheds within the Walnut 

Gulch Experimental Watershed. These subwatersheds ranged in size from 1.4 to 631 ha. 

The parameters selected in our analysis were those that can be either extracted fix)m data 

layers or generated within the ARC/INFO GIS enviromnent 

Based in our analysis, the Curve Number (CN) parameter was the most important 

in defining runoff volume and peak runofif rate. An underestimation of 10 % about the 

base CN value produces a reduction of about 70 % in runoff volume and 50% in peak 

discharge. On the other hand, an overestimadon of the same magnitude (10%) produces 

an overestimation of about 300% and 90% in runoff volume and peak discharge, 

respectively. Geometric channel parameters (width, length) and effective hydraulic 

conductivity become important when the watershed size is increased. 

The calibration of ARDBSN model was made varying only the CN parameter. 

Model performance was measured primarily by the coefficient of efficiency (R ,̂ Nash 

and Sutclifi  ̂1970) for total annual runoff volume and for maximum annnal peak nmoff 

rate. Model efficiencies obtained were very good for LH-IOI, LH-103, and WS-11, and 

reasonably good for ST-223. Model efficiencies found with ARDBSN model are 

comparable to those obtained for different models in studies made in Walnut Gulch and 

other regions in the USA. After calibration, model performance was verified using an 

independent set of rainfall-runoff years. Results indicate that the model performed well 
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for LH-103 and WS-11. Validation in LH-101 failed as a result of the change in the soil-

water retention relationship due to managemoit practices imposed in this subwatershed. 

In general, this model trends to over predict runoff volume for small rainfall 

events, and under predict for large rainfall events. This result is due to the method used in 

computing runoff volume, ̂ th respect to peak runoff rate, observed and simulated flood 

peaks agree well for return periods up to 20 years. However, the coefficient of 

determination between observed and predicted peak rate suggests that ARDBSN model 

predicted the distribution better that it predicted for individual events. 

Using a GIS to extract and format input data for ARDBSN model, the effects of 

different mapset scale and watershed discretization schemes were studied. Four 

contributing area threshold values were used as a criterion for delineatii  ̂overland flow 

elements in two watersheds within the Walnut Gulch Experimental Watershed. 

Watershed eleven and watershed 223 are 631 and 79 hectares, respectively. Threshold 

values of 1.5,2.5,5.0, and 10.0 percent of the watershed area were used on both the 

1:24,000 and 1:5,000 scale map layers. 

When using the smaller basin threshold values the nimiber of exterior subbasins 

increases. This limits the area of interior subbasins, leading to an increase in the total 

number of basins generated with smaller basin threshold values. 

The number of overland flow elements delineated within the 1 ;24,000 and 1:5,000 

scales scarcely varies. A greater difference is noted as basin threshold is decreased. The 

number of channels diminishes as the threshold values decreases. Map scale has a strong 
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effect on the length of the channel netwoik. The finer the scale the larger the channels 

netwoik. 

To analyze the effects of map scale and computed watershed geometry on model 

perfoimance. Curve Number was the only parameter optimized, since it is the most 

sensitive parameter for nmoff volume in ARDBSN. 

Overall, high resolution maps show a better runoff volume model efBciency. 

Watershed 11 had an average model efGciency of 0.69, and watershed 223 had 0.53 

considering the 1:5000 map scale. These values are seven and six percent higher than 

those obtained by these subwatersheds under the 1:24,000 map scale. Considering this, 

the author concludes that 1:24,000 map scale can be used with high confidence in 

hydrologic simiilation modeling in areas with similar characteristics to those in the 

Wahiut Gulch Experimental Watershed. 

Model efBciency tendencies are not uniform for both watersheds. For watershed 

11, there is a tendency to decrease model efGciency when the threshold value is 

increased, and this tendency holds despite scale in most of the cases. With respect to 

watershed 223, the tendency is reversed. Here, model efficiency increases with increasing 

area contributing threshold value 

The results showed, that the relative watershed configuration complexity 

significantly alters the model results on large watersheds, and can be attributed to the 

improved representation of spatially distributed watershed features with increased 

geometric complexî . On ̂ nailer watersheds where landscape features are more 
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homogeneous, a distiibuled model as ARDBSN does not yield much better results as a 

fimction of watershed complexity. The drop in efBciency associated with reduced 

complexity may be partly diie to the effect of decreased transmission losses as a function 

of reduced channel length. 

Based on these results, it can be concluded that maip scale affects simulation 

model performance ̂ en runoff volume is taken as the variable of interest. Watershed 

size plays a main role in the way that model performance responds to map scale 

Recommendations for future work include the use of several different 

subwatersheds with different mapset scales in a similar study. Also, it is necessary to 

incorporate the entropy concept to assess the response of the watershed to the elimination 

of raingauge stations. The hypothesis behind this suggestion is that the optimum 

raingauge network will vary according to the level of watershed discretization. Along 

with this, a sensitivity analysis should be performed to detemiine the effects of model 

complexity on the model e£5ciency to different optimal network densities. 



APPENDIX A 

RAINFALL AND RUNOFF DATA USED IN THIS STUDY 



Table Al. Lucky Hills watersheds monthly rainfall depth (in) distribution from 1965 to 1979. 

Year Jan Feb Mar April May June July Aug Sep Oct Nov Dec Total 

1965 0.63 0.07 0.26 0.04 0.06 0.22 3.22 2.06 1.32 0.00 0.26 3.71 11.85 

1966 0.50 1.08 0.00 0.10 0.00 0.00 3.86 4.95 1.69 0.00 0.30 0.15 12.63 

1967 0.00 0.23 0.00 0.15 0.36 0.52 3.25 1.85 2.74 0.21 0.08 3.28 12.67 

1968 0.60 0.90 1.17 0.68 0.00 0.00 3.28 4.07 0.36 0.00 0.33 0.42 11.81 

1969 0.28 0.72 0.15 0.00 0.25 0.00 2.97 2.07 0.93 0.00 0.44 0.42 8.23 

1970 0.00 0.19 1.16 0.14 0.00 0.00 1.08 3.33 2.69 0.12 0.00 0.38 9.09 

1971 0.00 0.10 0.00 0.37 0.00 0.09 3.30 4.58 1.85 1.62 0.14 1.32 13.37 

1972 0.00 0.00 0.00 0.00 0.07 1.64 2.45 3.09 1.23 2.71 0.92 0.07 12.18 

1973 0.36 1.15 2.49 0.00 0.37 0.79 3.67 0.89 0.40 0.00 0.21 0.00 10.33 

1974 1.36 0.00 0.42 0.00 0.07 0.18 4.68 2.88 1.91 2.43 0.00 0.25 14.18 

1975 0.53 0.05 0.39 0.36 0.05 0.00 6.53 0.83 2.51 0.00 0.35 0.24 11.84 

1976 0.26 1.01 0.13 0.46 1.02 0.14 2.31 1.12 2.13 1.16 0.34 0.13 10.21 

1977 1.64 0.00 0.00 0.00 0.00 0.60 3.24 3.21 4.32 2.90 0.00 0.00 15.91 

1978 2.36 1.56 0.94 0.07 0.60 0.10 3.83 1.72 0.56 2.21 1.22 2.04 17.21 

1979 2.41 0.37 0.75 0.05 0.34 0.60 2.99 1.33 0.33 0.09 0.29 0.27 9.82 

Avg. 0.73 0.50 0.52 0.16 0.21 0.33 3.38 2.53 1.67 0.90 0.33 0.85 12.09 



176 

Appendix A2. Descriptive statistical parameters for total annaal mnoft volume 
(in) in foor watersheds and rainfall depth (in) (1965-1979). 

Parameter LH-101 LH-103 ST-223 WS-11 Rainfall 

Mean 0.952 0.838 0.847 0.523 12.088 

Std. Error 0223 0.175 0.193 0.092 0.629 

Median 0.681 0.629 0.567 0.445 11.85 

Std. Dev. 0.833 0.656 0.747 0.345 2.439 

Variance 0.694 0.430 0.559 0.119 5.952 

Kurtosis 0.396 0.710 6.046 -1.370 0.182 

Skewness 1.220 1.333 2.249 0.349 0.530 

Range 2.653 2.136 2.944 0.952 8.89 

Mioimum 0.038 0.113 0.186 0.094 8.23 

Maximum 2.691 2.249 3.131 1.047 17.21 

Years 15 15 15 15 15 



Figure A3. Number of mnofif events in two Lncî  HiUs subwatersheds. 



APPENDED B 

RAINFALL DATA FOR WS-11 AND LH-103 IN 1975. 



Table Bl. Observed rainfall depth at raingage 22 in watershed 11.1975. 

Gage Mondi Day R(in) Month Day R(in) 

22 1 1 0.02 7 18 0.07 
22 1 1 0.07 7 19 0.04 
22 1 9 0.04 7 20 0.01 
22 1 29 0.38 7 21 0.14 
22 1 30 0.03 7 22 0.01 
22 1 30 0.02 7 22 0.23 
22 2 2 0.01 7 23 0.13 
22 2 21 0.03 7 24 0.18 
22 3 11 0.02 7 27 0.06 
22 3 11 0.12 7 29 0.03 
22 3 12 0.04 7 29 0.02 
22 3 14 0.09 8 8 0.09 
22 3 26 0.01 8 10 0.03 
22 3 26 0.10 8 10 0.05 
22 3 28 0.09 8 12 0.02 
22 4 7 0.07 8 12 0.01 
22 4 7 0.03 8 20 0.03 
22 4 9 0.17 8 22 0.22 
22 4 18 0.06 8 23 039 
22 5 29 0.02 9 1 0.01 
22 6 6 0.01 9 3 0.39 
22 7 1 0.02 9 4 0.04 
22 7 5 0.42 9 5 0.05 
22 7 7 0.05 9 6 0.26 
22 7 7 0.19 9 7 0.45 
22 7 8 0.07 9 7 0.10 
22 7 10 0.06 9 12 0.08 
22 7 11 0.03 9 13 0.01 
22 7 12 1.60 9 13 0.68 
22 7 12 0.02 9 14 0.01 
22 7 17 2.25 11 28 0.42 



Table B2. Observed rainllBli depth at raingage 83 in watershed LH-103.1975. 

Gage Month Day R(in) Mondi Day R(in) 

83 1 1 0.06 7 22 0.01 
83 1 9 0.04 7 22 0.21 
83 1 29 0.40 7 23 0.29 
83 1 30 0.03 7 24 0.13 
83 2 21 0.05 7 27 0.08 
83 3 11 0.12 7 29 0.02 
83 3 12 0.03 8 8 0.11 
83 3 14 0.07 8 9 0.01 
83 3 26 0.01 8 9 0.01 
83 3 26 0.08 8 10 0.03 
83 3 28 0.08 8 10 0.12 
83 4 7 0.09 8 12 0.06 
83 4 9 0.20 8 12 0.02 
83 4 18 0.07 8 20 0.03 
83 5 29 0.05 8 22 0.39 
83 7 1 0.05 8 23 0.05 
83 7 5 0.74 9 1 0.06 
83 7 7 0.08 9 3 0.54 
83 7 7 0.18 9 4 0.01 
83 7 8 0.29 9 5 0.21 
83 7 10 0.09 9 6 0.29 
83 7 11 0-11 9 7 0.51 
83 7 12 1.07 9 7 0.02 
83 7 12 0.04 9 12 0.07 
83 7 17 2.86 9 13 0.02 
83 7 18 0.05 9 13 0.78 
83 7 28 0.23 11 28 0.35 



APPENDIX C 

SENSITIVITY ANALYSIS GRAPHICAL REPRESENTATION 



182 

Rufiolf vdWM Mid cfmral iiciQtti. 

Runoff voluM and rocfolmaK. 

1 — 
£ r 

1 1 1 1 1 1 1 1 1 » 1 1 1 1 t . . J  1 
---! 

I " ;  
I r  k i  

• 

IHT 

«• -•-*» 1 

RtMlf vduM and dnniMi vMllL 

|̂ taw~40 •*.« 

Runoff volUM and dimwl ilope. 

1 

|-»0M*—•« -̂ -K —S 

Runoff vehMM and satuntMl 
hydfMiOc eonductivtty. 

I-—b——-o -«-•» —» 
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