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Abstract
Critical gaps in our understanding of scale effects on hydrological and ecological processes,
biological community factors and their interactions affecting semi-arid ecosystems limit our
ability to scale up from point processes to broader areas of the landscape. The proposed research
will narrow this gap and determine the vulnerability of arid and semi-arid landscapes to a variety
of natural and anthropogenic stressors at multiple scales. A fundamental project task is the
modification of existing watershed models to consider human-induced changes in landscape
pattern. The research utilizes the 40-year record of vegetation, soils, and hydrological data
collected at the Walnut Gulch Experimental Watershed and remotely sensed and ground-based
data to develop process models that relate landscape composition and pattern attributes to the
hydrologic condition of the watershed (water storage and availability, infiltration, surface water
quality; erosion, flood frequency, duration and intensity). The long-term goal of this research is
to provide operational models that relate landscape pattern to watershed condition and can be
extrapolated across multiple scales including subwatershed, watershed, and basin, for a variety of
arid and semi-arid basins.
In the first phase of the research project, two hydrological models were selected for

watershed assessment across multiple scales. The two models were selected based upon the
influence of vegetation characteristics on watershed response. Both models are currently being

applied at the Walnut Gulch Experimental Watershed and at the San Pedro River Basin to
evaluate the effects of land cover on watershed response. Particular research objectives being
investigated in this phase of the project are: (1) evaluation of the effects of misclassification error
of Lahdsat land use/ land cover imagery on watershed response and, (2) assessment of the
number of subwatershed elements (basin delineation) and averaged land cover information on
hydrologic response as a function of scale. Future research will focus on developing and
implementing a PC landscape/hydrologic modeling tool for ecosystem risk assessment across

multiple scale domains. The modeling tool will accommodate scientific advances in the
quantification of risk assessment via hydrologic process modeling and landscape analysis.

IV

Section 1
Introduction
In June 1997, the United States Environmental Protection Agency (EPA), National Exposure
Research Laboratory (NERL), Landscape Science Program and the United States Department of
Agriculture, Agricultural Research Service (ARS) entered into an Interagency Agreement for the
purpose of improving ecosystem risk assessment via characterization research, process modeling,
and long-term monitoring studies.

1.1 Goal and Objectives
The primary goal of this project is to develop methods and provide operational hydrologic
modeling tools for determining the vulnerability of arid and semi-arid landscapes to natural and
human induced landscape pattern changes across multiple scale domains.
The specific objectives of this project are to: (1) Develop a sound modeling approach

through calibration and validation on the Walnut Gulch and Upper San Pedro River watersheds;
(2) Assess the impacts of data resolution and misclassification error on watershed response; (3)
Determine model sensitivity to watershed variability and input data; (4) Determine the degree of
complexity required for accurate modeling and assessment at a range of scales; (5) Apply
defensible^modeling techniques to a number of basins throughout the semi-arid Southwest; (6)
Assess the* impacts of land cover change for a variety of basins with differing topographic,
hydrologic, and land cover pattern characteristics; (7) Develop a desktop computer application
for assessing the hydrologic impacts of land cover change in semi-arid regions; and 8) Publish
methodology and results in peer-reviewed journals.
1.2 Problem Statement

Environmental quality affects our health, our quality of life, and the sustainability of our
economies. Yet pressures from an increasing population coupled with the need for economic
development and an improved standard of living often have multiple negative effects on our
natural resources.

Natural resources of semi-arid regions, such as timely water supplies, fertile soils, vegetation
and wildlife, tend to be scarce, and existing resources are easily damaged by changes in
precipitation pattern and by human action.

Ecosystem management requires a solid understanding of landscape-level ecosystem

* processes, and in particular the interaction of geomorphological, hydrological and biological

processes (Stanley, 1995). At present, poor understanding and a lack of information regarding
landscape-scale processes generally hinders assessment of the ecological consequences of human
actions and helps institutionalize land use conflicts (Montgomery et al., 1998). Landform

analysis can provide an understanding of geomorphological processes that influence hydrological
and ecological processes and systems. Environmental impact analysis protocols developed in
response to environmental legislation generally focus on site-, ownership-, or species-specific
issues at scales inadequate for assessing ecosystem processes and condition (Montgomery et al.,
1995) Hence the integrated effects of local management decisions can be incompatible with
broader-scale management objectives. Implementing ecosystem management requires a

framework for gathering and interpreting environmental information at a scale and resolution
necessary for addressing the tradeoffs between economic and ecological considerations inherent
to making land management decisions (Slocombe, 1993).

Although a number of initiatives and strategies focus on larger-scales (WFPB, 1992;

FEMAT 1993* SAT 1993), there is not yet a consensus on how to implement ecosystem

management (Montgomery et al., 199S). A key element is the development of a practical
operational framework for integrating ecosystem management into land use decision-making.
Watersheds define basic, hydrologically, ecologically and geomorphologicaUy relevant

mTagement units (Chorley, 1969; Likens and Bormann. 1974; Lotspeich, 1980) and watershed

analysis provides a practical analytical framework for spatially explicit, process-oriented
scientific assessment that provides information relevant to guiding management decisions
Watershed analysis has been adopted to implement ecosystem-onented management on state and
private (WFPB, 1992; 1993) and federal (FEMAT, 1993) lands m the Pacific Northwest.

This research project will develop methods and provide operational hydrologic modeling
tools under a watershed analysis framework for determining the vulnerability of.semi-and
landscapes to natural and human-induced landscape pattern changes across multiple scale
domains.

Section 2
Background
As populations grow and economic activity increases in the western semi-arid regions of the
United States, there is increasing demand for scarce water resources. This focuses attention on
maximizing the development and protection of renewable water resources. It is therefore
essential to develop modeling techniques that can represent the dominant hydrological processes
and their temporal variability so that vulnerability of semi-arid landscapes to a variety of natural
and anthropogenic stressors at multiple scales can be investigated.

2.1 Effects of Land Cover on Ecological and Hydrological Processes
Many studies have shown that the land uses within a watershed can account for much of the
variability in stream water quality (Omernick, 1987; Hunsaker et al., 1992; Charbonneau and
Kondolf, 1993; Roth et al., 1996). Agriculture on slopes greater than three percent, for example,
increases the risk of erosion (Wischraeier and Smith 1978). A drastic change in vegetation cover,
such as clear cutting in the Pacific Northwest, can produce 90% more runoff than in watersheds
unaltered by human practices (Franklin, 1992). The linkage between intact riparian areas and
water quality is well established (Karr and Schlosser, 1978; Lowrance et al., 1984; 1985). For
example, riparian habitats function as "sponges", greatly reducing nutrient and sediment runoff
into streams (Peterjohn and Correll, 1984).

The percentage and location of natural land cover influences the amount of energy that is
available to move water and materials (Hunsaker and Levine, 1995). Forested watersheds
dissipate energy associated with rainfall, whereas watershed with bare ground and anthropogenic
cover are less able to do so (Franklin, 1992). The percentage of the watershed surface that is
impermeable, due to urban and road surfaces, influences the volume of water that runs and

increases the amount of sediment that can be moved (Arnold and Gibbons, 1996). Watersheds

with highly erodible soils tend to have greater potential for soil loss and sediment delivery to
streams than watersheds with non-erodible soils.

Moreover, intense precipitation events may exceed the energy threshold and move large
amounts of-sediments across a degraded watershed (Junk et al., 1989; Sparks, 1995). It is during

these events that human-induced landscape changes may manifest their greatest negative impact.
A direct and powerful link exists between vegetation and hydrological processes in semi-arid
environments. Vegetation plays a pivotal role in determining the amount and timing of the

runoff, which ultimately supplies mass and energy for the operation of hydrologic and erosive
processes (Graf, 1988). Most analyses that assess the variability of sediment yield demonstrate
that at the lower end of the precipitation scale (representing semi-arid conditions), small changes
in annual precipitation bring about major changes in vegetation communities and associated
sediment yields (Graf, 1988). For example, for a mean annual temperature of 10° C, the
Langbein and Schumm (1958) curve reaches a peak at an effective precipitation of about 300 mm

(Figure 1), trailing off at lower values

because of lower runoff totals and at higher
ones because an increasingly abundant
vegetation cover affords better protection
against erosion.
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Recent papers (e.g., Roth et al., 1996;
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predictive at another scale, and information is often lost as spatial data are considered at coarser
scales of resolution (Meentemeyer and Box, 1987). Furthermore, hydrological problems may also
require the extrapolation of fine-scale measurement for the analysis of broad-scale phenomena.
Therefore, the development of methods that wUl preserve information across scales or quantify
the loss of information with changing scales has become a critical task.

Wood-et al (1988) carried out an empirical averaging experiment to assess the impact of
scale They averaged runoff over smaU subwatersheds, aggregating the subwatersheds into larger
watersheds, and repeating the averaging process. By plotting the mean runoff against mean
subwatershed area, they noted that the variance decreased until it was rather negligible at a
watershed scale of about 1 km2. That analysis has been repeated for the runoff ratio (Wood,
1994) and evaporation (FamigUetti and Wood, 1995) using data from Kings Creek, Kansas,
which was part of the FIFE *87 experiment. Results from the experiment show that at small
scales there is extensive variabiUty in both runoff and evaporation. This variabiUty appears to be
controUed by variabiUty in soils and topography whose correlation length scales are on the order
of 102 - ltfm, typical of hillslopes. At an increased spatial scale, the increased sampling of
hiUslopes leads to a decrease in the difference between subwatershed responses. At some scale,
the variance between hydrologic response for watersheds of the same scale should reach a
minimum.

2.3 Integration of GIS and Remote Sensing in Hydrologic Modeling
Spatially distributed models of watershed hydrological processes have been developed to

* incorporate the spatial patterns of terrain, soils, and vegetation as estimated with the use of

remol sensing and geographic information systems (GIS) (Band et al., 1991; 1993; Fanuglietti
and Wood 1991; 1994; Moore and Grayson, 1991; Moore etal., 1993; Wigmosta et al., 1994;
Star et al 1997) This approach makes use of various algorithms to extract and represent
watershed structure from digital elevation data. Land surfaces attributes are mapped into the

watershed structure as estimated directly from remote sensing imagery (e.g., canopy leaf area

index), digital terrain data (slope, aspect, contributing drainage area) or from digitized soil maps,
such as soil texture or hydraulic conductivity assigned by soil series.

Over the past decade numerous approaches have been developed for automated extraction of
watershed structure from grid digital elevation models (e.g., Marks et al., 1984; O'Callaghan and
Mark, 1984; Band, 1986; Jenson and Dominque, 1988; Moore et al., 1988; Martz and Garbrecht,
1993; Garbrecht and Martz, 1993; 1995; Garbrecht et al., 1996). O'Callaghan and Mark (1984)
define a digital elevation model (DEM) as any numerical representation of the elevation of all or
part of a planetary surface, given as a function of geographic location. The most widely used

method for the extraction of stream networks that has emerged is to accumulate the contributing
area upslope of each pixel through a tree or network of cell to cell drainage paths and then prune
the tree to a finite extent based on a threshold drainage area required to define a channel or to
seek local morphological evidence in the terrain model that a channel or valley exists (Band and
Moore, 1995).

The techniques used for delineation of the drainage path network by surface routing of
drainage area and local identification of valley forms are ultimately dependent on a topographic
signal generated in a local neighborhood on the DEM. As the approach is used to extract
watershed structure with increasingly lower resolution terrain data, higher frequency topographic
information is lost as the larger sampling dimensions of the grids act as a filter. Therefore, if
watershed structural information is used to drive the hydrological model, the scaling behavior
and consistency of the derived stream network with grid dimension needs to be addressed. One
of the primary questions dealing with automated extracted channel network is that of the
appropriate drainage density. Some authors suggest criteria to find this appropriate scale. For
example, Goodrich (1991) found a drainage density of approximately 0.65 to L52 x 10'3m for
watersheds greater than 1 hectare was adequate for kinematic runoff modeling in semi-arid
regions. Similarly, La Barbera and Roth (1994) proposed a filtering procedure based on the

identification of threshold value for the quantity ASk, where A is the contributing area, S the
stream slope and k = 2. This procedure consists in the progressive removal from the drainage

network of the first order stream which presents the minimum ASk value; the procedure is
iterated up to a given target value for the area drained by first order streams. Calore et al. (1997)
found that above a certain threshold, an increase in resolution in the spatial description of
drainage networks obtained from a DEM cannot be directly linked to an increase of information.
The criterion they used for assessing the amount of information contained in the drainage was
based on the information entropy concept of Shannon (1948).

Land use is an important watershed surface characteristic that affects infiltration, erosion,
and evapotranspiration. Thus, almost any physically based hydrologic model uses some form of
land use data or parameters based on these hydrologic processes (Spanner et al., 1990; 1994;
Nemani et al., 1993). Distributed models, in particular, need specific data on land use and their
location within the basin. Some of the first research for adapting satellite-derived land use data
was done by Jackson et al. (1976) with the US Army Corps of Engineers STORM Model (US
Army Corps of Engineers, 1976). However, most of the work on adapting remote sensing to
» hydrologic modeling has been with the Soil Conservation Service (SCS) runoff curve number
model (US Department of Agriculture, 1972). The SCS model has been widely used in hydrology
and water resources planning of agricultural areas. The model was originally developed for
predicting runoff volumes from agricultural fields and small watersheds. However, it has been
expanded for subsequent use in a wide variety of conditions at many basin sizes including urban

and suburban areas. In early work with remotely sensed data, Jackson et al. (1977) demonstrated
that land cover (particularly the percentage of impervious surface) could be used effectively in

the STORM Model (US Army Corps of Engineers, 1976). In a study of the upper Anacostia
River basin in Maryland, Ragan and Jackson (1980) demonstrated that Landsat-denved land use

data could be used for calculating synthetic flood frequency relationships. Results can be
erroneous if land use is mislabeled. A study by the US Army Corps of Engineers (Rango, et al.,
1983) estimated that any individual pixel may be incorrectly classified about one-third of the
time. However, by aggregating land use over a significant area, the misclassification of land use
can be reduced to about 2% (Engman and Gurney, 1991).

More recently, vegetation classification studies implementing digital satellite data have
utilized higher spatial, spectral, and radiometric resolution Landsat Thematic Mapper (TM) data
with much more powerful computer hardware and software. These studies have shown that the
hieher information content of TM data combined with the improvements in image processing

power result in significant improvements in image processing power resulting msorient
enhancement in classification accuracy for more distinctive classes (Congalton et al., 1998).

A detailed analysis of the effects of the thematic accuracy of land cover is necessary before
any attempt on using the hydrologic modeling tool to determine the vulnerability of semi-and
landscapes to land cover changes. The accuracy of maps made from remotely sensed data is
measured by two types of criteria (Congalton and Green, 1999): location accuracy and,
classification or thematic accuracy. Location accuracy refers to how precisely map items are
located relative to their true location on the ground. Thematic accuracy refers to the accuracy of
the map label in describing a class or condition on the earth. For example, ,f we earth s surface

was dLified as forest, thematic map accuracy procedures will determine whether or not forest
has been accurately labeled forest or inaccurately labeled as another class, such as water.

The widespread acceptance and use of remotely sensed data has been and will continue to be
dependent on the quality of the map information derived from it. However, map ^accuracies or
error can occur at many steps throughout any remote sensing project. According to Congalton
and Green (1999), the purpose of quantitative accuracy assessment is the identification and
measurement of map errors. Quantitative accuracy assessment involves the comparison of a site

"nTmap against reference information for the same site. The reference data is assumed to be

j

i
!
';
1

correct.

The history of accuracy assessment of remotely sensed data is relatively short, banning
around 1975. Researchers, notably Hord and Brooner (1976), van Genderen and Lock (1977),
proposed criteria and techniques for testing map accuracy. In the early 198U,.more, m-depth
studies were conducted and new techniques proposed (Rosenfield et al., 1982; Conga ton et al.,
1983- and Aronoff, 1985). Finally, from the late 1980s up to present time, a great deal of work
has been conducted on accuracy assessment. An important contribution is the error matrix, which

compares information from reference sites to information on the map for a number of sample

m The matrix is a square array of numbers set out in rows and columns that express the labels
of samples assigned to a particular category in one classification relative to the abels of samples

.assigS to a particular category in another classification. One of the classifications, usually the

coZu is assumed to be correct and is termed the reference data. The rows usually are used to

display the map labels or classified data generated from remotely sensed data. Error matrices are

S effective representation of map accuracy, because the individual accuracy of each map

category are plainly described along with both errors of inclusion (commission errors) and errors

of exclusion (omission errors) present in the map (Congalton and Green, 1999). A commission

error occurs when an area is included in an incorrect category. An omission error occurs when an
area is excluded from the category to which it belongs. In addition to clearly showing errors of
omission and commission, the error matrix can be used to compute overall accuracy.
Soils information derived from a GIS are generally gathered in a similar manner to

vegetation, with the exception that remote sensing often cannot provide critical information
about soil properties, especially if the soil is obscured by a vegetation canopy (Band and Moore,
199S). Substantial progress has been made in estimating near-surface and profile soil water
content with active and passive microwave sensors and in the estimation of hydraulic properties
by model inversion (e.g., Entekhabi et al., 1994). However, in general, soil spatial information is
the least known of the land surface attributes relative to its well-known spatial variability that has
been observed in many studies (Nielsen and Bouma, 1985).

2.4 Model Selection and Development

Hernandez et al. (1998 a) provided an extensive review and evaluation of existing hydrologic
models that might possibly be used in the analysis of landscape effects on watershed response at
various spatial scales. Those models that met certain selection criteria were then examined and
described in greater detail. The authors presented an overview of the availability of required

model input data in US and Mexico. They then discussed the primary hydrologic processes
important for multi-scale hydrologic modeling in the Lower Colorado River basin.
Li a subsequent report, Hernandez and Goodrich (1998 b) examined the relationship between
vegetal cover and surface runoff, erosion, and sediment yield from watersheds. The authors
conducted a more detailed examination of likely hydrological models and determined that the
SWAT (Arnold et al., 1994) and KINEROS (Smith et al., 1995) models were the most
appropriate for evaluating watershed-scale and river basin-scale landscape effects, respectively.

In order to conduct watershed scale assessment at the scale of the San Pedro River Basin and the
Walnut Gulch Watershed, it is necessary to allow characterization of a variety of hydrologic
process at different spatial and temporal scales. With the available data, the hydrologic model
SWAT appears to be the best model suited for characterizing the hydrological and erosion
processes at the scale of the San Pedro River Basin. The SWAT model offers flexible watershed
configuration, reach routing transmission losses, irrigation and water transfer, lateral flow,
groundwater, and detailed lake water quality components. Four strategies for parameterizing the
subwatersheds in the SWAT model include: a three dimensional grid, two-dimensional hillslope,
multiple one-dimensional, and lumped one-dimensional. The effects of land cover and land use

can be incorporated explicitly in the basin modeling by using the grid, two dimensional, and
multiple one-dimensional configurations. In addition, SWAT operates on a daily time step and
more seasonal framework. This feature allows the simulation of precipitation, snowmelt,
evapotranspiration, soil moisture, and infiltration at a limited complexity level.

KINEROS is suitable for a smaller scale such as the Walnut Gulch Experimental Watershed
and more focused, detailed investigations of runoff an erosion because is a distributed, event-

* oriented, physically based model describing the processes of surface runoff and erosion from
small agricultural and urban watersheds. However, the greater complexity of KINEROS also
entails greater data requirements. It has been developed and validated largely in arid and semiarid setting with explicit treatment of channel losses. In addition, KINEROS has a specially

developed space-time rainfall interpolator that allows it accurately treatment of highly variable

thunderstorm rainfall. KINEROS infiltration and erosion parameters are primarily derived
through soil characteristics with modifications made for surface cover conditions. For watersheds
larger than 1000 ha, application of a detailed, process based model, such as KINEROS, may be
difficult to justify in the absence of distributed rainfall data, given comparable results from a
simpler model which does not entail the costs associated with detailed basin characterization
required for KINEROS model inputs.

The combination of these two models will allow users to identify hydrological and ecological

problems at the basin scale using the SWAT model, once the problem area has been defined, if
enough data is available, the KINEROS model can be applied to further investigate possible
solutions to the problem.

In a third report, Hernandez et al. (1998 c) tested the response of these two models on a
subset within the Walnut Gulch Experimental Watershed in Tombstone, Arizona. Based on the
results, calibration and validation of the hydrologic models were recommended to improve the
reliability of the models as a function of model input data. Furthermore, a sensitivity analysis
was advised to support the integration of The North American Landscape Characterization
(NALQ (USGS, 1999b) based land cover class and the State Soil Geographic (STATSGO)
Database (USDA-NRCSi 1994) with the hydrologic simulation models.
The NALC project is a component of the Multi-Resolution Land Characteristics (MRLQ
Consortium. The MRLC vision is to facilitate the development of a national multi-resolution land
cover database from both coarse (Advanced Very High Resolution Radiometer [AVHRR]) and
medium resolution (Landsat Thematic Mapper [TM]) satellite imagery and field data. The main
objective of the NALC project is to produce standardized remote sensing data sets that consists
of three or more registered Landsat Multi-Spectral Scanner (MSS) images corresponding to the
1990s, 1980s, and 1970s time periods. On average, a NALC data set consists of one scene from
the 1990s ajid 1980s and two from the 1970s.
The STATSGO database was designed primarily for regional, multi-state, river basin, multicounty resource planning, management, and monitoring. This data is not detailed enough to make
interpretations at a county level. Soil maps for STATSGO are compiled by generalizing more
detailed soil survey maps. Where more detailed soil survey maps are not available, data on
geology, topography, vegetation, and climate are assembled, together with Landsat images.
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n9ure 2. Conceptual model of Integrated landscape/hydrologlc modeling tool.

& reporting. Each element is described in the following sections.
Collection, Data Input and Correction

This module covers all aspects of capturing spatial data from existing maps, field
observations, and sensors (including aerial photography, satellites, and recording instruments)
and converting them to a standard digital form. Once the data have been entered, the data will be
checked for errors such as possible inaccuracies, omissions, and other problems.
Storage and Retrieval

Building a digital database is costly and time-consuming process and it is essential that the
digital map information is transferred from the magnetic media of the computer to a more
permanent storage medium where it can be safely preserved.
Manipulation and Analysis

The landscape analysis and the hydrologic modeling will be carried out in this module. The
landscape analysis consists of an error matrix for land cover; a computer program to simulate the
spatial distribution of errors; and a computer program to calculate landscape metrics. The
hydrologic modeling component consists of a computer program to characterize watershed
^complexity; a user-friendly G1S interface to parameterize the hydrologic models; and hydrologic
models. Results from the landscape analysis will provide information to the hydrologic model for
evaluating the effects of misclassification error of Landsat land use/cover on watershed response.
Furthermore, the effects of drainage network density and land cover on watershed response will
be carried out in this module.

Output and Presentation

The data output and presentation module is concerned with the way the data are displayed
and how the results of the analyses are reported to the users. Data will be presented in a variety
of ways ranging from the image on the computer screen, through hardcopy output drawn on
printer or plotter to information recorded on magnetic media in digital form.

10

Section 4
Technical Approach
This section focuses primarily on describing the tasks to be carried out on the research
proposal. A tentative schedule and milestones for calendar years 1999-2002 is presented in Table
1 (Appendix). This section includes description of the area, study design/methodology, data
acquisition, and quality assurance.

4.1 Description of the Area

Walnut Gulch Experimental Watershed
The Walnut Gulch Experimental
Watershed (WGEW) encompasses

approximately 150 km2 in southeastern
Arizona, USA (Figure 3) surrounding the
historical western town of Tombstone.
Walnut Gulch is a tributary of the
San Pedro River, which originates
in Sonora, Mexico and flows

north into the United States. The

watershed, is representative of the
brush and grass covered rangeland found

throughout the semi-arid Southwest and is a
transition zone between the Chihuahuan and
Sonoran Deserts. Elevation of the watershed
ranges from 1,220 m to 1,890 m. Cattle grazing
is the primary land use with mining,
distributed urbanization, wildlife habitat and
recreation making up the remaining uses.
The city of Tombstone is undergoing
relatively fast growth, and the urban

area within the watershed is growing.
For further'details on the
description of the Walnut Gulch
Experimental Watershed see
Osborn (1983) and Renard et al.
(1993).

The San Pedro Basin

Figure 3. Locations of the Walnut Gulch Experimental Watershed
and the Upper San Pedro Basin within the Lower
Colorado River Basin.

The Sonoran desert and surrounding vegetation extend from central Sonora, Mexico, up through
southern Arizona, USA, providing an exceptionally diverse ecosystem that is being studied by
scientists in many disciplines on both sides of the border. The San Pedro River Basin (SPRB)
11

covers about 12,000 km2 and spans the Mexico-US Border from northern Sonora into
southeastern Arizona (Figure 3). It has particularly interesting characteristics: significant
topographic variability (1,200 - 2,900 m) providing, ecological and climatic diversity over
distances as short as 20 km; significantly different cross-border land uses visible from satellite
multi-spectral images. Diverse vegetation types include Sonoran and Chihuahuan desertscrub,
grasslands, chaparral and Madrean evergreen woodlands, and high-elevation conifer forests
(McClaran and Brady, 1994).

The San Pedro riparian corridor is a narrow area sustained many times of the year by the
regional aquifer. It has been declared one of the * 12 Last Great Places of the Western
Hemisphere' by The Nature Conservancy and the No. 4 most endangered U.S. river by American
Rivers (1997). For further details on the description of the San Pedro River Basin see Goodnch
(1994).

4.2 Study Design/Methodology

Pursuant to the primary objective of modeling hydrologic response to land use, the life cycle
of this research project will be divided into several overlapping phases that build in complexity
and understanding towards the development of a robust scientifically defensible application.
Throughout the project, user interface programs will be designed and developed to ease model
application The first phase will be devoted to model development and application on relatively
small homogeneous areas. Once the fundamental validity of this modeling approach has been
demonstrated, significant model testing and optimization will be used to determine potential
sources of error and the best techniques and tools at a range of basin scales and complexities.
Model application on a variety of basins throughout the semi-arid Southwest will be used to
further refine the approach. Ultimately, the model will be implemented as a unified
GB/hydrologic modeling tool for desktop applications.
4.2.1 Model development

Compile climatic and hydrologic data for the WGEW and SPRB
On Walnut Gulch, rainfall information will be compiled from the historical 85-raingauge
network data Runoff data will come from various historical and current gaging structures. For
the San Pedro basin, rainfall data will be retrieved from the National Climatic Data Center
database (US Department of Commerce, 1995), and streamflow data at Charleston will be
obtained from the USGS database (USGS, 1999a).

Assemble GIS data at high/low resolution for the WGEW and SPRB
Input data is the driving force behind model development and implementation. One of the
first steps in the evolution of this 4-year research project will be the assemblage of these input
data layers for three intensive study watersheds. To date, the emphasis on modeling has been
placed at the sub-watershed level to demonstrate model functionality given the range of input

data During the next phase of research, these findings will be expanded to include the entire
*WGEW and the SPRB. As such, we will be acquiring and error-checking the input data required
for model application on the WGEW and the SPRB.

A high-resolution, highly accurate geographic information system (GIS) database has been
created for the WGEW. A detailed soil survey (Breckenfield et al., 1995) was digitized as part of
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the effort for capturing detailed geographic data. This soil survey provides an opportunity for

determining the impact of input data quality and resolution on model efficiency (defined as the
degree to which model prediction is similar to observed data). Towards this end, data will be
assembled for model input for both high and standard resolutions within WGEW, and at the
standard resolutions on the SPRB.

Assess input parameters and construct look-up tables for GIS
The hydrologic models that will be used in this research are spatially distributed, and hence
require a large number of input parameters. These parameters describe the physical properties of
the model area, and it is critical that the methods used to determine these values be as consistent,
accurate and repeatable as possible under the constraints of the base input data across a range of
applications. Many of the model parameters, such as those relating to topography and vegetation
type, will be determined directly from available spatial data stored in a GIS (Martz and
Garbrecht, 1992; Garbrecht et al., 1996; DiLuzio et al., 1998). However, a large number of
parameters vary widely in space and time, and are not directly measurable. These parameters
must be derived through empirical relationships that relate quantifiable parameters to those that
must be estimated (Brakensiek and Rawls, 1983; Shen and Julien, 1993).
A thorough vetting of the required parameters and the methods used to estimate their values throughout the study areas is of primary importance to the early phases of this project. Input
parameter tables are available for both KINEROS and SWAT, and we will develop and report on
the manner by which each of the parameters will be determined. Such a report will be critical to
future interests towards quality assurance and control since the measures will be repeatable and
clear.

Once the methods used to determine the input parameters have been decided upon,
techniques for implementing their application across the study area will be developed. Many of
these procedures have already been developed and utilized in the preliminary modeling exercise
(Hernandez et al., 1998c), but more research is needed on variable terrain (such as exists on the
entire Walnut Gulch watershed and the San Pedro basin) to validate and finalize these
procedures.

The goal of this phase of the research project is to create automated methods for
characterizing modeled basins and parameterizing the hydrologic models. Neither SWAT nor
KINEROS may be characterized as possessing simple input requirements for successful

implementation. The complexity of the models requires complex input, and parameterizing these
models at the necessary detail on large basins would be onerous and beyond the scope of this
project in the absence of GIS and automated methods.

Calibrate and validate hydrologic models for the WGEW and SPRB at various model
resolutions with KINEROS and SWAT
The calibration and validation process will be carried out using historical stream flow values
along the San Pedro River at Charleston, Arizona and at the outlet of the WGEW. A statistical
analysis of the historical records will be performed to determine the most appropriate periods for
calibration and validation.
A detailed analysis will be carried out to determine the influence of land cover changes on
hydrologic and erosion parameters as part of the calibration process. Furthermore, data from
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Development of criteria for selecting watersheds based on hydrologic, ecological, and
hie characteristics

study.

ariability in model input across abroad range of basin scales
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(runoff driven primarily by snowmelt) and Mohave desert (runoff from winter rains). The
selection of basins may be refined by ecological region such as those outlined by Omernik
(1987). Because the approach outlined in this research plan relies on the calibration and
validation of the watershed models, it is a prerequisite that the chosen basins have an abundant
data history. Necessary data include accurate spatial data describing topography, soils, and land

cover derived from remote sensing (NALC, MRLC), and extensive runoff gaging data for the
time period in which the land classification took place.
In addition, watersheds will be selected based on criteria that identify distinct landscape
scale and form. Three attributes that quantitatively distinguish landscapes are drainage density

(D), slope (S), and relief (H) (Dietrich and Montgomery, 1998). Strahler (1964) combined these
attributes to form the geometry number: G=HD/S. The drainage density, slope, relief, and the
geometry number will be calculated for a number of watersheds of different sizes from available
DEMs.

Assess model efficiency relative to data resolution
Spatially distributed data that will serve as input to the hydrologic models will be developed
from GIS map layers. Topographic, soil, and vegetation data will come from the three primary
sources: the USGS DEM (USGS, 1999a) products; the NRCS STATSGO (USDA-NRCS, 1994)
soil data; and the NALC (USGS, 1999b) land classification products. These data are served at
relatively low levels of resolution (30 m, 30 m, and 60 m, respectively), and the impact of this
resolution on model response needs to be investigated.

An investigation into the role of GIS data resolution will be carried out using the two soil
maps at a range of scales on Walnut Gulch. The hydrologic models KJNEROS and SWAT will
be parameterized using primary and secondary data derived from the soil maps, and the impact of
these data on model response will be determined. The hypothesis put forth for this phase of the
research is that the more detailed soil map will improve model efficiency. However, the question
of spatial scale must also be addressed to determine whether model behavior will be altered at
the basin scale, where variability in soil classification tends to be less hydrologically significant.

4.2.2 Model testing and optimization

Analyze land cover misclassification based on error matrix
One of the most significant sources for model parameterization will be the NALC land
classification data. The NALC data set contains information regarding the spatial distribution

and temporal change in vegetation and land use across the study areas. These data are important
because they not only contain relevant model data (estimates of canopy and ground cover, for
examples), but also dynamically affect a host of hydrologic parameters (e.g., curve number,
infiltration). The impact of misclassification of NALC data must therefore be addressed for
better understanding model response and providing for quality assurance and control.

Land cover accuracy assessment

*

An accuracy assessment of 1997 Landsat Thematic Mapper (TM) land cover classification of
the Upper San Pedro River Basin is being carried out in cooperation with the University of
Arizona, Office of Arid Lands Studies. The accuracy assessment will produce an array of

numbers set out in rows and columns that express the sample units assigned to a particular
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category in one classification relative to the number of samples units assigned to a particular
category in another classification.

Determine impact of land cover misclassification errors on model efficiency
The effects of misclassification among inter-class land cover will be evaluated using a
simulation model developed by Wickham et al. (1997). The error simulation model, written using
the Arc/Info GRID module (ESRI, 1994), is based on (1) misclassification calculated from an

error matrix, and (2) spatial autocorrelation in land cover classification error (Congalton, 1988).
The model will be used to randomly introduce error into the San Pedro River Basin land cover

map The simulation model will provide different spatial distribution patterns of error. An error
matrix supplied by Dr. Stuart Marsh, the University of Arizona, Office of Arid Lands Studies,
will serve as the source data for the simulation model. For each error distribution pattern, the
hydrologic parameters will be altered and the hydrologic simulation models will be ran to
evaluate the response of the watershed. Furthermore, errors of commission and omission will be
interpreted with respect to the extent that these errors significantly alter parameter estimation;
offsetting errors may mitigate the impact on model efficiency, while compounding errors may
yield unrealistic results.
Sensitivity Analysis

.

A sensitivity analysis will be performed to examine the response of the hydrologic models as
a function of land cover changes on the WGEW and SPRB. Sensitivity analysis is normally
conducted by assessing the effect on the model output of a fixed percentage change m each
model parameter, while holding all other parameter values constant (McCuen and Snyder, 1986).
However, in this case a sensitivity analysis based on a fixed percentage change for each
parameter value may be unrealistic due to the range of variation that is observed for each
parameter in the field (Kirkby et al., 1993). Consequently, an alternative approach taken will be
used employing frequency distributions for each hydrologic parameter. Model parameter changes
will be a function of the parameters' standard deviations. Results from the sensitivity analysis
will provide sound information as to whether land cover maps resolution being used as an input
for the hydrologic models are adequate for multi-scale watershed assessment. Furthermore, a

sensitivity analysis within each class cover will be carried out to examine the response of the
hydrologic models as a function of canopy cover conditions. That is, hydrologic parameter values
will be changed to consider canopy cover conditions such as poor, fair, and excellent for each
class.

Create subwatershed maps at varying levels of complexity and assess model efficiency
relative to network complexity for the WGEW and SPRB
Evaluation^ the effects of the number of subwatershed elements and the averaging of land
cover information on hydrologic response will be carried out. To address the issue of number of
subwatershed elements necessary for adequate model behavior, the WGEW and SPRB will be
divided into several scenarios with differing complexities. The criterion for delineating the
watersheds is based on the critical source area concept wherein the initiation of channel routing

is adjusted Each of the watershed configurations will be modeled for runoff and sediment yield.
* On Walnut Gulch, KINEROS and SWAT will be used for single storm and continuous analyses,
respectively, while only SWAT will be applied on the San Pedro. Model efficiency will be
determined for the various simulation runs. It is predicted that an inverse relationship between
watershed size and geometric complexity will be found. Determining this relationship is
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necessary for the distribution of model implementation since there is a need for a standardized

approach to the determination of watershed configuration and minimum data requirement.
The entropy (Shannon, 1948) concept approach will be employed to assess the amount of

information lost by averaging subwatershed elements. The performance of the hydrologic models
is assessed by computing the entropy information for each watershed configuration and by
comparing monthly and annual runoff simulations with observed data. The value of the entropy
information increases with increasing the number of watershed elements up to a number of

elements that no longer captures new information and the model results are not further improved.
4.2.3 Model application
Define design storms
A statistical analysis will be performed on measured rainfall records to determine the most
likely spatial and temporal distribution of design storms. For example, peak rainfall timing will
vary within different storm events, as will the loci of intensities. The analysis of measured
rainfall hyetographs will show the most likely rainfall distributions, which will be used to

develop the design storms. Design storms will be determined for the 2, 5, 10, and 25 year return
periods.

Calibrate and validate hydrologic model for the intensive study basins
The calibration and validation process will be carried out using historical stream daily values
at several stream gauges along the selected basins. A statistical analysis of rainfall and stream
records will be performed to determine the most appropriate time periods. The calibration and
validation of these data will be carried out employing the same procedure used for the Walnut

Gulch watershed and San Pedro basin described above. However, since only one MRLC scene
will be available, the calibration will be carried out using hydrologic information compiled for
one-year period prior to the date the image was acquired. Similarly, the validation of the
hydrologic model will be carried out using hydrologic information for one-year period after the
date the image was acquired.

Model and analyze watershed response as a function of land cover change, spatial
distribution of rainfall and design storms for the WGEW the SPRB
The measurement of rainfall during a storm event consists of determining the time over
which an increment of rainfall depth occurs at a defined location. Consequently, the

measurement of rainfall is a point measurement of a spatially variable parameter. Meteorological
data, such as rainfall intensity, for non-measurement locations are not defined by measurement
processes and must therefore be inferred, thereby introducing uncertainty and error, Many
methods have been developed for the inference of the spatial distribution of rainfall from
measured at a specific location (Luk and Ball, 1997). A spline surface method will be
implemented for characterizing the spatial distribution of rainfall. This method consists of using
low-order polynomials to avoid over-fitting the measurement points by high-order polynomials
(Luk and Ball, 1997). Surfaces generated in this fashion have been found to be a robust spatial
interpolation for meteorological data. Using digital land cover maps, interpolated rainfall depth
and design storms, the hydrologic models will be calibrated and validated for assessing the
relative changes of cover on watershed response.
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Model and analyze watershed response as a function of land cover change and design
storms for intensive study basins

A similar approach used for modeling the WGEW and the SPRB will be carried out for
modeling intensive study basins.
4.2.4 Model implementation

Create/update GIS programs (AML, Avenue) to automate GIS parameterization for
delivering GUI-driven GIS/hydrologic modeling tool
As the models are integrated with the GIS data a suite of programs will be developed to
automate the parameterization of the hydrologic models. The development of graphical-userinterface (GUI) tools is a critical step towards implementing the techniques across a range of
scales by a variety of clients. The largest drawbacks to hydrologic modeling at larger scales are
the complexity of the input data and expert knowledge and proficiency required to initiate the
model runs Without a great deal of complexity, models cannot achieve the desired accuracy, but
this complexity restricts their application by persons who are not intimately familiar with their
operation A stated goal of this research project is to develop and apply user-fnendly programs

Sat will allow for the rapid and accurate application of SWAT and KINEROS at a range of basin
scales given a minimum of expertise and input data. These tools will be critical for transferring
this technology to resource managers and regional planners who are interested in projecting the impact of land use change on hydrologic response.

It is proposed that the GUI tools be designed for personal computer (PC) application. While
it is recognized that powerful UNIX-based programs exist, it is probable that users of this
technology will be more familiar with and have access to PCs; hence, to appeal to a wide
audience?the programs will be tailored for the PC environment. Collaborating scientist at the^
US-EPA NEKL location have been developing a PC-based landscape analysis toolkit (ATtlLAAnalvtical Tools Interface for Landscape Assessments) integrating GIS data with the derivation
of landscape indicators in a GUI-driven environment by embedding the spatial analysis within
ArcView (a PC-based GIS). It is proposed that this approach be extended to incorporate the
hvdrologic modeling work such that a comprehensive suite of landscape analysis tools including
ecologic and hydrologic models is available to the interested party via a user-friendly interface.
Furthermore an effort to link SWAT with ArcView has been undertaken by the USDA-ARS,
Blackland Research Center. During the course of this project, collaborative efforts with scientist

at the Blackland Research Center will be pursued, and the integration of KINEROS and SWAT
with a PC-based GIS should be enhanced by existing research. Sections of the programming and
GUI development effort will be developed throughout the life of the project, and intermediate
products madeavailable to beta testers, with the delivery and technology transfer targeted for
2002.

4.3 Data Acquisition

*

Due to the large scale on which model development and implementation will be based, data

acquisition will play a critical role in the success of this project. The fundamental spatially
distributed GIS data that will serve as input to the hydrologic models are soils, land coyer, and
topography It is proposed that topography be derived from freely available USGS 7.5 digital

Son models (DEMs), that soils information be derived from USDA-NRCS STATSGO soil
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polygons (also freely available), and that land cover come from EPA-NALC and Multi-

Resolution Land Characteristics (MRLC) products, to be supplied by the US-EPA for the
proposed research study basins. Distributed climatic data is the other primary model input
supplied by the National Climatic Data Center (NCDC, 1997).
Data will be acquired on an as-needed basis according to the four project phases. The

acquisition and verification of these data will be time-consuming due to the large quantity of

data, and as such it will be collected in advance of each subsection of the project and errorchecked prior to use. As part of the joint collaboration between the National Exposure Research
Lab and the Southwest Watershed Research Center, the EPA will be responsible for providing

digital cartographic data (GB theme layers) to the USDA-ARS for the proposed study basins.

On Walnut Gulch, rainfall information will be compiled from historical 85-raingauge
network data. Runoff data will come form various historical and current gaging structures. For
the San Pedro Basin, rainfall data will be retrieved from the National Climatic Data Center
database (US Department of Commerce, 1995), and stream flow data at Charleston will be
obtained from the USGS database (USGS, 1999 a).

Input data is the driving force behind model development and implementation. One of the
first steps in the evolution of this long-term research project will be the assemblage input data
layers for three study watersheds. To date, emphasis on modeling has been placed at the
subwatershed level to demonstrate model functionality given the range of input data. During the
next phase of the research, these findings will be expanded to include the entire Walnut Gulch
watershed and the larger San Pedro Basin. As such, we will be acquiring and error-checking the
input data required for model application on the Walnut Gulch and San Pedro watersheds.
4.4 Quality Assurance

Quality assurance for this project will address the following issues: the rationale to select
hydrologic models and how each model captures relevant processes; assessment procedures for
identifying and correcting errors in source data; methods to interpret and analyze results from

calibration and validation processes; procedures to document performance results; and,
procedures to document software development. The following sections will focus on the
description of each issue.

4.4.1 Rationale for model selection

In the selection process, strong emphasis was placed on models that were able to characterize
complex watershed representations to explicitly account for spatial variability of soils, rainfall
distribution, and vegetation heterogeneity! The effects of land use and land cover on surface

runoff and sediment yield were also stressed in the model selection criteria. Furthermore, we
concentrated on models that characterize surface runoff and sediment yield producing

mechanisms. For analysis of large watersheds, where storage characteristics plays a key factor on
surface runoff, we selected models that account for channel routing and reservoir storage.
»Moreover, the governing equations describing the hydrologic and soil erosion processes were a
major factor in selecting the models. That is, we were interested in models with equations based
on fundamental principles of physics or robust empirical methods widely used in computing
surface runoff and sediment yield.
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The following discussion provides an overview of the theory and structure of both models

and verification of model results. First, the basic theory and assumptions of the processes are
presented. Next, test results for both models are presented.

The "Soil and Water Assessment Tool" (SWAT) (Arnold et al. 1994) is public domain
software developed and actively supported by the USDA-Agricultural Research Service at the

Grassland Soil and Water Research Laboratory in Temple, Texas. SWAT is a continuous-time

model that operates on a daily time step. The objective in model development was to predict the
impact of management on water, sediment and agricultural chemical yields in large ungaged
basins To satisfy the objective, the model (a) uses readily available inputs; (b) is

computationally efficient to operate on large basins in a reasonable time; and (c) is continuous
time and capable of simulating long periods for computing the effects of management changes.
The SWAT components can be placed into eight major divisions: hydrology, weather,
sedimentation, soil temperature, crop growth, nutrients, pesticides, and agricultural management.
The SWAT model characterizes the main hydrologic processes contributing to runoff and
sediment yield as follows.
Weather

The weather variables necessary for driving SWAT are precipitation, air temperature, solar
radiation, wind speed, and relative humidity. If daily precipitation and nmimunVmimmum
temperature data are available, they can be input directly to the model. If not, the SWAT weatiier
generator routine can simulate daily rainfall and temperature. Solar radiation, wind speed, and
relative humidity are always simulated.
Surface runoff

Runoff volume is estimated with a modification of the SCS curve number method (USDASCS 1972) Peak runoff rate estimates are based on a modification of the Rational Formula. The
runoff coefficient is calculated as the ratio of runoff volume to rainfall. The rainfall intensity
during the watershed time of concentration is estimated for each storm as a function of total
rainfall using a stochastic technique. The watershed time of concentration is estimated using the
Manning's Formula considering both overland and channel flow.
Transmission losses

Flow abstractions, or transmission losses, reduce runoff volume as the flood wave travels

downstream. SWAT uses Lane's method described in Chapter 19 of the SCS Hydrology

Handbook (USDA-SCS, 1983) to estimate transmission losses. Channel losses are a function or

channel width and length, and flow duration. Both runoff volume and peak rate are adjusted
when transmission losses occur.

Sediment yield

Sediment yield is estimated for each subbasin with the Modified Universal Soil Loss
Equation (MUSLE) (Williams and Brendt, 1977). The model runoff component supplies runoff
„, volume and peak runoff values required by the MUSLE.

KINEROS an acronym for KINematic runoff and EROSion model, has evolved over a
number of years primarily as a research tool (Smith et al., 1995). However some consulting firms
have been attracted by several of its unique features and KINEROS has been used as an
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engineering tool in the U.S. and abroad. KINEROS is public domain software developed by the
USDA-Agricultural Research Service, and supported by the Southwest Watershed Research
Center in Tucson, Arizona. KINEROS is an event oriented, physically based model describing

the processes of interception, infiltration, surface runoff, and erosion from small agricultural and
urban watersheds. A cascade of planes and channels represents the watershed; and the partial
differential equations describing overland flow, channel flow and erosion, and sediment transport
are solved by finite difference techniques. Spatial variability of rainfall and infiltration, runoff,
and erosion parameters can be accommodated.

KINEROS divides the watershed of interest into an equivalent network composed of runoff
surfaces or planes, intercepting channels, and ponds or detention storages. Each of these is
oriented such that the 1-dimensional flow can be assumed. Runoff surfaces may be composed of
a cascade of rectangular surfaces, which allows the simulation of converging flow areas, or areas
of non-uniform slope, hydraqlic resistance, or soils. Hortonian runoff is then simulated for the
network of elements, culminating in the production of a simulated hydrograph at the outlet. The
processes simulated will be described in general order of occurrence in the runoff- erosion
generation process.

Distributed rainfall data
The model requires information in the form of accumulated depth/time pairs, and converts
this data into rainfall rate pulses.

Interception
A total depth of interception can be specified for each runoff element, based on the
vegetation or other surface condition. This amount is taken from the earliest rainfall pulses until
the potential interception depth is filled. The modified rainfall pulse data then becomes input to
the soil sufface.

Infiltration
The infiltration model used in KINEROS (Smith and Parlange, 1978) is based on an
approximate solution of the basic equation of unsaturated flow.

Overland flow
When the rainfall rate exceeds the infiltration capacity and sufficient water ponds on the

surface to overcome surface tension effects and fill small depressions, overland flow begins. The
kinematic wave equations are a simplification of the Saint Venant equations and do not preserve
all the properties of the more complex equations. Specifically, backwater cannot be simulated. It
has been shown that the kinematic wave formulation is an excellent approximation for most
overland flow conditions (Woolhiser and Ligget, 1967; Morris tind Woolhiser, 1980).

Channel routing
Unsteady, free surface flow in channels is also represented by the kinematic approximation

* to the equations of unsteady, gradually varied flow. Channels segments can receive uniformly

distributed but time-varying lateral inflow from planes on either or both sides of the channel, or
from one or two channels at the upstream boundary, or from a plane at the upstream boundary.
The dimensions of planes are chosen to completely cover the watershed, so rainfall on the
channel is not considered directly.
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Erosion

The model can simulate the movement of eroded soil along with the movement of surface
water. KINEROS accounts separately for erosion caused by raindrop energy and erosion caused
by flowing water and continues the simulation through channel and pond elements.

The computer codes and the underlying assumptions of each model have been thoroughly
tested with one or more studies. The purpose of code verification is to demonstrate that the
model represents accurately the effects of an actual or hypothetical set of processes and forecast
one or more possible outcomes. Examples of code verification are included in the user's, manual
of both models.

The SWAT model has been validated at two different spatial scales: small watershed and

river basin. At the small scale Arnold et al. (1994) applied the model to a 17.7 km2 watershed in

Riesel, Texas within the Texas Blackland Prairie Land resource area. They reported efficiency
coefficients of predicted annual water yields and sediment yields between 0.70 and 0.80,
indicating a reasonable goodness of fit. The hydrologic response of the Lower Colorado River
basin in Texas has been simulated and compared to measured USGS streamflow data to test the
model on a relatively large river basin (9,000 Ion2). At the upstream end of the simulated area,
measured outflows from Lake Travis (west of Austin) were input to the model and flow was
routed trough the basin until it reached the Gulf of Mexico at Matagora Bay. The only measured
data available was streamflow data. Sediment and nutrient loadings were not available for the
basin. A comparison of monthly and annual measured and predicted stream flows at Bay City,
Texas show efficiency coefficients of 0.60.
The kinematic overland flow routing component of KINEROS has been thoroughly tested
using data from the Colorado State University Outdoor Rainfall-Runoff Experimental Facility
(ORREF) (Smith et al., 1995). This unique facility allows relatively precise measurement of
rainfall and runoff at a scale comparable to small watersheds, and has been described by

Dickenson et al. (1967) and Woolhiser et al. (1971). Singh (1974) analyzed data from 210
experiments runs with 50 different configurations and found that the kinematic wave formulation
provided a good description of surface runoff from the facUity. Kibler and Woolhiser (1970)
have demonstrated that the response of a converging section can be well approximated by the
response of a cascade of rectangular surfaces as used in KINEROS. The KINEROS model has
been applied to several semi-arid watersheds covering a range of basin scales within the USDAARS Walnut Gulch Experimental Watershed, in southeastern Arizona (Smith et al., 1995).

A detailed analysis describing model selection, model structure, and model assumptions is
provided by Hernandez et al. 1998 b.
4.4.2 Source data

It is critical that the validity of derived information products be tested to provide a

reasonable estimation of confidence for use in ecological/hydrological modeling. Accuracy

information is required.in process modeling in order to understand the risk involved in relying on
* GIS- and remote sensing-based information products. The type of accuracy assessment required
may depend on whether the results are relative or absolute measurements. In cases where simple
information on distance or area is derived from a single data source, error such as a simple
coordinate offset may not be significant. However, information derived from multiple spatial
sources will generally require enforcement of absolute positional accuracy (Star et al., 1997). A
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similar division applies to thematic accuracy assessment when derived information products are
either interval (relative accuracy) or ratio (absolute accuracy) in nature.

Contingency matrices will be used to compare database content with samples derived from
ground survey or some other information source in which there is a high degree of confidence.
These matrices provide detailed information on the types and magnitudes of error found in

original data or derived information products. In remote sensing classification, the matrix relates
the class assigned to a pixel in the database with the class determined for the same pixel by
ground survey. In GIS applications, the error matrix may compare the class assigned to an entire
polygon with the class assessed by visiting the polygon in the field. In addition to assessing the
accuracy of attribute measurement within a field, it may also be important to understand the

positional accuracy of features. Statistics for describing the probabilistic position of points are
the root mean square error (RMSE) and the mean square positional error (MSPE). The majority
of image processing and GIS software packages derive the RMSE. In order to track error
accumulation effectively, methods are required to assess the generation of error associated with
specific processes and to keep an accounting of the spatial, temporal, and attribute characteristics
of this accumulating error. Methods for providing a transcript of data processing histories exist in
many commercial remote sensing and GIS packages. An integrated solution to tracking the data
processing flow, called lineage tracing, is described by Lanter (1989). This approach uses a LISP
language shell in which the Arc/Info GIS package (produced by Environmental Systems
Research Institute) is run. The described algorithm allows automated backwards and forwards
reconstruction of intermediate data products between data inputs and information outputs.
4.4.3 Model application

The following discussion focuses on the calibration and validation of the models,
documentation to code, documentation of statistical analyses, and summary of performance
results.

»

The purpose of the calibration is to
establish that the model can reproduce
observed runoff and sediment yield.

Field System

Measured output

Acceptable error

Calibrated Model

During the calibration, a set of values of
the parameters describing the
main hydrologic processes in
the watershed is found that

approximates the observed
runoff and sediment yield

Error

Parameters

within a pre-established range of error. Figure 4
depicts the procedure that will be carried out in

this research project. The calibration
procedure begins by estimating initial

parameters values of the hydrologic

KydroloQlc Model

observed values from the field

Unacceptable error

Parameter
Adjustment

New paramater estimates

model. Next, the model is executed
.and results are compared to the

Computed output

Figure 4. Calibration procedure of hydrologic models.

system. Based on the error analysis;

that is, if the differences between computed and measured output are within the predefined range
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of error, the model is considered calibrated, otherwise, parameter values are adjusted and the
model is run again until acceptable results are achieved.

Owing to uncertainties in the calibration, the set of parameter values used in the calibrated
model may not accurately represent observed values. Consequently, the calibrated parameters
may not accurately represent the system under a different set of hydrologic conditions. Model
validation helps establish greater confidence in the calibration. In the validation process, values
of hydrologic parameters determined during calibration are used to simulate a second set of field
data. If the calibrated parameters were changed significantly during the validation, it may not be
possible to match the calibration within a predefined range of error. Therefore, it will be
necessary to repeat the calibration and validation processes until a set of parameter values is
identified that produces a good match between simulated and observed values.

The judgment of when the fit between model and reality is good enough is a subjective one.
To date, there is no standard protocol for evaluating the calibration and validation processes. The
Watershed Management Committee of the Irrigation and Drainage Division of the American
Society of Civil Engineers (ASCE, 1993) authorized a Task Committee to define criteria that can
be used to evaluate hydrologic models. The Task Committee recommended the following
goodness-of-fit criteria for continuous simulation. The deviation of runoff volumes
(1)

where V is the measured yearly or seasonal runoff volume, and V is the model computed yearly
or seasonal runoff volume. The Nash-Sutcliffe coefficient, E, (Nash and Sutcliffe, 1970)

102, - G,1)2

£1

(2)

E(G, -fi)2
1=1

where Q, is the measured daily discharge, Q,' is the computed daily discharge, Q is the average

measured discharge, and n is the number of daily discharge values. The average measured
discharge is determined from the year or period in question. The E value measures how well the
daily simulated and measured flows correspond.

Generally the objectives of single event modeling are the determination of peak flow rates,
flow volumes, and hydrograph shape and timing. The Task Committee recommended for event
modeling the following goodness-of-fit criteria. To evaluate the peak flow rates, a simple percent
error in peak (PEP) is recommended.

(3)

where Q is the simulated peak flow rate, Q^ is the observed peak flow rate. For volumetric
assessment, a simple comparison using a measure such as the Dv is sufficient. For assessing the
shape of a simulated hydrograph, a simple sum of squared residuals, G, is proposed
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1=1

[o,]

(4)

where QJt) is the observed flow rate at time t, Qt(t) is the simulated flow rate at time t.
During the modeling study there will be many changes in parameter values and initial
conditions and possibly even in modeling strategy between the initial runs of the model and the
final runs. A log will be kept during the modeling study to chronologically document the changes
in input files, the rationale for the changes, and the effects of the changes on the results.

4.4.4 Software development
. The development of the software will be under a quality system framework following ISO
9000-3 software development guidelines (Schuler et al., 1996). That is, a software quality manual
will be prepared which will serve as a formal procedures manual, and externally as evidence for
customers interested in the software development process as subject to quality control by
management. The manual will cover all aspects of software development, including:

1.

Organizational overview - description of the product to be delivered and the overall
structure of the organization.

2.

Responsibilities - Who is responsible for which activities and how they are
interrelate.

3.

Tools - All software development tools that are used in development, which might

include such things as third-party compilers, bug tracking systems, and configuration
management software.

4.

Standards - Programming languages used, internal source code format requirements,
user interface guidelines, and so forth.

Basically, the document will reference all quality procedures and activities associated with
each step of the development process - from design specification writing to preparation of user
documentation.

Emphasis will be placed on the development of a quality plan from a.verification and
validation stand point, this includes verification of the inputs and outputs of all development

phases, criteria for inputs and outputs, and details of validation (schedules, activities, resources).
The software will be tested and validated at the end of the appropriate development phase to
insure that it meets all specified requirements. Testing will take place at the variety of stages
during the software development life cycle:

v

1.

Unit level - Includes testing one unit or module of the program usually comprised of
anywhere from 50 to 500 lines of code.

2.

Integration level - Involves testing the interaction of program units.

3.

System level - Includes testing the complete system.

4.

Acceptance level - Involves testing the delivered software product to the customer's
requirements specification.
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Section 5

Anticipated Results and Products
The specific results and products for this research effort are linked to the activities discussed
in section 4.0 and outlined in Table 1. In general, the anticipated results and products of this
research fall into three main categories:

1. Interim reports, documentation, and model products.

2. Manuscripts submitted to peer-reviewed journals for publication.

3. A final landscape/hydrologic assessment modeling tool for use by EPA, model
documentation, and a final report on the research program.
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Appendix
Table 1

Tentative schedule and milestones for fiscal years 1999-2002 beginning in January,
1999, also showing calendar years 1999-2002. Working and completion target
dates indicated by quarter. Symbols used in this chart: WG = Walnut Gulch
Experimental Watershed; SP = San Pedro River Basin.

Calendar Year Quarter

12

4

II

III

• Compile climatic/hydrologic
data, WG and SP

•

• Assemble GIS data at

•

• Analyze climatic data, WG, SP

/

/

• Assess input parameters;

/

/

/

/

12

IV

I

II

III

high/low resolution for WG, SP

construct look-up tables for
GIS

• Develop multi-year research
plan suitable for peer review

/

• Submit manuscript for
publication

• Calibrate and validate

•

/

/

hydrologic models, WG, SP;
model at various resolutions

with KINEROS, SWAT
• Submit report

/

• Submit manuscript for

/

publication

• Select priteria for choice of
intensive study basins

/

/

• Assess model efficiency
relative to data resolution

/

•

• Analyze misclassification
errors; dependent on matrix

3

4

•

• Determine impact of

/

/

/

/

/

misclassification errors on

model efficiency

• Choose intensive study basins
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12

3

4

2001

2000

1999

Fiscal Year
Fiscal Quarter

3

2002

2001

2000

1999

Calendar Year

IV

I

II

III

1

2

3

2002
IV

I

II

III

IV

Table 1. Continued
1999

Fiscal Year
Fiscal Quarter

II

III

2000

IV

• Sensitivity Analysis

• Create subwatershed maps at
varying levels of complexity,

I

II

III

/

/
/

2001

IV

I

II

III

2002

IV

I.

II

III

IV

•

WG, SP
• Submit report

•

• Submit manuscript for
publication

•

• Assess model efficiency
relative to network complexity

•

• Compile climatic and
hydrologic data, intensive
study basins

•

•

•

• Assemble GIS data for
intensive study basins;
dependent on MRLC

• ■ •

• Define design storms

/

• Calibrate and validate
hydrologic models, intensive
study basins

/
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• Submit report

•

• Submit manuscript for
publication
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• Model and analyze watershed
response as a function of land
cover change and design
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(AML, Avenue) to automate
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GIS parameterization; deliver
final GUI-driven GIS/
hydrologic modeling tool
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