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ABSTRACT 

In this study, model parameters were estimated using five 

different watershed configurations for the SWRRB (A Basin 

Scale Simulation model for Soil and Water Resources 

Management) model, based on soil types and vegetation 

characteristics for watershed 11 in the Walnut Gulch 

Experimental Watershed in Tombstone, Arizona. Different 

watershed configurations were used, starting with one 

subbasin, up to a maximum of five subbasins. GIS was used to 

delineate the subbasins and to calculate some of the input 

parameters. Surface runoff was simulated for a period of six 

years (1982-1987). The simulated runoff values were compared 

with observed values. In addition, this study evaluated the 

effects of watershed configuration on runoff prediction by the 

SWRRB model. 
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CHAPTER 1 

INTRODUCTION 

1.1 Problem Statement 

Geographic information systems (GIS) technology are 

increasingly being used to address a variety of water 

resources problems. In watershed management, GIS was 

developed as practical tools to streamline some of the 

operational problems faced by many agencies dealing with 

hydrologic analysis. Usually, conventional manual analysis 

requires significant time. Two basic steps done prior to any 

final hydrologic analysis are defining the basin area and 

estimating hydrologic model parameters which may be calculated 

using GIS. It is a practical and useful methodology because it 

offers the spatial parameters that usually are not easily 

determined for watershed models. Moreover, most hydrologic 

models require a pre-constructed data set which can take a 

long time to build. GIS can set up different models almost 

simultaneously by extracting information as required. 

In several recent studies, hydrologic models have been 

interfaced with GIS. Fisher (1989) developed a conceptual 

design for an interface between GIS and the Hydrological 

Simulation Program-Fortran (HSPF) model which is a 

comprehensive model of watershed hydrology and water quality. 

Lee et al. (1990) integrated GIS and the Agricultural Nonpoint 
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erosion/sedimentation, and water quality components for 

assessing nonpoint source pollution. Another study of this 

nature was conducted by Holbert (1989), who integrated the 

Soil Conservation Service (SCS) equations for calculating 

runoff with a GIS (Map Analysis Package) in a framework which 

allowed the simulation of runoff processes using a GIS 

database. 

The SWRRB (Simulation for Water Resources in Rural 

Basins), which is a continuous streamflow model (Arnold et al. 

1990), was developed for simulating hydrologic and related 

processes on a basin scale. The model predicts the effects of 

management practices on water and sediment yield by reading 

available physical data or inputs, computing the effects of 

management change on outputs, and simulating long periods for 

use in frequency analysis. The major processes included in 

the model are surface runoff, percolation, return flow, 

evapotranspiration, transmission losses, pond and reservoir 

storage, sedimentation, and crop growth. There are no known 

previous studies that relate this useful model to GIS. 

1.2 Objectives 

The use of hydrologic simulation has become a common 

approach in hydrologic analysis and watershed planning and 

management. Event models can be used to assist in the design 

of conservation structures and as a basis for making decisions 

between various watershed management schemes. The overall 
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between various watershed management schemes. The overall 

goal of this research is to improve the technology transfer 

from hydrology to computer science by using GIS to calculate 

input parameter for the SWRRB watershed model. This study 

will compare the effects of different watershed configuration 

on runoff results using the SWRRB model coupled with a GIS. 

1.3 Approach 

Model parameters will be estimated for the SWRRB model, 

based on soil types and vegetation differences for Walnut 

Gulch Experimental Watershed No. 11 in Tombstone, Arizona. 

Different watershed configurations will be used, starting with 

general watershed characteristics (soil type and vegetation) 

or one subbasin, up to maximum of five subbasins will be 

defined, to simulated runoff for six years (1982-1987). The 
i 

runoff results will be compared with observed values. GIS 

will be used to delineate the subbasins and to calculate some 

of the input parameters. 

1.4 Benefits 

The hydrologic cycle is inherently spatial, as water is 

stored, transported, and transformed by the three-dimensional 

processes. Despite the importance of spatial relationships to 

hydrology, automated techniques for spatial analysis have not 

been extensively integrated into applied hydrologic studies. 

This study will evaluate the compatibility between GIS and a 
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basin scale hydrologic model. In addition, it will define the 

effect of watershed configuration on runoff prediction, which 

can be used for decision making and for future studies that 

interface GIS with hydrologic models or just to define the 

most appropriate watershed configuration for SWRRB 

applications. 
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CHAPTER 2 

LITERATURE REVIEW 

2.1 Hydrologic Models 

Brooks et al. (1991) defined a hydrologic model as a 

simplified representation of a hydrologic system with the 

purpose of studying the function and response of watersheds to 

various inputs. For the most part, a model is based on the 

systems approach (Figure 1) and differs in terms of how and to 

what extent each component of the hydrologic process is 

considered. While a wide range of hydrological model types 

exist, two fundamentally different modeling approaches may be 

identified. These are termed mechanistic (process-based) and 

empirical (black box) approaches. The mechanistic approach is 

based on the requirement that the model describe the 

hydrologic system in terms of fundamental laws or theoretical 

principles of science (for example, the conservation of mass, 

energy, and momentum. This rigorous scientific approach 

provides the potential to describe the relevant controlling 

mechanisms of the system, the nature of their interaction, and 

their spatial and temporal variability. 
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Fig. 1. Systems approach to watershed hydrologic response 

modeling. 

The empirical approach attempts to describe the system in 

terms of empirical, or statistical, relationships. Empirical 

models may range in complexity from a simple equation 

involving a single parameter which itself represents an index 

of the net effect of a range of characteristics and processes 

averaged or integrated over space and time, to more complex 

suites of equations involving a much larger number of 

parameters. In contract to mechanistic models, empirical 

models provides little insight into the internal mechanisms of 

the system and they are not designed to aid explanation. 

Application of empirical models is severely limited by two 
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facts; 1) they are only applicable to those conditions for 

which the parameters have been calibrated and, 2) they can not 

be used to explored the internal operation of the physical 

system they describe. 

Both empirical and mechanistic models can be either 

deductive (deterministic! or inductive (characteristics!. If 

the chance of occurrence of the variable describing a process 

is ignored and the model is considered to follow a definite 

law of certainty but not any law of probability, the process 

and its model are described as deterministic. On the other 

hand, if the chance of occurrence of the variables is taken 

into consideration and the concept of probability is 

introduced in formulating the model, the process and its model 

are described as stochastic (time-dependent) or 

characteristics (time-increase). 

Space-time scale considerations are also very important 

in hydrologic modeling. The mathematical relationships 

describing a hydrologic phenomenon are mostly scale dependent 

in the sense that different relationships manifest at 

different scales. The challenge then is to identify and 

formulate appropriate relationships at the scales of practical 

interest, tesl: them experimentally and seek consistent 

analytical connections between these relationships and others 

or different scales. This endeavor is perceived to be an 

exciting and challenging area of research in hydrology. 
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2.1 Geographic Information Systems 

Cowen (1988) presented a review of the definitions for 

geographic information system that exist in the literature 

outlining four approaches to defining GIS - the process 

oriented, the application, the toolbox, and the database 

approach. Common to all definitions is the ability of the 

system to capture, store, retrieve, transform, analyze and 

display spatial data. 

The GIS have three main components; computer hardware, a 

set of application software modules, and proper organizational 

context, which need to be in balance. The computer or central 

processing unit (CPU) is linked to a disk driver storage unit, 

which provides space for storing data programs. A digitizer, 

or some other device, is used to convert data from maps and 

documents into digital form and send them to the computer. A 

plotter,is used to present the results. The user controls the 

computer and periphericals via a visual display unit (VDU). 

The software package for GIS consists of five basic technical 

modules. These basic modules are sub-systems for data input 

and verification, data storage and database management, data 

output and presentation, data transformations, and interaction 

with the user. 

The main concepts of a GIS is that one maintains a set of 

spatially registered data layers, maps or overlays. These 

layers can be stored in either raster or vector form. A raster 

consists of an array of grid cells. Each grid cell is 
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referenced by a row and column number and it contains a number 

representing the type or value of the attribute being mapped. 

A vector representation is an attempt to represent the object. 

The coordinates space is assume to be continuous, not 

quantized as with the raster space allowing all positions, 

lengths, and dimensions to defined precisely (Burrough, 1986). 

For example, the area of a watershed can be separated 

into components by rasterizing methods which grid the area 

into cells. Each cell may be described by its attributes, 

such as soil type, land cover, and aspect. Once this initial 

database is established, a GIS can be used to transform data 

into other attributes by manipulating map layers. For example, 

a Curve Number can be derived by overlaying the soil map with 

the land cover map to a estimates CN value for each cell 

(Holbert, 1989). 

2.3 Hydrological Modeling and GIS 

GIS provides representation of spatial features while 

hydrologic modelling is concerned with the flow of water and 

its constituents over the land surface and in the subsurface 

environment. GIS offers the potential to increase the degree 

of definition of spatial subunits, in number, in topology and 

in descriptive detail. GIS-hydrologic model linkage also 

offers the potential to address regional or continental scale 

processes areas in which hydrology up to now has not been 

modelled to any significant extent (Maidment, 1991). In 
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addition, GIS can improve the use of hydrological models by 

improving the efficiency of the data preparation for use by 

those models. 

Several levels of hydrologic modelling in association 

with GIS can be distinguished: hydrologic assessment, 

hydrologic parameter determination, and hydrologic modelling 

inside GIS. The following sections describe the different 

levels of hydrologic models-GIS associations. 

2.3.1 Hydrologic Assessment 

Hydrologic assessment refers to the mapping of hydrologic 

variables that pertain to some situation, usually as a means 

of risk assessment. Ferris and Colgalton (1989) developed a 

GIS for the Colorado River Watershed to estimate snowpack 

water volume from topographic and satellite (AVHRR, Advance 

Very High Resolution Radiometer) data. This study revealed 

the potential of low-cost, synoptic, and daily AVHRR- l km 

satellite imagery in a GIS from snowpack water volume 

estimation. 

Another application of GIS in hydrologic assessment is to 

determine the susceptibility of surface waters to nonpoint 

pollution. Deliman and Wolfe (1990) utilized the Geographic 

Resources Analysis Support System (GRASS) to assess the 

potential impact of dairies on the quality of water surface 

and concluded that GIS can be used effectively for sitting new 

dairies as well as identifying current areas of pollution 
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susceptibility. 

Gilliland and Potter (1986) developed a geographically 

base tool for analyzing and communicating non-point pollution 

potential, with special emphasis on bacteria non-point source 

pollution potential in Western Douglas County, Nebraska. A GIS 

integrated soil type, topography, and land use maps to 

calculate slope and slope length, and relates these 

characteristics to soils and land use parameters to obtain 

three dimensional map of runoff potential, sediment pollution 

potential, and fecal coliform pollution potential. 

To minimize the environmental impacts of military 

activities, Warren et al. (1989) integrated the USLE 

(Universal Soil Loss Equation) to a the geographic information 

system GRASS (Geographical Resources Analysis support System) 

to create a land classification system for use by military 

trainers and land managers. 

2.3.2 Hydrologic Parameter Determination 

Hydrologic parameter determination is currently the most 

active area in GIS related application to hydrology. The goal 

is to compute the spatial parameters that go into hydrologic 

models by analysis of terrain and land cover features. Thus 

land surface slope, channel slope, channel lengths, land use 

and soil characteristics of a watershed are extracted from GIS 

systems, with most of the work up to this time being with 

raster systems (Maidment, 1991). With the tremendous amount of 
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spatial data necessary to analyze hydrological processes, GIS 

tools have been applied to determine input variables to 

hydrologic models. This type of application generally 

utilizes simple overlay techniques. Use of a GIS reduces the 

time previously required to create input files. In addition, 

it can improve predictions by more accurately representing the 

major controlling runoff factors such as land cover, slope 

length, and soil type. These factors vary according to the 

area of the watershed being modeled and differences are 

typically averaged to gain representative variables for input 

to the model. 

One example of this kind of application is the study by 

VanBlargan and Schaake (1987) who applied GIS technology to 

small basins (10 to several hundred square miles) to predict 

floods using a kinematic wave model (KWAVE). The GIS read the 

necessary geographic data and estimated the KWAVE parameters. 

The parameters that were not defined from geographic data were 

obtained from regional values. This application demonstrated 

that GIS can be used to subdivide and parameterized drainage 

basin into small elements which would give better results by 

considering spatially varied rainfall inputs. Another example 

is Wolfe and Neale, (1988) who applied GRASS (Geographic 

Resources Analysis Support System) to assemble the input data 

set for a distributed parameter model called FESHM (Finite 

Element Storm Hydrograph model). 



21 

Schmidt et al. (1987) who conducted a study to evaluate 

unit-hydrograph and loss-rate parameter values for rainfall-

runoff models. They used a watershed, soil, and climatological 

data which was stored in a GIS, and unit-hydrographs and loss-

rate parameters obtained from calibration of a commonly used 

flood-hydrograph rainfall-runoff model for 616 storms in 98 

gaged drainage basins. 

Fisher (1989), interfaced the Hydrological Simulation 

Program-Fortran (HSPF) with ARC/INFO GIS. The interface was 

constructed around sets of analysis procedures with primary 

functions. One set of procedures included functions that 

estimated parameter values using model-independent data from 

GIS. The other set of procedures included functions, such as 

frequency analysis. A data-base management system handled the 

information that associated with the geographic coordinates. 

GIS does not contain values of parameters, but rather physical 

data describing the basin. The interface was developed to 

calculate the model parameters, and execute the computational 

procedures. Three general methods were used: (a) the model 

parameters were set constants, (b) the model parameters were 

calculated using a simple algorithm, and (c) the model 

parameters were determined by running a separate program. The 

study demonstrated that acceptable initial hydrological 

parameters were easily and quickly developed for HSPF by using 

a GIS-based approach. 
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Another hydrologic model in which parameters were defined 

using a GIS was AGNPS (Agriculture Nonpoint Source) (Panuska 

et al. 1991). Terrain analysis methods were used to estimated 

the topographic attributes of a catchment. Two terrain-

enhanced version of the AGNPS model were developed: AGNPS-C, 

a contour-based version, and AGNPS-G, a grid-based version. 

These terrain-enhanced models automatically generate the cell 

network, the cell connectivity, and the required topographic 

parameters. 

Another application of GIS was realized by Sasowsky and 

Gardner (1991). Using GIS techniques to calculate SPUR 

(Simulation of Production and Utilization of Rangelands) 

parameters and to produce various watershed configurations by 

progressive simplification of a stream network delineated from 

digital elevation models (DEM). Three watershed configurations 

were defined; < 2na, < 4th, and < 13th Shreve order networks, 

where the watershed contains 28, 15, and 1 channel segments 

with 66, 37, and 3 contributing areas, respectively. According 

to this study, due the degree of parameterization in SPUR, 

model simulations can not be significantly, improved by 

increasing watershed configuration greater than < 4th order 

network. 

2.3.3 Hydrologic Modelling Within GIS: 

Hydrologic modelling can be done directly within GIS 

systems, as long as time variability is not needed. This is 
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the case when considering annual averages of variables, such 

as average annual flow loadings from a watershed. Stuebe and 

Johnston (1990) conducted a study to evaluate the potential of 

a particular geographic information system to assist in all 

stages of modeling stormwater runoff. They estimated runoff 

using the SCS "Runoff Curve Number Model" for six watersheds. 

The study intended to contrast the runoff yield using the 

conventional manual method (SCS) and using GIS. Input data 

(elevation, soils, and landcover) were digital for the latter 

method. GIS was used for all phases of the modeling process, 

including watershed delineation and routing of runoff. A 

comparison between the two methods showed a that the use of 

GIS is an acceptable alternative to the conventional method 

for watersheds lacking relatively flat terrain. Hill et al. 

(1987) generated runoff curve numbers for a drainage basin in 

Louisiana and Mississippi using a raster GIS. They combined 

classified LANDSAT Multispectral Scanner satellite information 

with digital photo-interpreted land use. White (1989) also 

used the curve number technique to evaluate the effects of 

land-use changes and conservation practices on direct runoff. 

White study concluded that given the compromise between model 

and complexity and available data, the synoptic-scale 

methodology does predict within a "reasonable" range of actual 

storm runoff at the watershed scale for four of the eight 

lower-magnitude events considered. 
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Silfer el al. (1987) used the TINFLOW model, which linked 

the Triangle Irregular Network (TIN) and associated data 

structures, together with a deterministic, finite difference, 

hydrological model to simulate rainfall-runoff processes via 

overland flow and interflow. The TIN is a series of 

triangular planes connected at the boundaries and is commonly 

used in photogrammetry and remote sensing as a means of 

modeling topography. The TINFLOW model, with its unique 

methods of discretizing the watershed, can be modified to 

model many discrete processes, including erosion, groundwater 

flow, and agriculture runoff. Since, it has the capability of 

assigning attributes to small parcels of land, the TINFLOW 

model could be used in urban areas to predict the changes in 

stream flow patterns caused by changes in the land use. 

The Agricultural Nonpoint Source Pollution (AGNPS) Model 

was used by Lee et al. (1990) as a test model for assessing 

nonpoint source pollution. The model has runoff, 

erosion/sedimentation, and water quality components. Input 

data (soils, land use, streams and water bodies, farm 

boundaries, monitoring locations, and land management) were 

obtained from a GIS, along with a digital elevation model 

(DEM), and remote sensed data which included satellite images 

and scanned aerial photographs. The test results indicated 

that the approach was technically and economically feasible. 

De Roo et al. (1989) linked a GIS to the ANSWERS (Areal 

Nonpoint Source Watershed Environment Response Simulation) 
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Model to simulate surface runoff and soil erosion from 

watersheds with agriculture as their primary land use. 

According to this study, the use of GIS provides new 

possibilities in process of developing a useful model that 

predicts runoff and erosion at the scale of the landscape. 

Eagle et al. (1989) interfaced GIS with a real-time 

forecasting model on the Saylorville River Basin in central 

Iowa. The system had the ability to handle real time data 

entry and the existence of a knowledge base/expert system 

which continually monitored the incoming hydrological data. 
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DESCRIPTION OF THE SWRRB MODEL 

The SWRRB (Simulator for Water Resources in Rural Basins) 

model was developed for simulating hydrologic and related 

processes in rural basins. The model is able to predict the 

effect of management decisions on water and sediment yield 

with reasonable accuracy on ungauged rural basins. Arnold et 

al. (1985) defined the following characteristics of the model; 

a) physically based using readily available inputs, (b) 

capable of computing the effects of management changes on 

outputs, (c) computationally efficient to allow simulation on 

a variety of management strategies without excessive cost, (d) 

capable of simulating long periods for use in frequency 

analyses, and (e) able to operated on subdivided basins. 

SWRRB was generated by modifying the CREAMS (Chemical, 

Runoff, and Erosion from Agriculture Management Systems) model 

for application to large, complex, rural basins. The major 

changes involved were: (1) the model was expanded to allow 

simultaneous computations on several subbasins, and (2) 

changes in the model components for crop growth, transmission 

losses, and sediment movement through ponds, reservoirs, 

streams, and valleys. 
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The three major components of SWRRB are weather, 

hydrologic, and sedimentation. The major processes included 

in the model are surface runoff, percolation, return flow, 

evapotranspiration, pond and reservoirs storage, and 

sedimentation. 

3.1 Weather 

The weather variables necessary for driving SWRRB are 

precipitation depth, air temperature, and solar radiation. If 

daily precipitation and temperature are available, they can be 

entered directly to SWRRB. If not, the model can simulate 

daily rainfall and temperature. Daily radiation is always 

simulated. One set of weather variables may be simulated for 

the entire basin, or they can be simulated for each subbasin. 

Description of the model components used for simulating 

precipitation, temperature, and solar radiation follow. 

3.1.1 Precipitation 

The SWRRB precipitation model developed by Nicks (1974) 

is a first-order Markov chain model. The model must be 

provided with monthly probabilities of receiving precipitation 

for two conditions; a) precipitation occurred on the previous 

day, and b) no precipitation on the previous day. Given the 

initial wet-dry state, the model determines stochastically if 

precipitation occurs or not and the amount is determined from 

a skewed normal daily precipitation distribution. 



28 

If precipitation is to be simulated for each subbasin, 

the amount generated from the skewed normal distribution is 

assumed to be the mean for all gauges for the day. The amount 

of daily precipitation is partitioned between rainfall and 

snowfall using average daily air temperature. 

3.1.2 Temperature 

SWRRB generates daily maximum air temperature using the 

normal distribution equation and weighing factors. A similar 

equation is used to generate the minimum temperature: 

^mx~Tmxj + (Urmxj) (BF) (3.1) 

and 

'Fmn=Tnmj+ (Ulmnj} ̂ XlYnn) (3-2) 

Where TBltJ and T„n:J are the generated maximum and minimum 

temperatures in °C, T„x and Tnn are daily mean maximum and 

minimum temperatures in month j in °C, UTnxi and UTnnj are the 

standard deviations of daily maximum and minimum temperatures 

for month in j in °C, %*** an<* Xrm, and BP is a weighing factor 

based on wet-dry rainfall probabilities. 

3.1.3 Solar Radiation: 

Solar radiation is generated from a normal distribution 

using the equation (Nicks and Harp, 1980): 
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RArax, IDA=H^ (4>sin (-22-LAT) sin(P) +cos (-^-LAT) cos (0) sin (4>) ) 
D2 360 360 

(3.3) 

Where RA^IDA is maximum solar radiation for day IDA in ly, 

D is the earth's radius vector, tp is the sun's half day length 

in radian, LAT is the basin's latitude, and 0 is the sun's 

declination angle in radian. 

3.2 Hydrology 

The model is based on the water balance equation: 

e 
SW t=SW+Y^ (Ri~Q±~ET i-P1-QR j) (3.4) 

in 1 

Where SW is the soil water content minus the 15-bar water 

content, t is time in days, and R, Q, ET, P, and QR are the 

daily amounts of precipitation, runoff, evapotranspiration, 

percolation, and return flow, respectively, all units are in 

mm. 

Since the SWRRB model maintains a continuous water 

balance, complex basins are subdivided to reflect differences 

in evapotranspiration (ET) for various crops, and soils. Thus 

runoff is predicted separately for each subbasin and routed 

to obtain the total runoff for the basin. 
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3.2.1 Runoff Volume 

Surface runoff is predicted for daily rainfall using the 

SCS curve number equation: 

Where Q is the daily runoff in mm, R is the daily rainfall in 

mm, CN is the Curve Number and S is a watershed storage index. 

The watershed storage index, S, varies with soil, land use, 

management, and slope characteristics. It also varies with 

time because of the changes in soil water content. 

3.2.2 Percolation 

The percolation component of SWRRB uses a storage routing 

technique combined with the crack-flow model to predict flow 

through each soil layer in the root zone. The storage 

equation is based on the equation: 

Q=(R-Q.2S)2/ {R+O.SS) fox Rh0.2 S (3.5) 

0 = 0 for Pi 0.2 S (3.6) 

1000 (3.7) 

SWi =3W01exp ( - A  t/ TT±) 
(3.8) 

Where SWo1 and SWA are the soil water contents at the 

beginning and end of the day in mm, At is the time interval 
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(24 h), and TT is the travel time through layer i in hours. 

Thus, the percolation can be computed by subtracting SW„ from 

SWoi. The crack-flow model allows percolation of infiltrated 

rainfall even though the soil water content is less than field 

capacity. When the soil is dry and cracked, infiltrated 

rainfall can flow through the cracks of a layer without 

becoming part of the layer's soil water content. However, the 

portion that does become part of a layer's stored water can 

not percolate until the water storage exceeds field capacity. 

Percolation is also affected by soil temperature. If the 

temperature in a particular layer is 0 °C or below, no 

percolation is allowed from that layer. Water can, however, 

percolate into the layer. 

Since the 1-day time interval is relatively long for 

routing water through soils, SWRRB divides the water into 4 mm 

slugs for routing. This is necessary because the flow rates 

are dependent upon soil water content which is continuously 

changing. 

3.2.3 Subsurface Runoff 

Lateral return flow is calculated simultaneously with 

percolation. Each 4-mm slug of a infiltrated water is given 

the opportunity to percolate first, and then the remainder is 

subjected to the lateral flow function. Thus, lateral flow 

can occur when the storage in any layer exceeds field capacity 

after percolation. The lateral flow function is expressed by 
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the equation: 

QRi = (SW1 -FCi) [ 1 -exp (-At/ TTRi) ] (3-9) 

Where QRA is the lateral flow rate for soil layer i in mra/d, 

FCi is water content in mm, and TTR1 is the lateral flow travel 

time in d (time required for subsurface flow to travel a 

distance equal the land surface slope length y). 

3.2.4 Evapotranspiration 

The evapotranspiration component of SWRRB is based on the 

concepts of Ritchie's ET model (Ritchie, 1972). To compute 

potential evaporation, the model uses the equation (Priestley 

and Taylor, 1972): 

Where E0 is the potential evaporation rate in mm/day, h„ is the 

net solar radiation, and y is a psychometric constant. The 

value of hc is calculated with the equation: 

Where RA is the daily solar radiation in ly and AB is the 

albedo. The albedo is evaluated by considering the soil, 

crop, and snow cover. If a snow cover exists with 5 mm or 

greater water content, the value of albedo is set to 0.6. If 

the snow cover is less than 5 mm and no crop is growing, the 

E0=1.28(h0) (y) (3.10) 

ha=RA(l-AB)/58.3 (3.11) 
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soil albedo is the appropriate value. 

3.2.5 Transmission Losses 

The equation to calculate transmission losses is based on 

a method for estimating transmission losses in the absence of 

observed inflow-outflow data assuming no lateral inflow or 

out-of bank flow. The equation estimates transmission losses 

for similar channels of arbitrary length and width. Analysis 

of observed data resulted in regression equations of the form: 

az=-0 . 001831 [CHK) DU (3.12) 

J<Tr=-1.09lri(1-0. 2649 ( CH^ DU) ) (3.13) 
Pin 

h -„-*r (3"14) £>r=e r 

Where ar is the unit channel intercept in m3, CHK is the 

effective hydraulic conductivity of the channel alluvium in 

mm/hour (Lane, 1982), DU is the duration of streamflow in 

hours, kr is the decay factor in m/km, Pln is inflow volume in 

m3, and be is the unit channel regression slope. 

The regression parameters are 

ax = [ax/ (l-jbr] l. 0-bj. Lc) (3.15) 

B = e-2.o« Kr Lc W (3.16) 
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Where ax is the regression intercept in m/km, bx is the 

regression slope, w is average width of flow in in, Lc is 

length of reach in km, and P0 is the threshold volume for a 

unit channel in m3. The prediction equation for volume after 

losses, Qx, is 

0i = 
0 Pin^O 

-a* + K Pin PjPo (3*18) 

Transmission losses are calculated twice for each subbasin. 

First, losses occurring within the subbasin are estimated. 

Then losses occurring from the subbasin outlet to the basin 

outlet are estimated. 

3.3 Soil Temperature 

Daily average soil temperature is simulated at the 

center of each soil layer. The basic soil temperature equation 

is: 

T{Z, t) =T+-^ex.p(-Z/DD) cos [-^L (fc-200) -Z/DD] (3.19) 
2 365 

Where Z is depth from the soil surface in mm, t is time in 

days, T is the average annual air temperature in °C, AM is the 

annual amplitude in daily average temperature in °C , and DD 
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is the damping depth for the soil in mm. Equation 21 

provides estimates of air temperature (Z = 0) as well as soil 

temperature. Since air temperature is provided by the weather 

component of SWRRB, the soil temperature model should be 

capable of using these air temperature as drivers. 

3.4 Flood Routing 

Since SWRRB is primarily a long-term water sediment yield 

simulator, a high degree of accuracy in predicting hydrographs 

is not as necessary as for other applications like flood 

control and flood forecasting. SWRRB also must operate as 

efficiently as possible to be useful in water resources 

planning which requires long-term simulations of numerous 

management strategies. Therefore, flood routing is not 

practiced in SWRRB and daily basin outflow is estimated by 

summing subbasin outflows. All surface runoff reach the basin 

outlets on the day of the event. Subsurface flow is lagged as 

a function of basin lag time. 

3-5 Pond 

This component of SWRRB was designed to account for the 

effects of farm ponds on water yield. The water balance 

equation is: 

VM= VM0+QI-QO-EV-SEP ( 3 . 20 ) 

Where VM,, is the volume of the water stored in all ponds 
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within a subbasin at the beginning of the day, VM is the 

volume at the end of the day, QI is the inflow during the day, 

QO is the outflow, EV is the evaporation, SEP is the seepage. 

The inflow, QI is composed of surface runoff from the total 

pond drainage area and rainfall on the water surface area. 

Outflow occurs when the volume exceeds the permanent pool 

storage capacity. 
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CHAPTER 4 

DESCRIPTION OF THE STUDY AREA 

The watershed chosen for this study is the Walnut Gulch 

Experimental Watershed #11, operated by the Agricultural 

Research Service of the United State Department of Agriculture 

(USDA-ARS). This watershed is located about 100 km southeast 

of Tucson (Fig.3). This 150 km2 watershed is an ephemeral 

stream rising in the foothills of the Dragoon Mountains and 

joining the San Pedro river at Fairbank, Arizona. The study 

is limited to the sub-watershed 11 which cover 6.25 km2 (1544 

ac or 2.41 mi in surface area. 

The vegetation is representative of the semiarid 

rangelands with areas in which grass (Black grama, and Curly 

mesquite) or brush (Whiterhorn, Creosotebush, and Tarbush) 

dominate (Renard, 1970). The elevation on the sub-watershed 

range from 4680 feet (1426.47 m) to 5120 feet (1560.58 m) . 

The watershed dissects a high foothill alluvial fan that fills 

the intermontane basin consisting of deep Tertiary and 

Quaternary sand, gravel, clay, and caliche conglomerate (Libby 

et al. 1970). Previous data indicates that the alluvium is 

more than 1,200 feet (365.83 mts) deep in places and contains 

a large volume of groundwater. Much of the conglomerate is 

extremely well cemented, approaching the strength and 

appearance of structural concrete. These conglomerates act as 
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rock units and exert much structural control on surface stream 

channel and groundwater flow. 

The soils of Walnut Gulch reflect most strongly the 

influence of parent rocks and the temperatures prevailing 

during the seasons when the soils are wet. Most of the soils 

are either gravelly or stony, and are medium texture to 

bedrock (Renard, 1970). 

The annual mean precipitation in the Walnut Gulch 

watershed is about 11.5 inches (29.21 mm). The precipitation 

distribution is bimodal with slow moving cold fronts providing 

lift for winter precipitation and convective heating of moist 

tropical air producing summer rainfall. Nearly all the 

streamflow occurs between July and early October and results 

from intense, convective thunderstorms of short duration and 

limited areal extent (Karnieli, 1988). 
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CHAPTER 5 

MODELS INPUTS 

5.l Model Operation 

The number of years of simulation can range from 1 to 

100. For this research a period of 6 years (1982-1986) was 

chosen based on available records. The model requires a 

division of the watershed according to soil types, land use, 

slope, topography, temperature, rainfall, and each of these 

must include a channel reach. For this case, five different 

watershed configurations were used (Table 3) . In the first and 

the second configurations no divisions were made, assuming 

that the watershed charactericts were homogenous. As a 

result, just one subbasin was defined, resulting in two 

configurations, both with the same soil type (Tombstone 

Extremely Gravelly), which represents 68 % of the watershed 

and a different kind of vegetation (Grass and Brush). In the 

third one, regarding the vegetation differences two subbasins 

were defined keeping the same soil type. In the fourth case, 

another soil type (Tombstone Very Gravelly) was added to the 

previous configuration resulting in three subbasins. Finally, 

the last soil type (Nolan Very Gravelly) was evaluated with 

all the other watershed characteristics resulting in five 

subbasins (Table 3). A division based on slope was made but 

because the majority of the categories did not reach the 

channel, this division was eliminated from the analysis. 
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Calculations were performed on a daily basis for a six-

year period (1982-1987) for all the different watershed 

configurations (subdivisions). 

Rainfall input to the model can be defined in four 

different ways; read in data for a single gage for the entire 

basin, a simulate data for a single rain gage for the entire 

basin, read in data for one rain gage for each sub-basin, and 

simulate data for multiple rain gages. The option to read in 

as a single gage for the entire basin was chosen for this 

study (Table 1) . Daily rainfall values in mm from 11 rain 

gages was used as input. These values were obtained from the 

Agricultural Research Service (ARS) in Tucson, Arizona. As 

the SWRRB model permits only one rain gage per subbasin and 

the rain gages are nonuniformly distributed over the 

watershed, the Thiessen polygon method was applied to improve 

the precipitation amounts over the entire area. 

There are four user options for temperature; read in data 

for a single maximum and minimum temperature for the entire 

basin; simulate for a single maximum and minimum temperature 

for the entire basin, read data for maximum and minimum 

temperature for each sub-basin, and simulate data for each 

sub-basin. An individual file which contains a single minimum 

and maximum temperature for the entire watershed in degrees 

centigrade for the same period was developed. This 

information was obtained from the Tombstone station which is 

the closest (7 km) to the study area. 
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The random number generator code which indicate the 

number of times the random number generator is cycled before 

the simulation begin was defined at the start of each 

simulation with different seeds. If desired; each time the 

generators cycle, they produce a new set of seeds. Although, 

this procedure is recommended for simulating several different 

weather sequences at a particular location, in this study the 

same seed was used for all the different watershed 

configurations in order to compared result. 

Table l. Model Initialization - Information 

Parameter Value 

Number of years of runoff 
simulation 

6 years 

Beginning year of runoff simulation 1982 

Number of subareas in basin 1, 1, 2, 3 , 5. 

Print code Daily, monthly, 
yearly 

Code for rainfall input Measured 

Code for temperature input Measured 

Number of times random number 
generator cycles before simulation 
begins. 

99 

5.2 Watershed Data 

The first value inside the watershed data is the area of 

the watershed which was calculated from topographic maps 

prepared by The Orthoshop-Tucson from aerial photos (4/30/88) 

with a scale of 1"=400'. When the rainfall value is taken from 
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a rain gage at a considerable distance from the watershed, it 

may be necessary to use a rainfall correction factor (RF), but 

in this case because all the precipitation was taken from 

areas inside the watershed this correction was not necessary. 

The baseflow factor (BFF) is used to compute the subsurface 

flow when the return flow travel time is not input. Like the 

majority of streams in the Southwest which are ephemeral, a 

value of 0.0 was chosen from the Table III.4 (Arnold et al. 

1990) . The basin lag time (BLT) was defined at 0 which is the 

respective value when all subsurface flow reaches the subbasin 

outlets on the day it occurs. The fraction of field capacity 

(FFC) which is the initial soil water storage at the start of 

simulation was initialized to 0 and as result it was 

calculated by SWRRB as a function of average annual 

precipitation (Table 2). 

Table 2. Watershed Data 

Parameter Value Source 

Basin area 6.25 Km2 GIS-Database 

Rainfall correction 1.00 

Baseflow factor 0.0 Table III.4 

Basin lag time 0.0 

Initial soil water storage as 
a fraction of field capacity. 

0.0 
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5.3 General Weather Data 

General weather information which includes- TP-40 10 year 

frequency 0.5 hour rainfall (mm), TP-10 40 year frequency 6.0 

hour rainfall (mm), number of years for maximum monthly 0.5 

hour rainfall records, latitude of watershed (deg), monthly 

maximum and minimum air temperature (°C) , coefficient of 

variation for monthly temperature, monthly average daily solar 

radiation (ly), monthly maximum 0.5 rainfall (mm), and 

precipitation generation parameter table (monthly 

probabilities of a wet day after a dry day and of a dry day 

after a wet day, monthly mean precipitation for an event, the 

monthly standard deviations of daily precipitation, the 

monthly skew coefficients, and the average days of 

precipitation for each month) was obtained automatically from 

SWRRB. There is a list of 134 weather stations located 

around the country in Table II.1 (Arnold et al. 1990). The 

Phoenix station number (0007) was chosen from the list. 

5.4 Basin Data 

Basin characteristic data is related to the number of 

subbasins defined. The fraction of the basin in each subbasin 

(FLU) was calculated inside of the GIS data base. The values 

of the curve number for each subbasin were obtained from Soil 

Conservation Servicef 1972^ (Table 3) . Curve Numbers were also 

computed using Simanton et al. (1973) approach where two 

equations calculate Curve Numbers for areas larger than 560 
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acres. 

CN (Shrub-cover ed) = 91 A-0-008 (5<1) 

CN (Grass-covered) = 92 a~°-007B (5.2) 

Where A is the drainage area in acres. 



Table 3, Watershed Configurations, Curve Number Values and Channel Length. 

Case Description # of Sub CNt 1 CNc Area (Ac) Channel Channel Length 

1 Length (Km) (Km) (Routine) 

1 Tombstone Very Gravelly- 1 80.00 82.68 1544.37 24.86 0.00 
Grass 

2 Tombstone Very Gravelly- 1 77.00 80.44 1544.37 24.86 0.00 
Brush 

3 Tombstone Very Gravelly- 1 80.00 80.39 818.52 13.57 0.00 
Brush/Grass 2 77.00 83.21 725.86 11.29 19.31 

4 Tombstone Very-Extremelly 1 80.00 81.87 204.17 13.57 0.00 
Gravelly- Brush and Grass 2 77.00 82.94 1056.20 4.50 15.82 

3 77.00 81.64 283.86 6.79 21.46 

5 Tombstone Very-Extremelly 1 80.00 85.05 54.98 4.61 22.55 
Gravelly/Nolan Very Gravelly 2 80.00 83.27 663.93 8.96 15.77 
Brush and Grass 3 77.00 81.64 283.86 4.50 9.04 

4 77.00 81.41 392.27 3.63 4.97 
5 77.00 82.10 149.18 3.16 0.00 

CNt = Curve number from table. 

CNc = Curve number computed. 

<J\ 
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In addition, the curve number of the watershed was 

calculated using rainfall-runoff data (Hawkins, 1990). A 

curve of 82.79 was obtained using this approach. This agrees 

quite well with the average curve number computed (82.46) 

Simanton et al. (1973). 

A soil albedo value of 0.125 without significantly 

influencing evaporation according to Arnold et al. (1990) was 

assumed in this study. Effective hydraulic conductivity of 

the main channel alluvium and main channel width were obtained 

from Goodrich (1990). Channel length (distance along the 

channel from the subbasin outlet to the most distant point in 

the subbasin), channel slope, and subbasin slope were obtained 

from the GIS data base. The average slope length for each 

subbasin was estimated using the drainage density equation 

correction (Horton's adjustment yield): 

Y = °'5DA (5.3) 

LCHsjl-Sc/ Sg 

where DA is the drainage area of the watershed in m2, LCH is 

the total length of the channel in the watershed in meters, Sc 

is the channel slope in meters, Sg is the average ground slope 

in the area in percent, and 7 is the average watershed slope 

length in meters (Williams and Berndt, 1977). All the 

different parts of the equation were obtained from the GIS 

data base. 

f' 
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The Manning's channel "n" value and overland flow "n" 

values were obtained from Table III-2 (Arnold et al. 1990) 

and these were corrected to Goodrich's values (Goodrich, 

1990). The return flow time, which is the time required for 

subsurface flow from the centroid of the subbasin to reach the 

subbasin outlet, was calculated automatically by SWRRB from 

the soil's saturated conductivity and a parameter called the 

base flow factor which was obtained from table III-4 (Arnold 

et al. 1990). The sediment concentration in return flow is 

usually very low and does not contribute significantly to 

total sediment yields unless the return flow is very high, for 

which reason Arnold et al. (1990) recommended a value of 500 

ppm (Table 4). Values of USLE erosion control practice factor 

were obtained from table IV. 1 (Arnold et al. 1990) and 

corrected with values from the Universal Soil Loss Equation 

for Arizona (Soil Conservation Service, 1976). 



Table 4, Basin Data 

Parameter Sub. 1 Sub. 2 Sub. 3 Sub. 4 Sub. 5 Source 

Fraction of each subbasin in each subaiea 0.04 0.43 0.18 0.25 0.10 GIS-Databate 1 

Average slope length in m 148.80 68.69 15.55 12.40 19.70 GIS-Databaae 

Initial water content of inow 0 0 0 0 0 Initial water content of inow 0 0 0 0 0 

Channel length from the most distant point to 
subbasin outlet in Km. 

4.61 8.96 4.5 3.63 3.16 GIS-Databaae 

Average channel slope in m/m 0.014 0.014 0.014 0.016 0.012 GIS-Databate 

Effective hydraulic conductivity in mm/hr 7.700 7.700 7.700 7.700 7.700 Goodrich (1990) 

Average main channel width in m 2.86 2.50 2.60 3.10 4.24 Goodrich (1990) 

Channel "n" value 0.047 0.047 0.061 0.031 0.033 Table m-2 and 
Goodrich (1990) 

Overland flow "n" value 0.048 0.048 0.071 0.072 0.077 Table m-2 and 
Goodrich (1990) 

Average slope steepness in m/m 0.087 0.087 0.087 0.088 0.012 GIS-Databaae 

1 = Nolan Very Gravelly Soil type and Grass Vegetation. 

2= Tombstone Extremely Gravelly and Grass Vegetation. 

3= Tombstone Very Gravelly and Brush Vegetation. 

4= Tombstone Extremely Gravelly and Brush Vegetation. 

5= Nnlnn Very Gravelly and Brush Vegetation. 
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5.5 Routing Data 

Routing is necessary when the basin is divided into 

subbasins. Average channel depth, channel length, channel "n", 

and effective hydraulic conductivity of the channel alluvion 

are necessary for each subbasin and these were calculated in 

the same way as those above (Table 5) . These values are 

necessary to calculate sediment routing, and computing 

transmission losses. Also USLE soil erodibility and crop 

management factors which are needed for sediment routing were 

obtained from Universal Soil Loss Equation for Arizona (Soil 

Conservation Service, 1976). 

Table 5, Routing Data 

Parameter Sub 1 Sub 2 Sub 3 Sub 4 Sub 5 Source 

Average channel 
depth in meters 

1.00 1.00 1.00 1.00 1.00 Goodrich 
(1990) 

USLE soil factor K 
for channel 

.10 .10 .10 .10 .10 SCS (1976) 

USLE C factor for 
channel 

.10 .10 .10 .09 .09 SCS (1976) 

1 = Nolan Very Gravelly Soil type and Grata Vegetation. 
2= Tombstone Extremely Gravelly and Grasi Vegetation. 
3= Tombstone Very Gravelly and Bmah Vegetation. 
4= Tombstone Extremely Gravelly and Brush Vegetation. 
5= Nolan Very Gravelly and Brush Vegetation. 

5.6 Pond Data 

The fraction of each subbasin that flows into a pond and 

the total surface area were calculated using GIS data. The 

initial pond volume at the start of the simulation was 

determined at 0. Because the initial sediment concentration 
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and normal sediment concentration in ponds are very low, a 

value of 400 ppm was defined. Also, a value of 0.08 mm/h was 

chosen for hydraulic conductivity of the pond bottom, which is 

generally very low. 

5.7 Soils Data 

There is a soil database compiled from the SCS Soils-

Interpretation Records (Arnold et al. 1990), which was 

prepared by SCS staff and provides information on the 

characteristics and interpretive properties of all soil series 

identified in the United States. 

There are three kind of soil types according to Goodrich 

(1990). These are: 

a) TmB; Tombstone very gravelly sandy loam, with 

slopes varying from 1 to 15 %. 

b) NoC; Nolan very gravelly sandy loam, with slopes 

varying from 4 to 25 %. 

c) TeD; Tombstone extremely gravelly sandy 

loam, with slopes varying from 4 to 25 %. 

Nolan was the only soil type in the SWRRB soil database. 

For this reason, the soil information for the other two soil 

types were entered into the model. Detailed information for 

soil profile description, and laboratory analysis were used to 

obtain the information required for the program which includes 

the number of layers (5 for each soil type), K factor, and the 
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(nun), bulk density (T/m3), available water capacity (mm/mm), 

saturated conductivity (mm/h), clay content (%), sand (0.20 

mm), silt (0.01 mm), clay (0.002 mm), small (0.03 mm) and 

large (0.05 mm) aggregates distribution, and maximum rooting 

depth (mm) for each layer. For each subbasin, the SWRRB 

program can read in different soil series or more than one 

subbasin could use the same soil series. 

5.8 Crop Data 

The vegetation is mainly the same over the entire 

watershed where in the uplands grass predominates (Black 

Grama, and Curly Mesquite), while downstream brush 

predominantes (Whitethorn, Creosotebush, and Tarbush). 

Because the watershed does not have any crops the months and 

the days of planting, and the months and the days of harvest 

were set to o. Tillage operation and initial residue cover 

were defined to 0. Vegetation was defined as perennial (2) 

for all the different watershed configurations. Base on 

Figure VII (Arnold, et al. 1990), the Maximum Leaf Area Index 

was initialized as 5.00 and the C factor to 0.05, the value 

recommended by the authors. 
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CHAPTER 6 

61S PROCEDURES 

The first step in calculating the different SWRRB 

parameters was to make a GIS database for the study. The 

available information was digitalized using ARC-INFO. 

Topographic maps prepared by The Orthoshop-Tucson from aerial 

photos (4/30/88) with a scale of 1"= 400' and 10'= contour 

line were used to digitalize contours, and main channels. 

Soil types, vegetation, watershed boundaries, and pond maps 

were obtained from Goodrich (1990) (Table 6). All these files 

were transported to IDRISI (Eastman, 1990) which is a grid-

based geographic analysis system that contains almost 100 

program modules that may be linked by a unified menu system. 

All the different vector files were transformed to images 

files with 160 rows by 300 columns of square cells 10 m by 10 

m in size. 

Table 6, GIS layer and data sources 

# GIS Layer Data Source 

1 Soil Types Soil Map-Goodrich (1990) 

2 Vegetation Vegetation Map-Goodrich (1990) 

3 Boundary Topographic Map 

4 Contours Topographic Map 

5 Pond Topographic Map 

6 Channel Topographic Map 
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Table 7, IDRISI Operation 

IDRISI 
Command 

Description 

Overlay Undertakes pixel-wise addition, subtraction, multiplication, division, and 
exponetiation of paired images. 

Reclass Reclassifies pixels by equal intervals or user-defined schemes. 

Surface Produces slope gradient and aspect from a surface. 

Area Creates a new image by giving each output pixel the value of the area of the class 
to which the input pixel belonged. Output can also be produced as table or an 
attribute values file in a range of measurements units. 

One of the most important steps on the SWRRB model is the 

definition of the different subbasins, which Arnold et 

al.(1990) argued for the division of the watershed based on 

different soil types, land use, and vegetation. To determine 

the subbasin or hydrologically homogeneous areas, different 

maps were overlaid using the "overlay" command which produces 

a new image file from the data on two input files. Soil 

series, vegetation types, and boundary maps were overlaid to 

obtain a division within the watershed (See Figure #3). 
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Watershed 
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Figure 3, Definition of subbasins. 

The areas of the subbasins, in square kilometer were 

calculated by the application of the "Area" command following 

the procedure illustrated in figure 4 for each subbasin 

obtained from the previous step. The area of all different 

subbasins were added to obtain total area. Subbasin areas were 

divided by the total watershed area to calculate the fraction 

of each subbasin on the watershed. 
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Figure 4, Calculation of Areas 

To defined the slope parameters, the contour layer was 

converted to a digital elevation model (DEM). The surface 

command, which calculates slope by computing the maximum slope 

around each pixel from the local slopes in X and Y, was 

applied to it to get slope (See Figure 5). First, the surface 

command was applied to the DEM to determine the slope of the 

watershed. Secondly, the subbasins layers were reclassed to 

calculate the slope of each subbasin. For the channel slope, 

the subbasin slope was overlaid with the channel overlay, then 

its layer was reclassed to delimited the channel for each 

subbasin. The surface command was applied to define channel 

slope for each subbasin. This procedure was repeated, for 

each of the five subbasins. 
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Figure 5, Calculation of slopes. 

* = This process was repeated for each subbasin. 

To calculate the channel length, the channels and 

subbasins layers were overlaid, and the result was reclassed 

to determine the channel inside of a subbasin. The "Area" 

command was applied to this overlay and the number of 
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resulting cells was multiplied by 10 m that is the dimension 

of the cell (Figure 6). 

Area 

Overlay 

Reclass 

Channels Subbasins 

Channel * 
One Subbasin 

Channel length 
One Subbasin 

Figure 6, Calculation of channel length. 

To calculate the fraction of the subbasin that run to the 

pond, the subbasins and pond layer were overlaid and for each 

fraction of the pond in a subbasin the area command were 

applied. 
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CHAPTER 7 

RESULTS AND DISCUSSION 

Model efficiency was evaluated for five watershed 

configurations. How well a model represents the behavior of 

the real system can be computed by many ways. The model 

efficiency criterion proposed by Nash and Sutcliffe (1970) was 

used in this study. Where the efficiency (R2) of a model is 

defined by: 

R2 = 1 - SSE/SSTO (7.1) 

where SSE = the residual sum of squares and SSTO = the total 

sum of squares defined as follows: 

SSE = S(Ya - XJ2 (7.2) 

and 

SSTO = 2(Xa - XJ2 (7.3) 

where = observed variable, Yx = simulated variable, and XD 

is the mean of the observed variable. The residual sum of 

squares, SSE, measures the uncertainty in predicting X± (i.e., 

runoff), when a model utilizing an independent variable Zx 

(i.e., rainfall) is employed. Similarly, the total sum of 

squares, SSTO, measures the variation in the observations Xi-

Maximum model efficiency is achieved by maximizing R2. The 

maximum value for model efficiency is one. This value will be 

reached only if the observed and predicted variables are 

identical or that the model accounts for all variation in the 

observations XA. A negative efficiency infers that the model's 
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predicted value is worse than simply using the observed mean. 

The R2 statistic can be a useful measure of model 

efficiency, but it is subject to distortion due to the 

presence of one or more extreme values in the data set. In 

these situations the R2 statistic can produce artificial 

results when used as a measure of model efficiency. These 

effects were verified in this study. From Figs. 12, 14, and 

15, the R2 values are artificial, given the poor performance 

of the model simulating the low runoff values. 

For a 6-year period, daily runoff results were obtained. 

Forty runoff events were observed (Table 8). The SWRRB model 

was applied on a daily basis for the five watershed 

configurations. For case number one, when the basin was 

defined with grass vegetation and Tombstone's extremely 

gravelly soil type, the model efficiency was 0.945 when using 

Curve Number from the table (Soil Consevation Service, 1972) 

and 0.989 when using curve number from the Simanton's equation 

(Simanton et al., 1973). Both of these efficiencies were high 

assuming that 1.00 is the value of this statistic when the 

observed and simulated are similar (Figures 7 and 8). 

In general, simulated runoff was under estimated when using 

curve number from the table (Soil Conservation Service, 1972). 

Simulated runoff was overestimated when using computed curve 

number from Simanton's equation. However, the computed CN 

values presented better results than the table CN values. 
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Table 8. Simulation Results of Runoff (mm) for Table and 
Computed CN Values. 

Year Day Rain Q. obs. Configuration l Configuration 2 
(mm) (mm) Table 

(mm) 
Computed 
(mm) 

Table 
(mm) 

Computed 
(mm) 

1982 212 33.02 0.78 0 0.16 0 0 
223 18.54 0.54 0 0 0.04 0 
239 80.01 20.22 16.00 20.43 11.85 16.61 
205 18.80 0.15 0 0.09 0 0 

1983 253 22.35 0.97 0.19 0.67 0.01 0.24 
258 19.56 0.95 0.27 0.67 0.04 0.32 
263 23.62 2.50 1.95 2.94 1.10 2.10 
264 11.43 0.00 0.01 0.10 0 0.01 
269 16.01 0.92 0.55 1.05 0 0.61 
270 15.49 0.94 0.61 1.12 0.24 0.68 
271 17.53 1.80 1.44 2.19 0.81 1.50 

1984 186 14.22 0.01 0 0.04 0 0 
210 15.75 0.20 0.02 0.15 0 0.03 
227 13.97 0.06 0 0.07 0 0 
228 14.48 0.18 0.06 0.24 0 0.08 
237 14.22 0.29 0 0.06 0 0 
264 13.46 0.06 0 0.02 0 0 
276 11.43 0.06 0 0 0 0 

1985 198 21.59 1.27 0.69 1.23 0.27 0.70 
199 13.21 0.23 0.04 0.20 0 0.06 
211 12.54 0.12 0.01 0.11 0 0.02 
245 14.22 0.23 0 0.08 0 0 
271 19.56 0.00 0.43 0.86 0.12 0.49 

1986 176 15.75 0.28 0.06 0.24 0 0.08 
189 18.80 0.00 0.41 0.84 0.12 0.48 
196 13.46 0.30 0.08 0.25 0 0.09 
198 16.76 1.22 0.70 1.16 0.28 0.74 
221 13.72 0.07 0 0.07 0 0 
222 22.61 2.61 1.95 2.81 1.12 2.05 
226 19.81 1.88 1.50 2.13 0.86 1.55 
229 10.16 0.02 0 0.03 0 0 
230 20.57 2.19 1.90 2.59 1.16 1.98 
238 10.41 0.04 0 0.06 0 0 
241 29.10 5.99 5.60 7.06 4.26 5.83 

1987 196 13.46 0.12 0 0.08 0 0.01 
197 11.94 0.05 0 0.04 0 0 
211 11.43 0.03 0 0.02 0 0 
214 10.92 0.04 0 0.01 0 0 
233 11.94 0.04 0 0.01 0 0 
234 11.94 0.69 0 0.04 0 0 

Model Efficiency 0.945 0.989 0.793 0.958 
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Table 8. Continuation 

Year Day Rain Q. Obs. Configuration 3 Configuration 4 
(mm) (mm) Table Computed Table Computed 

(mm) (mm) (mm) (mm) 

1982 212 33.02 0.78 0 0. 20 0 0.01 
223 18.54 0.54 0 0 0 0 
239 80.01 20.22 12.11 20.10 9 .32 14.35 
205 18.80 0.15 0 0.01 0 0 

1983 253 22.35 0.97 0 0.11 0 0 
258 19.56 0.95 0 0.05 0 0 
263 23.62 2.50 0.02 0.60 0 0.12 
264 11.43 0.00 0 0 0 0 
269 16.01 0.92 0 0.03 0 0 
270 15.49 0.94 0 0.03 0 0 
271 17.53 1.80 0 0.19 0 0.01 

1984 186 14.22 0.01 0 0 0 0 
210 15.75 0.20 0 0 0 0 
227 13.97 0.06 0 0 0 0 
228 14.48 0.18 0 0 0 0 
237 14.22 0.29 0 0 0 0 
264 13.46 0.06 0 0 0 0 
276 11.43 0.06 0 0 0 0 

1985 198 21.59 1.27 0 0.17 0 0 
199 13.21 0.23 0 0 0 0 
211 12.54 0.12 0 0 0 0 
245 14.22 0.23 0 0 0 0 
271 19.56 0.00 0 0.07 0 0 

1986 176 15.75 0.28 0 0 0 0 
189 18.80 0.00 0 0.05 0 0 
196 13.46 0.30 0 0 0 0 
198 16.76 1.22 0 0.05 0 0 
221 13.72 0.07 0 0 0 0 
222 22.01 2.61 0.01 0.51 0 0.06 
226 19.81 1.88 0 0.24 0 0.01 
229 10.16 0.02 0 0 0 0 
230 20.57 2.19 0 0.35 0 0.02 
238 10.41 0.04 0 0 0 0 
241 29.10 5.99 0.58 2.46 0 .19 0.98 

1987 196 13.46 0.12 0 0 0 0 
197 11.94 0.05 0 0 0 0 
211 11.43 0.03 0 0 0 0 
214 10.92 0.04 0 0 0 0 
233 11.94 0.04 0 0 0 0 
234 11.94 0.69 0 0 0 0 

Model Efficiency 0.695 0.913 0 .558 0.782 



Table 8. Continuation 

Year Day Rain Q. Obs. Configuration 5 
(mm) (mm) Table 

(mm) 
Computed 
(mm) 

1982 212 33.02 0.78 0 0.06 
223 18.54 0.54 0 0 
239 80.01 20.22 12.11 18.29 
205 18.80 0.15 0 0 

1983 253 22.35 0.97 0 0.02 
258 19.56 0.95 0 0 
263 23.62 2.50 0.02 0.35 
264 11.43 0.00 0 0 
269 16.01 0.92 0 0 
270 15.49 0.94 0 0 
271 17.53 1.80 0 0.06 

1984 186 14.22 0.01 0 0 
210 15.75 0.20 0 0 
227 13.97 0.06 0 0 
228 14.48 0.18 0 0 
237 14.22 0.29 0 0 
264 13.46 0.06 0 0 
276 11.43 0.06 0 0 

1985 198 21.59 1.27 0 0.05 
199 13.21 0.23 0 0 
211 12.54 0.12 0 0 
245 14.22 0.23 0 0 
271 19.56 0.00 0 0.01 

1986 176 15.75 0.28 0 0 
189 18.80 0.00 0 0.01 
196 13.46 0.30 0 0 
198 16.76 1.22 0 0 
221 13.72 0.07 0 0 
222 22.61 2.61 0.01 0.29 
226 19.81 1.88 0 0.10 
229 10.16 0.02 0 0 
230 20.57 2.19 0 0.17 
238 10.41 0.04 0 0 
241 29.10 5.99 0.58 1.94 

1987 196 13.46 0.12 0 0 
197 11.94 0.05 0 0 
211 11.43 0.03 0 0 
214 10.92 0.04 0 0 
233 11.94 0.04 0 0 
234 11.94 0.69 0 0 

Model Efficiency 0.695 0.884 
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Figure 7. Event Runoff (mm) 1982-87 in Chronological 
Order - Configuration # 1 (One Subbasin). 
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Figure 8. Simulated vs Observed Runoff. 
Configuration #1, (One Subbasin) 
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Figure 9. Event Runoff (mm) 1982-87 in Chronological 
Order - Configuration # 2 (One Subbasin). 
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Figure 10. Simulated vs Observed Runoff. 
Configuration #2, (One Subbasin) 
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Figure 11. Event Runoff (mm) 1982-87 in Chronological 
Order - Configuration # 3 (Two Subbasins). 
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Figure 13. Event Runoff (mm) 1982-87 in Chronological 
Order -Configuration #4 (Three Subbasins) • 
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Figure 14. Simulated vs Observed Runoff. 
Configuration #4, (Three Subbasins) 
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Figure 15. Event Runoff (mm) 1982-87 in Chronological 
Order - Configuration #5 (Five Subbasins). 
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Figure 16. Simulated vs Observed Runoff. 
Configuration #5, (Five Subbasins) 
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Case number two, one subbasin with the same soil type as 

above and brush grass, showed lower efficiency when compared 

with the previous watershed configuration. Using the table 

curve number, the efficiency was 0.793, which was a reduction 

of 16% of the same configuration using grass. When using the 

computed curve number the efficiency model value was 0.958, 

which is very close the previuos configuration using the 

computed Curve Number (Figure 9). Figure 10 shows that both 

the table and the computed Curve Numbers underestimated 

runoff. 

The third configuration was composed of the same soil 

type (Tombstone Extremelly Gravelly) with brush and grass 

vegetation. It had two subbasins according to the vegetation 

type. The model efficiency with a Curve Number from the table 

was 0.695, while it was 0.913 when using the computed Curve 

Numbers (Figures 11 and 12). Both of the methods for 

calculating Curve Numbers underestimated the observed runoff. 

However, the computed curve number resulted in a higher model 

efficiency. The two previous configurations also presented 

higher efficiencies than the third case. 

When the watershed was configured with three subbasins 

using two principal soil types (Tombstone Extremelly Gravelly 

and Tombstone Very Gravely) and two vegetation types (Grass 

and Brush), the model efficiencies using table Curve Numbers 

as well as computed Curve Numbers were the lowest compared to 

the previous configurations. When the table Curve Numbers 
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were used, the model efficiency was 0.558 and it was 0.782 

when using computed Curve Numbers (Figures 13 and 14). Both 

representations underestimated measured runoff, although the 

computed Curve Numbers showed better results, around 28% 

better when compared to the table Curve Numbers. 

Finally, the watershed was configurated with five 

subbasins using the three soil types and two vegetation types. 

Model efficiencies were higher than for the previous 

configurations. However, the first, second, and third 

configurations presented higher efficiencies when using table 

Curve Numbers as well as when using computed Curve Numbers 

(Figures 15 and 16). The Nash and Sutcliffe coefficients 

using table values was 0.695 and 0.884 when using computed 

Curve Numbers. 

Based on these results, an increase in the number of 

subbasins does not increase the model efficiency. The 

Tombstone extremely gravel is the predominat soil type within 

the basin, while vegetation differences (brush and grass) did 

not present major changes on the simulat on results (Figure 

17). As the number of subbasins increased, the model 

efficiency decreased with the exception of the last watershed 

configuration, where the model efficiency increaseda slightly. 

However, these efficiency values are still low when compared 

to the first three configurations. For all the cases the 

extreme event presented in the study (event #3), increased the 

value of the model efficiency. 
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The standard error of simulated runoff presented the same 

behavior as the Nash and Sutcliffe coefficients (Figure 18). 

Runoff values using table Curve Numbers always showed a higher 

standard error compared to the values using computed curve 

numbers. Only in configuration number three, where the 

watershed was divided into two subbasins was, the standard 

error using the table and computed curve numbers were close, 

with the curve numbers from the table givingslightly larger 

standard error. 
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CHAPTER 8 

SUMMARY AND CONCLUSIONS 

Hydrologic parameter determination is currently one of 

the most active areas in hydrologic research. In this study, 

grid cell layers and GIS procedures were linked with the SWRRB 

model. A watershed was represented as a combination 

associated layers (soil types and vegetation), in addition, 

area and topographic parameters were calculated using GIS 

techniques in order to facilitate the SWRRB parameterization. 

SWRRB is a hydrologic model that requires spatial data. 

For example, SWRRB requires weather parameters that have been 

defined for about 100 weather stations in the United States. 

Likewise, for soil information, SWRRB has detailed information 

on soil properties for hundreds of soils classified in The 

United States. If these maps were stored in a GIS the linkage 

of the soil information to SWRRB would be a straightforward 

matter. Another example is the watershed configuration, which 

is one of the most important step in the application of SWRRB 

to get reliable results. 

In regards to the watershed configuration, it has been 

assumed that with more complex watershed representations 

better runoff predictions can be made. However, this concept 

varies with the watershed size. With smaller watersheds a 

more complex representation was assumed to produce more 

accurate runoff predictions, while for larger watersheds, 
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complex representation was not related as closely to accurate 

runoff prediction (Sasowsky and Gardner, 1991). This study 

tends to confirm the above argument that the accuracy of the 

model result does not increase as the complexity of the 

watershed configuration increases, where parameters are 

spatially integrated decreases as the complexity of the 

watershed increases. 

Sasowsky and Gardner (1991), evaluated a hydrologic model 

perfomance on Watershed 15 in the Walnut Gulch Experimental 

Watershed as a function of watershed configuration. They found 

that the simulated runoff was as reliable when the watershed 

was configured using <4th stream order than when the watershed 

was configured using the < 2th stream order. These two 

configurations produced better results than when the < 13th 

stream order configuration. Their study, which used the SPUR 

hydrologic model also used Curve Number methods to calculate 

runoff. Their findings are in agreement with the results from 

this study. An increase in detail in watershed representation 

did not increase the model efficiency. Dooge (1986) justifies 

this fact arguing that catchment models are already 

parameterized hydrologic point processes and therefore 

watershed spatial heterogeneities are not well represented by 

models which average parameters over contributing areas. 

Dooge (1986) suggests some theoretical inadequacies in this 

type of model. Conversely, Loague (1990) stressed the 

importance of appropriate simulation scale as it relates to 
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inherent model error. As a result, a model like SWRRB, which 

uses a sensitive parameter, such as Curve Numbers, constrains 

the relationship between watershed complexity and accuracy of 

runoff prediction. 

The values of model efficiency found by Sasowky and 

Gardner (1991), using table Curve Numbers were close to those 

found in this study. These values always resulted in lower 

model efficiency when compared to model efficiency from 

computed curve numbers. These results showed that the method 

used for determining Curve Numbers can influence the model 

efficiency values. 

The accuracy of runoff simulation for SWRRB is very 

sensitive to the method used to choose the Curve Numbers. The 

results of this study showed that runoff predictions using 

curve numbers from tables were very poor compared to the same 

predictions using computed Curve Numbers. As a result, the 

methods used in selecting Curve Numbers can determine the 

accuracy of runoff predictions. 

The R2 statistic (Nash and Sutcliffe 1970) produced 

artificial results as an estimator of the model efficiency 

when in the presence of one or more extreme values in the data 

set. 
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