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1 Introduction

In June 1997, the United States Environmental Agency (EPA), Nationd Exposure
Research Laboratory (NERL), Landscape Science Program and the United States
Depatment of Agriculture, Agriculturd 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.

One of the project tasks within the interagency agreement was the development of
a computer gpplication tool for assessng the hydrologic impacts of land cover change in
semi-arid watersheds at different scdes. At the outset of the project, a detailed evaluation
of exiging hydrologicd modds was conducted to sdect suitéble modds for multi-scale
watershed assessments. It was concluded that for multi-scale modding it was necessary
to select two modes that perform successfully at prescribed scaes. Therefore, for studies
to be conducted at the basin scale, the SWAT mode was selected and for studies at the
watershed or subwatershed scae the KINEROS mode. The use of continuous time and
event based, digtributed parameter hydrologic models has provided severa opportunities
to improve watershed modeling accuracy. However, it has dso placed a heavy burden on
users with respect to the amount of work involved in parameterizing the watershed
models and adequately representing the spatid variability of the watershed in particular.
Recent developments in Geographical Information Systems (GIS) have dlevisted some
of the difficulties associated with managing spaia daa However, the user must Hill
choose among various parameterization gpproaches that are avalable within each modd.
At smdl watershed scaes, preparation of mode input and parameter files as wdl as
examination of spatidly digributed modd output is a managesble task. As watershed sze
increases, gpatid data preparation, handling, and interpretation becomes very labor
intensve. The Automated Geospatial Watershed Assessment (AGWA) tool, a GIS-based
interface, was developed to automdicdly derive, from DEMs spatidly distributed
parameters such as contributing area, dope, average flow length and from data layers of
s0ils and land cover parameters such as hydraulic conductivity and curve numbers. In
addition, one strong feature of the computer tool is to display the results of the andysis in
agpatidly digributed format; this feature will assgt in interpretation of modd results.

Successfiul multi-scale watershed assessment requires the use of technicaly and
scientifically sound data collection, information processng, interpretation methods, and
proper integration of these methods. As computer codes are essentid building blocks of
modding-based management, it is crucid that before such codes are used as planning and
decisontmaking tools, ther credibility is edablished through systematic tegting and
evauation of the codes characteritics.

Deveoping efficient and reliable software and agpplying such tools in watershed
modding requires a number of steps, each of which should be taken conscientioudy and
reviewed carefully. Taking a sysemdic, well-defined and controlled approach to al steps
of the modd (software) development and agpplication process is essentid for successful



implementation of the modd. Qudity Assurance (QA) provides the mechanisms and
framework to ensure that decisons are based on the best available data and analyses.

The following sections provide background information on QA and define its role
in watershed modding. They present a functiond and practicd methodology, written
from the perspective of the modd user in need of technica information on which to base
decisons. An important part of qudity assurance is code testing and performance
evauation.

1.1 Purpose

The purpose of this report is to document the procedures followed to ensure that
AGWA conforms to the desgn objectives and specifications, and that it correctly
performs the incorporated functions. These procedures include parameterization of the
hydrologic models, the agpplication of coding standards and practices for the development
of the GIS-based interface, testing of its functiond desgn, and evduation of its
performance characterigtics.

AGWA is a graphicd user interface for the KINEROS and SWAT modes
developed as an ArcView extenson. The main purpose of the AGWA tools is to asss in
the assessment of the effects of land cover effects of land cover change and land use on
watershed response across multiple scales.

1.2 Report Organization

The dructure of this document reflects EPA’s qudity assurance guiddines for
modeing development and agpplication projects (EPA, 1991). This report begins with
background information on qudity assurance in hydrologic modding. Chepter 3
describes briefly the man components of each hydrologic modd, applicaions and
limitations of each mode. Chapter 4 deds with data source and input/output quality
assurance.  This chepter includes qudity assurance and quality control for digitd
elevation modds, soil and land use databases, and precipitation data for hydrologic
modeing. Chapter 5 describes software development and code testing. Findly, Chapter 6
presents a summary of activities and conclusions.

2  Quality Assurance Plan

2.1 Quality Assurance Definitions

Qudity assurance in hydrologic modding is the procedurd and operationd
framework put in place by the organization managing the modding study to ensure



adequate execution of al project tasks included in the sudy, and to ensure that dl
modding-based andyssis verifiable and defensible (Taylor, 1985).

The two mgor dements of qudity assurance are quality control (QC) and qudity
asessment (QA). Qudity control refers to the procedures that ensure the quality of the
find product. These procedures include the use of appropricte methodology in
developing and applying computer smulation codes, adequate verification and validation
procedures, and proper usage of the sdected methods and code. Quality assessment is
applied to monitor the quality control procedures and to evauate the qudity of the studies
(van der Heljde, 1987).

2.2 Model Development Process

Modd development is closdy related to the scientific process of acquiring new,
quantitative knowledge about naure through observation, hypothesizing, and verifying
deduced relationships resulting in the establishment of a credible theoreticad framework
for the observed phenomena. The fundamenta understanding of a hydrologic system thus
isthe product of research synthesized by theory (van der Heljde et d., 1988).

The object of such research is a prototype of a natura system containing sdected
dements of a red-world-dement hydrologic sysem. The sdection of a particular
prototype system for study is driven primarily by management needs and the researcher’'s
persond interest (Figure 1). The conceptua modd of the sdected hydrologic system
forms the bads for determining the causd relationships among various components of the
system and its environment. These relationships are defined mathematicdly, resulting in
a mathematicd modd. If the solution of the mathematicad equetions is complex or when
many repetitious caculations are required, the use of computers is essertid. This requires
the coding of the solution to the mathematica problem in a programming language,
resulting in a computer code. The conceptud formulation, mathematical descriptions, and
the computer coding condtitute the prototype modd (Figure 1).
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Figure 1. Modd development concepts (van der Heijde et dl., 1988)

Before a modd or software product is used as an evauation tool, its credibility
must be established through systematic testing of the moded’s accuracy and evduation of
the modd’s performance characteristics. Of the magor approaches, the evaluation or
review process is rather quditative in nature, while code testing results can be expressed
usng quantitative performance measures. Performance characteristics may be expressed
in tems of rdiability, efficiency of coded dgorithms, and resources for mode setup.
Performance characteristics need to be determined for the full range of parameters and
sresses that the code is desgned to smulate. It is adso important to test the code to
determine the consequences if the code is used beyond its origina desgn criteria, or
beyond the range of gpplications for which it has dready been tested. Through extensive
and sysematic code testing and modd evduation, confidence in the applicability of the
code will incresse.

Code tedting is amed a detecting programming erors, testing embedded
dgorithms, and evaduating the operationd characterisics of the code through its
execution of carefully sdected examples, test problems, and test data sets. It is important
to didinguish between code tedting and modd teding. Code testing is limited to
establishing the correctness of the computer code with respect to the criteria and
requirements for which it is desgned. Modd testing is more indusve than code testing,



as it represents the find gep in determining the vdidity of the quantitative reaionships
derived for the real-world prototype system the modd is designed to smulate (Figure 1).

In this report, code vdidation is defined as the process of determining how well
the AGWA code's theoretical foundation and computer implementation describe actud
sysem behavior in terms of the degree of corrdaion between cadculated and
independently observed responses of the reference hydrologic system for which the code
has been devel oped.

In this report, code verification is defined as the process of demondrating the
condstency, completeness and accuracy of the AGWA code with respect to its design
criteria by evauaing the functiondity and operationa characteristics of the code.

3  Model Description

Key components of AGWA are the hydrologicd modds used to evauate the
effects of land cover and land use on watershed response. In this section, a description of
the basic sructure of each modd is provided as wdl as ther smplifying assumptions,
drengths, and wesknesses. Additiondly, guiddines are provided for correctly applying
the hydrologicd models to cepture the spatid heterogeneaities of the watershed to
represent the dominant processes at different scales. The KINEROS and SWAT models
are able to process complex watershed representations in order to explicitly account for
gpatid variability of soils rainfal distribution patterns, and vegetation.

3.1 KINEROS

KINEROS is an event-oriented, physically based model describing the processes
of interception, infiltration, surface runoff, and eroson from smadl agriculturd and urban
watersheds @mith et a., 1995). In this model, watersheds are represented by discretisng
contributing aress into a cascade of one-dimensond overland flow and channd eements
using topographic information. The infiltration component is based on the smplification
of the Richard' s equation posed by (Smith and Parlange, 1978)

%
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Where f. is the infiltration cgpacity (L/T), Ks is the saturated hydraulic conductivity
(L/T), F is the infiltrated water (L), B is the saturaion deficit (L), G is the dfective net

capillary drive (L), e is the porogty, Smax iS the maximum redive fillable porosty, and



S is the initid rdative soil sauration. Runoff generated by infiltration excess is routed
interactively usng the kinematic wave equations for the overland flow and channd flow,
respectively stated as:
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Where h is the mean overland flow depth (L), t is the time (T), x is the disance dong the
dope (L), a is the 1.49 $%/n, Siis the dope, n is the Manning's roughness coefficient, m
is 5/3, K(t) is the rainfdl rate (L/T), f_ (x, 1) is the infiltration rate (L/T), A is the channel
cross-sectiond area of flow (L?), Q(A) is the channd discharge as a function of area
(L3T), at) is the net lateral inflow per unit length of channel (L*T) and f_ (x, 1) is the
net channd infiltration per unit length of channd (L*/T). These equations, and those for
erodon and sediment transport, are solved usng a four-paint impliat finite difference
method (Smith et a., 1995). Unlike excess routing, interactive routing implies that
infiltration and runoff ae computed a each finite difference node udng ranfdl,
upsream inflow, and the current degree of soil saturation. This feature is particularly
important for accurate treatment of transmisson losses with flow down dry channds To
explicitly account for space-time variations in ranfal patterns the modd computes, for
eech oveland flow dement, the ranfdl intensties a the dement centroid as a linear
combination of intendties & the three nearet gages forming a piecewise planar
goproximation of the rainfal field over the watershed (Goodrich, 1991). The interpolated
centroid intengity is applied uniformly over the individud modd emernt.

3.1.1 Application of KINEROS

In numerous modding sudies, the KINEROS modd has been gpplied to the
Wdnut Gulch Experimentd Watershed adminisraed by the USDA, Agriculturd
Research Service (Renard et d., 1993). This is a semi-arid watershed, with 11 nested
subwatersheds that range in area from 23 to 148 kn?, and an additiond 13 smdl
watershed aress ranging from 0.004 to 0.89 kn?. Spatid variability in ranfal is assessed
usng a network of 85 gages. At a smal scale, Goodrich et al. (1995) and Faures et d.
(1995) applied KINEROS to the 4.4 Lucky Hills LH-104 subwatershed to examine the
importance of different antecedent soil moisture etimates and the effects of wind and
ranfal pattern on the predicted discharges. At this scde, both studies conclude that an
adequate representation of the rainfdl pattern is crucid to achieve accurate runoff
prediction in this environment. Goodrich et a. (1994) dso looked at the sengtivity of
runoff production to pattern of initid water content at the larger scde of the WG-11
subwatershed (6.31 kn?). They suggested that a smple basin average of initid moisture
content will normally prove adequate and tat, again, knowledge of the rainfal patterns is
far more important. Michaud and Sorooshian (1994) compared three different modds at



the scde of the whole watershed, a lumped curve number mode, a smple distributed
curve number moddl, and the more complex distributed KINEROS modd. The modeled
events were 24 severe thunderstorms with a rain gage density of one per 20 kn?. Ther
results suggested that none of the models could adequately predict pesk discharge and
runoff volumes, but that the distributed modds did somewhat better in predicting time to
runoff initistion and time to pesk. The lumped modd was in this case the least
successful.

Goodrich et d. (1997) have used data from the entire watershed to investigate the
effects of sorm area and watershed scaes on runoff coefficients. They concluded that,
unlike humid areas, there is a tendency for runoff response to become more nonlinear
with increasng watershed scae in this type of semi-arid watershed as a resut of the loss
of water into the bed of ephemerd channels and the decreasing rdative size of ranstorm
coverage with watershed area for any individud event.

According to Syed (1999), modeling a medium size watershed (~150 kn¥) wEng
the kinematic wave approximation aong with a coarse resolution DEM of the order of 80
m with vertical accuracy of tens of meter is acceptable. For watersheds of this size, this
implies that USGS level |, 30 m DEM data available throughout the continenta United
States is adequate. For smaler watersheds of the order of severa hectares better vertical
accuracy is dedred especidly when using high horizonta resolution (smdl grid spacing)
DEMs.

3.1.2 Limitations of the Kinematic Wave Approximation

There is one important limitation of usng the kinematic agpproximdion to the
fully dynamic flow equation; the kinematic wave equation cannot reproduce the effects of
a downstream boundary on the flow. Essentidly the effects of any disturbance to the flow
will generate a kinemaic wave, but the equation can only predict the downstream
movement of these waves. Thus a kinematic wave description cannot predict the
backwater effects of an obstruction to the flow for a surface flow (Beven, 2000).

3.1.3 Basin representation with kinematic wave elements

The contribution to the flood hydrograph from pervious and impervious aress
within a sngle watershed is modded in the kinematic wave method by using different
types of dements as shown in Fgure 2. The kinemdic wave dements shown ae
overland flow planes and a main channd. In generd, watershed runoff is modded with
kinematic wave dements by taking an idedized view of the basin. Raher than trying to
represent every overland flow plane and every possible channel, watersheds are depicted
with overland flow planes and channels that represent the average conditions of the basin.
Vaious levels of complexity can be obtaned by combining different dements to
represent a watershed. The smplest combination of dements that could be used to
represent a watershed is two overland flow planes and a main channd. The overland flow



planes are used to separatdly modd the overland flow from pervious and impervious
aurfaces to the main channd. FHow from the overland flow planes is input to the main
channd as a uniform laterd inflow. The complexity of a watershed can be modded by
combining various levels of channd dements.

The procedure for representing a watershed using overland flow and channd
dements is shown in Figure 3. Usng topographic maps and other geographic
information, a watershed is configured into an interconnected system of dream network
components (Figure 38). The watershed is subdivided into a number of subwatersheds in
order to configure the stream network (Figure 3b). In peforming the subdivison, the
following are taken into account: (1) the study purpose and (2) the soatid variadbility of
precipitation and runoff response characteritics. The purpose of the study serves to
pinpoint the areas of interest and, therefore, the location of watershed boundaries. The
goatid vaiability ads in the sdection of the number of subwatersheds. Each
subwatershed is intended to represent an area of the basin that, on the average, hasthe
sane hydraulic and hydrologic propeties Usudly, the assumption of uniform
precipitation and infiltration over a subwatershed becomes less accurate as the
ubwatershed size increases. The flow routing structure is delinested by intersecting the
chamnds with the overlying planes to define the individud plane and channd dements in
an ‘openbook’ model dructure (Figure 3c). The abgtract routing scheme used in
KINEROS is presented in Figure 3d.

Rain fa_" Overland

: Flow
Plane

Runoff

Infiltration

Open

Channel *
Element

Figure 2. Kinematic wave eements.
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The procedures for determining the hydrologic

The paameters that have the drongest influence on runoff from a land cover
perspective for KINEROS ae saurated hydraulic conductivity, canopy cover, and

Manning's roughness coefficient (n).

modeling. The raw topographic map (A) is used to define the channds, shown in blue,
and subwatershed divides, as shown in (B). The flow routing is shown in (C). The

Figure 3 Ddlineation of planes and channelsin AGWA for KINEROS hydrologic
abstract routing scheme used in KINEROS is presented in (D).

3.1.4 Estimation of kinematic wave parameters
parameter vaues for the model are described as follows.



Saturated Hydraulic Conductivity

Saturated hydraulic conductivity (K<) is of particular relevance to rainfal-runoff
modding in sami-arid regions and is the mogt criticd parameter for accurady smulating
runoff using KINEROS (Goodrich, 1991). Rawls et al. (1982) developed a technique for
esimating Ks from soil texture; a look—up table based on this work is contained in the
origind KINEROS documentation (Woolhiser et d., 1990). Soil texture is determined
from the STATSGO database, and an area-weighted estimate of Ks is derived from the
KINEROS look-up tables for each watershed discretized or subwatershed. This initid
esimate is reduced by hdf to account for entrapped ar (Bouwer, 1966), and further
reduced by Ks*(1-volumetric rock content) to account for the decrease in pore space
caused by the presence of rocks (Woolhiser et d., 1990). Findly, this reduced Ks vdue is
adjusted for the effects of vegetation by a power function suggested by (Stone et 4.,
1992); Ksf= Ks * d0-015" % canopy coven) Thig nower function relates vegetation cover and
runoff by increesng infiltration with increesng vegeta cover. KINEROS accounts for
the amdl-scde spatid variability of infiltration through an estimate of the coefficient of
vaiation for Ks with the assumption that Ks is log-normally digributed. Estimates of
these coefficients are obtained from (Jury, 1985).

Canopy Cover

During a rainfal event on vegetated surfaces, some portion of the rainfal will be
retained on the vegetation by tenson forces. This portion of the rainfal does not
contribute to infiltration or runoff; therefore, an interception depth should be subtracted
from the rainfal before infiltration or runoff is performed. In KINERQOS, a totd depth of
interception may be specified for each runoff dement, based on the vegetation or other
aurface condition. This amount is taken from the earliest rainfdl pulse until the potentid
interception depth is filled. The modified ranfdl pulse daa then becomes input to the
s0il suface. Woolhiser et al. (1990) provide generd edtimates for interception by

vegetation type.

Manning’s Roughness Coefficient

Manning's roughness coefficient (n) is a principle factor in the determingtion of
runoff velocity and, consequently, runoff depth. KINEROS uses Manning's equation in
the determination of coefficients for solving the kinematic wave equations for routing
water across overland flow dements and channds. A survey of published literature is
used to determine edimated vaues for Maming's (n) based on the land cover
dassficaion. Where multiple land covers characterized a given subwatershed eement,
an areaweighted (n) valueis used.

3.2 SWAT

SWAT is ariver basin, or watershed, scae modd developed to predict the impact
of land management practices on water, sediment, and agriculturd chemica yields on

10



large, complex watersheds with varying soils, land use, and management conditions over
long periods of time (Arnold et d. 1994). The modd combines empiricd and physcaly
based equations, uses readily avalable inputs, and enables users to study long-term

impacts.
The hydrology modd is based on the water balance equation

w=sw+3(R-Q-ET-R-QR) )

i=1

Where SW is the soil water content minus the 15-bar water content, t is the time in days,
and R, Q ET, P, and QR ae the daly amounts of precipitation, runoff,
evapotranspiration, percolation, and return flow, respectively; dl the units are in mm.
Since the modd maintains a continuous water baance, complex basns are subdivided to
reflect differences in ET for various crops, soils, etc. Thus, runoff is predicted separately
for each sub area and routed to obtain the tota runoff for the basin. This increases
accuracy and gives a better physica description of the water baance.

Surface runoff is estimated with a modification of the SCS curve number method U. S.
Department of Agriculture, 1986).

(R- 0.25)

R>0.2S (6)
R +0.8S

Q:

Q=0 R<=0.2S

Where Q is the daly surface runoff (mm), R is the daly ranfal (mm), and S is the
retention parameter. The retention parameter, S, varies (1) among watersheds because
soils, land use, management, and dope and (2) with time because of changes in soil water
content. The parameter S is related to curve number (CN) by the SCS equation U. S.
Department of Agriculture, 1986).

OO e
5=254 80 0 7
eCN g

The condant 254 in equation (7) gives S in mm. The curve number varies nonlinearly
from 1, dry condition a wilting point, to the wet condition a fidd capacity and
approaches 100 at saturation.

11



3.2.1 Application of the SWAT model

SWAT is currently being utilized in severa large basin projects. SWAT provides
the modding capabilities of the HUMUS (Hydrologic Unit Modd of the United States)
project (Srinivasan e d., 1993). The HUMUS project smulates the hydrologic budget
and sediment movement for the gpproximately 2,100 hydrologic unit aress that have been
delineated by the USGS. Findings of the project are being utilized in the Resource
Consarvation Act (RCA) appraisal conducted by the Naturd Resources Conservation
Sarvice. Scenarios include projected agriculturd and municipd waer use, tillage and
cropping sysem trends, and fertilizer and anima wadte use management options. The
mode is dso being used by NOAA to edimate nonpoint source loadings into dl U. S
coastd areas as pat of the Nationd Coastd Pollutant Discharge Inventory. The U. S
EPA is incorporating SWAT into the BASINS interface for assessment of impaired water
bodies.

3.2.2 Limitations of the Curve Number Method

The curve number gpproach to predicting runoff generation has been the subject
of a number of criticd reviews (eg. Hjdmfdt et a., 1982, Bales and Betson, 1982).
Further work is required to clarify under what conditions the method gives satisfactory
predictions. Mishra and Singh (1999) show that their generdlized verson of the method
gives better results than the origind formulation, as it should, since it has two additiona
fiting paameters. Hjdmfdt e a. (1982) suggest that the curve number, rather than
being conddered as a characteridic for a given soil-land cover association, might better
be conddered as a sochedtic variable. Their anadysis of the annua maximum storms for
two smal catchments in lowa suggested that the Storage capecity parameter, Smeax,
derived for individuad gorms was agoproximady log normdly didributed with a
coefficient of variation on the order of 20 percent. The 10 and 90 percent quartiles of the
digributions corresponded wel to the modified curve numbers for dry and wet
antecedent conditions, following the standard SCS procedure based on the preceding
five-day rainfall. However, they found no srong correation between curve number and
antecedent condition for the individud <orms suggesing that interactions with
individud gorm characteridics, tillage, plant growth and temperature were sufficient to
meask the effect of antecedent rainfall done.

Dexpite its limitations, the Curve Number method has recently been used quite

widdy dnce the tabulated curve number vaues provide a reldively essy way of moving
from a GI S data set on soils and vegetation to a rainfal-runoff modd.

12



3.2.3 Basin representation with SWAT

For modding purposes, a watershed may be partitioned into a number of
Ubwatersheds or subbasins. The use of subbasns in a smulation is particulaly
beneficiad when different areas of the watershed are dominated by land uses or soils
characteridicdly different enough to impact hydrology. By partitioning the watershed
into subwatersheds, the user is able to relate different areas of the watershed to one
another spatidly. The number of subwatersheds chosen depends on the size of the
watershed, the spatia detall of avallable input data, and the amount of detaill required to
meet the gods of the project. Figure 4 illusrates a watershed ddineation for
subwatershed 11 of the Wanut Guich Experimenta Watershed for SWAT. In Figure 4A
the raw topography are used to define the channel network, shown in blue, and watershed
divides in B. The flow routing dructure is ddinegted by linking the channds with the
surrounding uplands to define the individua subwatershed and channd dements (C). The
abgtract routing scheme used in SWAT is presented in (D). As opposed to the ‘opert
book’ gructure with left and right lateral contributing areas for KINEROS shown in
Figure 3D, AGWA does not split the subwatershed dements into more than one unit for
SWAT.

A

|
< —[ I:I

Figure 4. Delinegtion of planes and channdsin AGWA for SWAT hydrologic modding.
Topography map (A), Subwatershed boundaries (B), flow routing structure (C), and the
abgiract routing scheme used in SWAT (D).
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3.2.4 Factors used to estimate Curve Number values

The mgor factors that determine the CN are hydrologic soil group, hydrologic
condition, cover type, treatment, and antecedent runoff condition.

Hydrologic soil groups

Infiltration rates of soils vary widely and are affected by subsurface permesbility
rates. Soils are classfied into four hydrologic soils groups according to ther minimum
infiltration rate, which is obtained for bare soil after prolonged wetting. The soils in the
area of interest may be identified from a soil survey report, which can be obtained from
local NRCS offices or soil and water conservation didrict offices. In the AGWA tool the
hydrologic group classfication is determined from the STATSGO <soil database
description.

Cover type

There are a number of methods for determining cover type; the most common are
fidld reconnaissance, aerid photographs, and land use maps. The SWAT manud
addresses most cover types, such as vegetation, bare soil, and impervious surfaces
(Www.brc.tamus.edu/swat/).

Treatment

Trestment is a cover type modifier to describe the management of cultivated
agricultura lands. It includes mechanica practices, such as contouring and terracing, and
management practices, such as crop rotations and reduced or no tillage.

Hydrologic condition

Hydrologic condition indicates the effects of cover type and trestment on
infiltration and runoff and is generdly derived from edimates of plant densty and
resdue cover on sample areas. Good hydrologic conditions indicate that the soil usudly
has a low runoff potentid for that specific hydrologic soil group, cover type and
treetment. Some factors to condgder in esimating the effect of cover on infiltration and
runoff are (@) canopy or dendgity of lawns, crops, or other vegetative aress, (b) amount of
year-round cover; (c) amount of grass or legumes in rotaions, (d) percent of resdue
cover; and (e) degree of surface roughness. In the AGWA tool, the hydrologic condition
is determined from the STATSGO soil database description.
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4  Data Source/Quality/Input-Output

4.1 Digital Elevation Model Data

Digitd devation modds ae generdly produced by photogrammetric techniques
from dsereo-photo pairs, stereo-satdlite images, or interpolation of digitized contour
devation data The U.S. Geologicd Survey, Eath Science Information Center, offers a
vaiety of digitd eevation daa products (U. S. Geologica Survey, 1990). These include
the 7.5-minute grid DEM data, 1 degree grid DEM data, regular angular 30-minute grid
DEM data, and contour DLGs corresponding to maps of various scales. The USGS 7.5
minute DEM data have a grid spacing of 30 by 30 meters, are cast on Universa
Transverse Mercator (UTM) projection, and are produced from contour overlays or from
automated or manua scanning of Nationa Aerid Photography Program  dtereo-
photographies. DEMs provide coverage in 7.5 by 7.5 minute blocks, each providing the
same coverage as a standard USGS 7.5-minute map series quadrangle U. S. Geologica
Survey, 1990). Elevation vaues are provided in either feet or meters.

DEM daa ae classfied into one of three levels of qudity. Level 1 classfication
is generdly reserved for data derived from photogrammetric compilation of gereo
imagery from the Nationd High-Altitude Photography Program or Nationd Aerid
Photography Program. A verticd Root Mean Sgquare Error (RMSE) of 7 meters is the
targeted accuracy standard, while a RMSE of 15 meters is the maximum permitted. Leve
2 dassfication is for elevation data sets that have been processed or smoothed for
conssency and edited to remove identifiable sysematic errors. DEM data derived from
hypsographic and hydrogrgphic data digitizing are entered into Leve 2 classfication; an
RMSE of one-hdf of the origind map contour interva is the maximum permitted. There
ae no erors greger than one contour interva in magnitude. Leve 3 classfication is
derived from DLG data by usng sdected dements from both hypsography (contours,
spot elevations) and hydrography (lakes, shordines, drainage). If necessary, ridge lines
and hypsographic effects or mgor transportation feastures are dso included in the
derivation. A RMSE of one-third of the contour interva is the maximum permitted.
There are no errors greater than two-thirds of the contour interva in the magnitude.

4.2 Selection of DEMs for Hydrologic Modeling

The two important aspects in the sdection of a DEM for hydrologic modding are
the qudity and resolution of the DEM data. Qudity €fers to the accuracy of the devation
data, and resolution refers to the horizontal grid spacing and vertica eevation increment.
Qudity and resolution must be consgent with the scde and modd of the physca
process under condderation and within the study objectives. For many agpplications of
physicaly processed based environmenta models the USGS 30 by 30 meter DEM data
(Level 1 and 2) has a rdatively low accuracy standard and a rather coarse resolution with
documented shortcomings (Syed, 1999; Garbrecht and Starks, 1995; Ostman, 1987). In
paticular, surface dranage identification is difficult in low rdief landscapes, as is

15



derivation of related informaion such as dope and landform curvaure. No firm
guiddlines are avalable for sdection of DEM chaacterisics. DEM sdection for a
paticular gpplication is generdly driven by data avalability, experience and test
gpplications.

4.3 SOILS: Data Sources

Soils maps for the State Soil Geographic (STATSGO) (www.dtatlab.iastate.edu
[x0lls-info/nst/) database are made by generdizing the detailed soil survey data The
mapping scale for a STATSGO map is 1:250,000. The levd of mapping is designed for
broad planning and management uses covering date, regiond, and multi-state aress.
STATSGO data are avalable for the conterminous U. S, Hawaii, and Puerto Rico.
Digitizing is done by line ssgment forma in accordance with Naurd Resources
Consarvation Service (NRCS) digitizing standards. The base mgp used is the USGS
1:250,000 topographic quadrangles. The number of soil polygons per quadrangle map is
typically between 100 and 400. The minimum area mapped is about 1,544 acres. Each
STATSGO map is linked to the Soil Interpretations Record attribute database. The
dtribute database gives the proportionate extent of the component soils and ther
properties for each map unit. The STATSGO map units consst of 1 to 21 components
each. The SIR database includes over 25 physcad and chemicd soil properties,
interpretations, and productivity. Information that can be queried from the data base
include available water capacity, soil reaction, sdinity, flooding, water table, bedrock,
and interpretations for engineering use of cropland, woodland, rangdand, wildlife, and
recreation devel opment.

44 LAND USE: Data Sources

Land us2/cover information is used in hydrologic modding to etimae the vaue
of surface roughness or friction as it affects the velocity of the overland flow of water.
Land use information is dso useful as an indicator of the amount of rainfdl infiltration on
a surface. The land use information, coupled with the hydrologic characteristics of the
s0ils of a land surface, can dso provide measures of expected percolation and water
holding capacity. The amount of expected runoff from vegetated land use types, such as
forest, is affected not only by the surface and soil physica properties, but dso by the
uptake capacity of the flora present. The North American Landscape Characterization
(NALC) dasdfication was used to derive hydrologic parameter vaues for different land
use/cover. NALC data consst of remote sensng imagery that comprises three or more
regigtered Landsat MSS images corresponding to the 1990s, 1980s, and 1970s time
periods. On average, a NALC triplicate consists of one scene from 1990s and 1980s, and
two from the 1970s for each path/row.

For each triplicate s&t, the 1980s image was rectified, and then used as template to

co-register 1970s and 1990s images. Image control points were sdected from the 1980s
images, and corresponding map control points were obtained from maps or a library of
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ground control points for use in devdoping the geometric transformations model. The
result was an image regidration procedure that only involved one step of resampling
(Lunetta et d., 1993). The fina database development task involved the mosaicing and
projection transformation of the DEM data The DEM data were derived from the
Defense Mapping Agency digitd terran and devation data, which were digitized from
standard 1:250,000 scae topographic maps. Complete coverage existed for the United
States and Mexico for 60 by 60 meter pixelsinaUTM projection.

4.5 Precipitation Data for Hydrologic Modeling

Confidence in the hydrologic modding effort depends, to a large extent, on the
avalability of high qudity ranfal and runoff data for modd cdibration and verification.
Traditiondly, ranfdl edimated from sparse rain gage networks has been consdered a
week link in watershed modeding. The purpose of this section is to document available
data sources and limitations of available data for event-based hydrologic modeling.

Many sources of rain gage data are avalable. However, the likelihood of
obtaining ran gage data for a particular watershed is smal because of the sparse nature
of the national ran gage network. Ranfdl data are archived by the NOAA Nationd
Climaic Daa Center (NCDC) locaed in  Agheville North  Carolina
(www.ncdc.noaa.gov). The NCDC is charged with archiving rainfal and meteorologica
data from a number of sources.

Rdevant avalable precipitation data from NCDC include daly parameters such
a maximum/minimum  temperature, precipitation, and snowfdl/snow depth. Some
detions have additiond data such as evgporation and soil temperature. Hourly ranfal
rates are recorded at the Nationd Wesather Service meteorological stations. These dtations
are sparsaly located around the U. S. The period of record for these data is quite variable,
with few dations inddled before 1970. The NCDC is very efficient a archiving available
precipitation data sources, and performing qudity control on the data (American Society
of Civil Enginears, 1999). Unfortunately, the precipitation data from the NCDC is not
available free ontline

In Wanut Gulch, rainfdl observaions from more than eighty geges are avalable
These are slandard weighing type gages that record the cumulative depth of precipitation
continuoudy as a line trace on a revolving chat driven by an andog clock. The chart
completes one revolution in 24 hours and remans in place for seven days before it is
replaced with a fresh chat. These charts are manudly checked and inferred for starting
and ending times of rainfal events Weekly rain gages (one chart revolution per 7 days)
are dso used to infer storm Start times.
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5  Software Development and Code Testing

In this section the process of developing and testing the main components of the
AGWA tool are described. To accomplish the gods set out for the AGWA tool, severd
dgorithms were developed such as derivaion of flow paths and subsequent subdivision
of the study watershed into channels and plane dements for input into the KINEROS and
SWAT modds. These processes rely upon core ArcView utilities (Environmenta
Sysems Research Inditute, 1996) to perform the initid watershed subdivison, but
AGWA introduces severad unique processes into the watershed discretization routines. To
account for the gpatid didribution of ranfdl, an agorithm based on the Thiessen
polygons concept was written. A detailed description of this agorithm is provided beow
and those gpecificdly deveoped as pat of AGWA devdopment beyond wel
documented ArcView utilities.

5.1 Derivation of Land Surface Drainage and Channel Network
from DEM’s

Surface drainage and channd network configuration are important landscape
atributes for hydrologic modding of runoff processes. Both atributes can be determined
from field surveys, stereo photos, and detailed topographic contour maps. However, these
gpproaches are resource and time consuming, particularly for large watersheds.

An accurate definition of drainage networks in hydrologic andyses is important
because the network indirectly determines the hilldope travel distance and network link
lengths, both of which affect the smulated hydrologic response of a watershed. A
drainage network can be extracted from a DEM with an arbitrary drainage dengty or
reolution (Tarboton et a., 1991). The characterigtics of the extracted channd network
depends extensively on the definition of channd sources on the digita landscape. Once
the channd sources are defined, the essentid topology and morphometric characterigtics
of the corresponding downstream drainage network are implicitly pre-defined because of
their close dependence on channd source definition. Thus, the proper identification of
channd sources is critical for extraction of a representative drainage network from
DEMs.

One of the primary tasks of AGWA is the derivation of flow paths and subsequent
subdivison of the study watershed into channed and plane dements for input into the
KINEROS and SWAT hydrologic models. This process relies upon core ArcView
utilities to perform the initid watershed subdivison, but AGWA introduces severd
unique processes into the watershed discretization routines.  In the process of generating
subwatershed eements, the core ArcView dgorithms often generate orphaned eements
that can confuse hydrologic routing. Consequently AGWA contains a subroutine that
snaps together larger dements, thereby erasng the amdl, spurious eements.  The other
dggnificant addition to core functiondities provided by AGWA is the automated
determination of upland (O-order) watershed eements and the splitting of the primary
watershed into lateral elements for KINEROS.
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These subroutines are robust, but they may fal when the undelying digitd
elevation modd (DEM) is overly coarse and does not adequately represent topographic
detail.  Furthermore, snce AGWA uses a threshold approach to generate stream
channels, which then serve to determine the Sze and locations of watershed dements, it
is posshle to sdect a threshold level that crestes an eror in the discretizaion
subroutines.  In short, there are cases where these subroutines are not cagpable of fulfilling
their tasks, and these problems are illustrated in the AGWA user manua o the user may
determine the cause and find a remedy for ther particular problem. Error trgpping is
performed to determine the cause of the falure, with the results presented to the user.
The subwatershed routines have been tested on a wide range of spatid scdes (raging
from < 5 ha to > 1800 km2) and within a variety of topographic and bio-geophysica
provinces (southern Arizona, Nevada, montane Colorado, and upstate New York), with
consigtently good results.

Watershed discretization is dependent upon the presence of a high quality DEM.
This DEM is used to generate a flow direction map, within which each cdl is assigned a
numericad vaue indicating the direction of flow. This raster map is used to cregte a flow
accumulation map, aso a rader, within which each cdl is assgned a value corresponding
to the number of cdls that contribute flow to it. Thus, a cdl resding on a watershed
divide will have a flow accumulation vdue of O, while the watershed outlet will be
assgned a value equd to the number of cdls in the entire watershed. Converging cdlls
rgpidly accumulate flow and high vaues are used to determine the locations of stream
channds. In AGWA, a user gpecifies a threshold of flow accumulation; each cdl
containing a vaue higher then the threshold is designated as a channd, while the
remainder is consdered to belong to plane eements. If the user sdects a low threshold
the number and length of stream channds will be rdaively high, while a high threshold
results in the credtion of fewer stream channds (Figure 5). This is an important step in
AGWA snce the watershed subdivison is based on the presence of sream channels,
more channels means that more watershed elements will be created.
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Figure 5. Illugratiion of the impact of threshold vaue (shown as CSA, or contributing
source area) on channel formation and watershed discretization. Increasing the threshold
results in fewer andlor shorter channds, and often in fewer and larger watershed
eements.

Figure 5 is an illugration showing severd findized watersheds, al four examples
were successfully crested using the snapping and subdivison routines described earlier.
Some discusson is warranted regarding the subroutines and the agpproach used by
AGWA to produce these reaults. There are 23 important steps and subroutines used to
generate the find watershed products, but the principles can be reduced to a few key
deps.  Fird, the watershed is delineated and channels created using core ArcView
utilities based on the user-defined threshold. These raster magps ae trandformed into
vector maps (shepe files) so that they may be intersected with one another for the
purposes of determining the channel routing sequence.

When watersheds are crested, they are often unattached to their parent stream
channe, so AGWA sngps the channds and watersheds together to ensure hydrologic
connectivity. This is a source of problems for some watersheds, if the channds are very
sndl (less than one grid cdl), more than one watershed dement may be snapped, and
connected to, a channd eement. This interferes with the routing routines. If this occurs,
the user is derted to the problem and asked to dter the threshold so that the channd is
ather enlarged or removed entirdy. Once the connectivity is completed the channels are
numbered and their routing linkages recorded in a database filee  Watersheds that
contribute runoff to a given channd are assgned routing numbers following a rule-based
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numeric sysem: dl channds ae assigned numbers ending in the number “4”, while the
upland waersheds are assgned the same prefix, but ther suffix will end in “1” and
laera dements will be assgned numbers with the same channd prefix, but ending in “2”
or “3". This drict scheme ensures that routing will be unique and the connectivity among
watershed and channd planes is ensured.  If more than one watershed is assigned a vaue
associated with a channd, this is flagged as an error and the user is prompted to try again
usng adightly different threshold.

It is a this Stage that the sgnificant differences between the AGWA approach and
the generdized techniques provided by ArcView are manifest. Upland watersheds are
created by AGWA as shown in Figure 6 for both SWAT and KINEROS. These
watersheds are dso transformed into vector shape files and are cleaner in gppearance and
contain fewer, if any, orphaned watershed dements. The next sep is to subdivide the
main waershed planes into two laterd dements for running KINEROS, SWAT requires
that no such dep be taken. Figure 7 illudrates the effect of subdividing the main
watershed into two laterd dements for smulating overland flow in KINEROS.

o

r‘ L
—hH_‘__
A
:/Q
\Upl ands Not Created Creation of Uplands

@ (b)
Figure 6. Upland definition as determined by AGWA. The various colored polygons and
grid cdls represent overland flow planes; channds are included with uniform colors. Part
(@ illugtrates the watershed definition provided by the core ArcView tilities, pat (b)
shows the derivation of upland (0-order) watersheds. Note that the AGWA watersheds
have been transformed into vector shape files as evidenced by the smooth boundaries.
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Figure 7. Illlustration of watershed discretization for KINEROS usng AGWA. Pat (a)
shows the basc ddineation determined using ArcView core utilities, part (b) shows the
discretization after the upland dements have been formed and the main watershed have
been split into laterd planes using the stream channel as a bisector.

As shown in Figures 6 and 7 is the process of sngpping and transforming data
from raster to vector form, which dters the gppearance of the watershed dements, there
is a dgnificant samoothing effect on watershed and channd boundaries. Smdl watershed
elements are absorbed, as shown in Figure 7 where the orphaned eement is assigned a
numeric vaue that belongs to another watershed eement. These processes serve severd
functions they (1) reduce the errors associated with determining the routing scheme for
hydrologic modding; (2) remove orphaned watersheds that have little or no connectivity
to channeds, (3) ensure connectivity among watershed dements and channds, and (4)
reduce erors in the DEM assgnation of stresm channel location that may occur at Stream
junctions.

These techniques are not entirely foolproof, and certain circumstances will cause
them to fal. When the DEM grid resolution or vertical accuracy is ingppropriate to
adequately describe topographic detail, flow routing may fal. DEM errors resulting from
common pre-processng mistekes, such as incorrect edge maiching and datum
differences, are described in the user manua. However, the basic premise under which
AGWA operates is that the user has the basic GIS expertise to generate accurate and
appropriate GIS data sets required for use by AGWA. Error trapping routines have been
incorporated into the watershed discretization routines so that if AGWA encounters a
dtuation where it cannot correctly determine the routing sequence it will dert the user to
the problem and stop. Severd suggestions for working around common difficulties are
presented in the user manud. It is the god of AGWA developers to create a robust
software capable of operating under a wide range of topographic characteristics, and
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sgnificant attention has been paid to making these routines robust, bu it is acknowledged
that there will be cases where AGWA cannot perform the expected tasks.

As dated previoudy, these subroutines have tested on a wide range of watersheds.
These test watersheds have varied in scale from < 5 knf to over 1800 kn? and the DEM
quaity has ranged from coarse (USGS 30m resolution data) to highly detailed (synthetic
gperture radar derived DEM’s with 2.5m resolution). Some generad conclusions may be
dated based from these investigations. The quality and scale of the DEM are the primary
factors controlling the success of the discretization routines.  Incressing DEM  resolution
increases the ability of AGWA to discriminate stream channd locations and accurately
depict channd intersections and better digtinguish flow paths. More errors occur in flat
landscapes and those where flow paths converge in highly acute angles. How paths may
be indiscriminate in flat landscapes, and acute channd junctions lead to confuson when
the space between two channds is less than 2 times the DEM resolution.  Steep,
elongated watersheds cause trouble when the user sdects a small threshold.  The problem
asociated with smal stream channels was detailed above, and dongated watersheds are
especidly prone to this problem because the sde chamnds will, by definition, be
rdaivey smdl. Choosng very smdl thresholds (< 30 acres) will yidd more problems
than sdecting a less complex watershed.  An invedtigation into the minimum threshold
required by AGWA for a 10m USGS DEM reveded that the chances of falure
dramaticdly increase bdow 20 acres, and a software limit was introduced that prevents
the user from sdecting a threshold less than 20 acres.

The user is advised to follow severad generd principles to maximize the chances
for success in watershed discretization.  First, acquire the highest resolution and most
accurate DEM possible and properly assemble these various data into a seamless product.
Second, determine a suiteble threshold for the DEM resolution; poor qudity DEMs
require a more generdized watershed discretization.  Third, reman flexible, and if
AGWA runs into a problem, atempt a subsequent iteration with a dightly changed
threshold vadue. We have found that many of the problems that AGWA cannot account
for can be overcome with dight adjusment by the user. However, it should be dated the
problems discussed in this section are rdatively rare, and most users are unaware of the
adjustments made by AGWA to account for the vagaries of GIS data.

5.2 Delineation of subwatersheds with two DEM resolutions

It is important to note that watershed ddinegtion is dependent on the resolution of
the Digitd Elevation Mg (DEM) and the resultant stream channds created by AGWA.
For ingance, in the case of Wanut Gulch, one can achieve Sgnificantly variant results
through the use of higher or lower resolution DEMs.  While changes can be widespread,
the mogt visible changes occur in the area of the watershed and the congruction of the
Stream channdls.

The commonly accepted area of the Wanut Gulch Experimenta Watershed is
approximately 148 kn? based on digitization of outlines from contour maps (Renard et
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al., 1993). However, this vaue is not reproduced with the use of a 30m DEM. AGWA
delineates the watershed from a specified point in an active point theme located on the
dream network. The resultant outline of the watershed contains 160,865 cells, each cdl
having an area of 900 nf. Therefore, we obtain an area approximately equa to 145 kn?.
This vdue can be somewhat corrected through the use of a higher qudity and more
detailed DEM. Inasimilar test, a10m DEM gives an area of just under 148 kn.

The sream channds created by AGWA ae aso affected by DEM resolution.
While the generd form and flow of the channds might be smilar, the actud locaion of a
stream could move on the order of meters or kilometers. Figure 8 shows the difference in
dream pogtioning a the outlet location of Wanut Guich. Notice the location of our
point outlets. These outlet points must be post-processed by the user to ensure that the
pointsfal on the stream channels in question.
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Figure 8. Blue stream was congructed usng 10m DEM while the pink was crested with
a30m DEM. Noticethetheoreticaly same outlet located at different points.

While some might expect a dragticdly different stream network to develop, we see that
rather than a completely different pattern, a 10m DEM smply provides a more extensive
and detailed network, as evidenced by Figure 9
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Figure 9. A more extensve stream network is congructed usng a 10m DEM (in blue) in
this portion of the Wanut Gulch Watershed as compared to the network derived from the
30 m DEM (in pink).

5.3 Areal Rainfall Representation

The aithmetic-mean method is the amplest method of determining ared average
ranfdl. It involves averaging the rainfdl depth recorded & a number of gages. This
method is satifactory if the gages are uniformly didributed over the area and the
individua gage measurements do not vary gresatly about the mean.

If some gages are consdered more representative of the area in question than
others, then relative weights may be assgned to the gages in computing the ared average.
The Thiessen method assumes tha a any point in the watershed the rainfdl is the same
as that a the nearest gage so the depth recorded at a given gage is applied out to a
disance hdfway to the next dation in any direction. The reative weghts for each gage
ae determined from the corresponding areas of application in a Thiessen polygon
network. Boundaries of the polygons are formed by the perpendicular bisectors of the
lines joining adjacent geges. If there are | gages, and the area within the watershed
assgned to each is Aj, and P, is the rainfdl recorded a the i gage, the ared average
precipitation for the watershed is
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Where the watershed area A= é A, . The Thiessen method is generaly more accurate
j=1
than the aithmetic mean method; however, it is inflexible because a new Thiessen
network must be condructed each time there is a change in the gage network, such as
when data are missing from one of the gages. Also, the Thiessen method does not directly
account for orographic influencesin rainfal.

The option to create didributed rainfdl files for SWAT in AGWA uses Thiessen
precipitation weighting to generate SWAT input files. The user must have three items to
complete this process. the watershed discretization; a point theme of ran gage locations,
and an unweighted daily precipitation database file  Specific requirements for the point
theme and unweighted precipitation file are described in the AGWA User’'s Manud.
Generating the weighted precipitation file proceeds in four steps 1) congtructing the
Thiessen  polygons, 2) intersecting the Thiessen polygons with the watershed
discretization  (subwatershed dements), 3) computing gage weghts for each
subwatershed, and 4) usng the weights to compute weighted depths for each
subwatershed for each day, which are written to a *.pcp file. Each of these steps in the
weighting process are described and illusirated below.

Generating Thiessen Polygons:

A hypothetical watershed being represented by a single plane dement and 30 rain
gages were regularly placed in a square grid to test the agorithms (Figure 10). According
to the Thiessen polygon method, the rain gages are joined with straight lines in order to
form a pattern of triangles. Perpendicular bisectors to the sdes of these triangles are
drawn to enclose each dation within a polygon circumscribing an area of influence. Since
the rain gages lie on a regular square grid, then the Thiessen polygons are equd, regular
cdlswith each sde equd to the grid spacing (Figure 11).
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™ 30rain gages evenly distributed

Figure 11. Weighted area using the Thiessen polygon agorithm developed in AGWA.
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It is important to note that polygons are generated only for gages with gage IDs that are
found in both the point theme attribute table and the unweighted precipitation deatabase
file. In this manner AGWA avoids generating polygons for rain gages that do not have
data The user is notified which gages are and are not used via a text box which pops up
prior to creating the Thiessen polygons.

Inter secting Subwater shed Elements and Thiessen Polygons

The process of intersecting the two polygon themes (Thiessen and subwatershed)
involves usng a predefined function of ArcView Spaid Andys (Environmentd
Systems Research Indtitute, 1996). As such, it is deemed unnecessary to demondrate its
accuracy in this report.  An example of the resulting intersection theme, however, is
presented in Figure 12. The following demondration of the remaining two geps in the
precipitation weighting process are based on this configuration.

Computing Gage Weights:

Once the Thiessen polygons and watershed discretization have been intersected
AGWA usss the attribute table of the intersection theme to compute the weight influence
of each ran gage in each subwatershed and writes the results to a database file cdled
weightsdbf. More specificdly, AGWA divides the area of each polygon by the summed
area of dl polygons with a common subwatershed 1D to get the area weighted influence
of each gage in a subwatershed as a percentage. To confirm that these computations
proceed as expected, they have been reproduced in a Spreadsheet and are illustrated in
Tablel.

Computing Weighted Precipitation Depths

The find dep in cregting a didributed rainfdl input file for SWAT is computing
the welghted precipitation depths for each subwatershed on each day during the
gmulaion period. This is accomplished in AGWA by firg sdecting al records in
weights.dbf (Table I) for a subwatershed. For each gage in this list the gage depth (GD)
for tha day from the unweighted precipitation file (Table IlI) is multiplied by the
aopropriate gage weight (GW) from weightsdbf. The weighted depths from each gage
are then summed to get the total weighted depth (WD) for the subwatershed that day.

WD = q (GD* GwW) (9)
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Gage 20680

Figure 12. An example watershed configuration with numbered subwatershed e ements

that has been intersected with Thiessen polygons. Gage and subwatershed numbers

correspond with the example.
Tablel. Demondration of the area weighting computationsin AGWA.
. Computed AGWA computed Difference
SWSID  StationID  Area(nd) Wapght Sumto1? Weightp (AGWA - Bxcd)
1 27445 6401590.1 1.000 1.000 0.000
2 20680 5740600.8 0.562 1.000 0.562 0.000
2 27445 44762058 0438 0438 0.000
3 27445 6277639.0 1.000 1.000 0.000
4 20680 5542077.4 0.29% 1.000 0.29 0.000
4 27445 13275690.6 0.705 0.705 0.000
5 20680 9987254 1.000 1.000 0.000
6 20680 22649743 0.362 1.000 0.362 0.000
6 27445 39847289 0.638 0.638 0.000
7 20680 138788083 0.885 1.000 0.885 0.000
7 27445 1805464.9 0.115 0.115 0.000
8 20680 1642403 1.000 1.000 0.000
9 20680 6015917.7 1.000 1.000 0.000
10 20680 3905974.1 1.000 1.000 0.000
1 20680 1677341.2 1.000 1.000 0.000
12 20680 4190969.0 0539 1.000 0.539 0.000
12 27445 3589124.2 0461 0.461 0.000
13 20680 7466539.1 1.000 1.000 0.000
14 20680 3249121.9 1.000 1.000 0.000
15 20680 8406013.1 1.000 1.000 0.000
16 20680 922381.4 1.000 1.000 0.000
17 20680 6033997.8 1.000 1.000 0.000
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The frequent presence of “nodatd’ or missing vaues in data derived from
Nationd Weather Service (NWS) archives complicates the weighting caculations.
AGWA interprets dl negative rainfal depths to represent missng data, and uses the
following logic to account for these vaues as it cycles through dl the gages for a
subwatershed:

- If dl the gages have data, then WD =WD + GD* GW as described above.
If dl the gages for a day have ether zero vaues or no data then, WD = O for dl
subwatersheds. No computations are made that day.
If one or more gages in the watershed have no data (and at least one non-zero value)
then:

o If dl gages for a subwatershed have no data then find the closest gage with

data
= If only one gage in the watershed with data that day, then WD = depth
from the gage with data for al subwatersheds.
= If the number of gages with data is > 1 and < the number of gages in
the watershed, then WD = depth from the gage with data that is closest
to the centroid of the subwatershed.
o If somebut not dl of the gages intersecting a subwatershed have data:
= |If GD < 0, then WD =WD (i.e. the weighted depth for a subwatershed
is not affected by no data values).

= |f GD >0then WD =WD +GD* CW

saum of dl the gage weghts for a subwaershed for which the
corresponding gage depths are missng data (GD < 0). Thus, in this
dtuation the gages with missng data are excluded from the weighted
depth caculaions entirely.

where BW = bad weight, the

Tablell. Subwatershed gage weights
SWSID GagelD Weght SWSID GagelD  Weght

1 G27445  1.000 8 G20680  1.000
2 G20680  0.562 9 G20680  1.000
2 G27445  0.438 10 G20680  1.000
3 G27445  1.000 11 G20680  1.000
4 G20680  0.295 12 G20680  0.539
4 G27445  0.705 12 G27445  0.461
5 G20680  1.000 13 G20680  1.000
6 G20680  0.362 14 G20680  1.000
6 G27445  0.638 15 G20680  1.000
7 G20680  0.885 16 G20680  1.000
7 G27445  0.115 17 G20680  1.000
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Tablelll. Unweighted daly precipitation (mm) — NWS raw data

DAY G20680 G27445

1 7.0 190.0
2 0.0 10.0
3 -999.0 10.0
4 -9999.0 -999.0
5 0.0 -999.0
6 0.0 0.0

5.4 Design Storms

The AGWA tool has a function to create design storm input data for KINEROS
for sdect events in southern Arizona  Higoricd ranfdl records from the USDA-ARS
Wadnut Gulch Experimenta Watershed have been andyzed to determine a number of
return-period events at the point scae (Osborn et al., 1985). Following Osborn et d.
(1985) we have included a rainfdl generator for the following the 5, 10, and 100 year
return periods for the 30 and 60 minute sorms, yielding adata set of 9 events.

Applying point estimates for design storms across larger areas tends to lead to the
overprediction of runoff due to the lack of spatid heterogeneity in input data An area
reduction method developed by Osborn et a. (1980) has been implemented in the AGWA
tool to reduce rainfdl input. Osborn et al. (1980) developed curves relating the increase
in watershed area to the factor by which ranfdl must be reduced to more closdy mimic
redity. These reationships have been re-created within AGWA, such that the rainfall
data are reduced according to the overdl size of the watershed being smulated before
being input to the KINEROS modé!.

5.5 Validation and Sensitivity Analysis

EPA uses hydrologic models to manage watersheds around the country for which
poor or no monitoring data exist. Without long-term records it is impossible to produce
coherent and defensble management gods. The lack of red observations means that
instead of credible, watershed—specific information, models are forced to rdy on default
vaues. These defaults may be based purely on expert judgment or the outcome of limited
field experiments or smulations.

The cdlibration procedure ams a estimating parameter vaues that cannot be
asessed directly from field data However, cdibration may produce parameter datasets
that can achieve the same degree of sSmulation matching to monitoring data. Because
modeds contain many variables, there are an unlimited number of scenarios that will yied
the same reault.
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During the cdlibration procedure, different accuracy criteria can be used to
compare the smulated and measured data. This dlows us to define an objective measure
of the goodness of fit associated with each st of model parameters and edtimate the
parameter vaues which provide the best overal agreement between mode output and
measured data. The performance criteria were rdated to annud runoff volume measured
a the outlet of the watershed with a graphica assessment of observed and smulated
supported by the efficiency coefficient, E, developed by Nash and Sutcliffe (1970).

aLb-m’-ax-e)

E= -
a. (x-m?

(10)

Where x; is the observed runoff volume of the it year, m the observed average,
and g the edimated annud runoff volume. E vadues over O indicate the efficiency of the
mode is better than the average of observed runoff volume. A vaue of 1 indicaes a
perfect modd fit. A negaive vaue of E indicates the modd is performing more poorly
than smply using the average of the observed data.

The cdibration procedure was undertaken using a nonlinear parameter estimator
program PEST (Doherty, 1994). PEST can adjust modd parameters in order that the
discrepancies  between the pertinent smulated runoff volume numbes and the
corresponding observed measurements are reduced to a minimum. It does this by taking
control of the hydrologic model and running it as many times as is necessry in order to
determine this optima set of parameters. PEST uses a norlinear egimation technique
known as the Gauss-Marquardt- L evenberg method (Marquardt, 1963).

PEST requires that the upper and lower bounds be supplied for each parameter.
This information is vitd because it informs PEST of the range of permissble vaues that
each parameter can take, hence preventing the cdibration from producing a solution with
non-redistic parameter values.

The SWAT mode was cdibrated by reducing the discrepancies between modd
outputs (annud runoff volume) and fidd obsarvations to a minimum in the weighted least
quares sense. The differences between fieddd measurements and modd outputs were
encgpsulated in an objective function defined as the weighted sum of squared deviations
between fied observations and corresponding model outputs.

Once the modd is cdibrated with plausble parameter vaues, the modd is
vaidated to ensure that it can be used for prediction. In the vdidation process, the mode
is tested againg data different from those used for the cdibration. This implies the
goplication of the cdibrated mode without changing parameter vaues that were set
during the cdibration period. The modd is vdidated if its accuracy and predictive
cgpability in the validation period have been proven to lie within acceptable limits or to
provide acceptable errors as specified in the performance criteria.
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USDA-ARS Walnut Gulch Experimental Watershed

Average annud smulated runoff volume for a 15 year run (1966 — 1980) was
cdibrated againg average annua measured runoff volume at the outlet of the watershed.
Observed and modded (cdibrated) volume is shown in Figure 13. Totd water yield for
the entire watershed was 288 mm and 260 mm smulated by SWAT. The efficiency
coefficient yielded a value of 0.68.

Twelve years of runoff volume data outsde the cdibration period were available
for vdidaion. The efficiency codfficient yidded a vaue of 030 with mean annud
measured and smulated runoff volume of 1.99 mm and 1.50 mm, respectively. Figure 14
shows the measured and predicted annua time series from 1981 to 1992.

10 -

Annual Runoff Volume (mm)
w

FEFSSPLS I FEFSSL PSP

Time (years)

Il Measured Annual Runoff Volume
[ Simulated Annual Runoff Volume

Measured Mean Annual Runoff Volume

Figure 13. Measured and smulated annua runoff (cdibration) for the Wanut
Gulch Experimentd Watershed.
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Figure 14. Measured and Smulated annua volume (vdidation) for the Wanut Guich
Experimental Watershed.

The initid CN st obtained from Urban Hydrology for Smal Watersheds (U. S.
Department of Agriculture, 1986), the best-fit CN parameter set, and the maximum and
minimum CN sats are presented in Table IV.

Table V. Maximum and minimum CN vaues that minimize the objective function.
ElementID  Iniid CN  Best-fitCN  Maximum Minimum

1 80 65 74 62
2 79 84 85 83
3 80 81 81 81
4 85 62 62 62
5 85 85 85 85
6 80 69 69 67
7 85 62 62 62
8 80 64 64 62
9 85 62 72 62

San Pedro River Basin

Average annud dmulated runoff volume for a 14 year run (1960-1973) was
cdibrated againgt average annud messured runoff volume at the Charleson USGS
stream gages in the Upper San Pedro River Basin. Observed and modeled (calibrated)
flow is shown in Figure 15. Tota water yied for the watershed a the USGS stream gages



was 11 mm and 10.17 mm smulated by SWAT. The efficiency coefficient yidded a
value of 0.44.

The results of the cdibration indicate that by minimizing the differences between
measured and dmulated runoff volume using eght rain gages that lie within the bagin,
the peformance of the modd is farly low, that is an efficiency coefficient of 0.44.
Consequently, when no cdlibration is undertaken the performance of the model will drop.

Annual Runoff Volume (mm)

LI FFLLPLLLLLELSSE

Time (years)
R Measured Annual Runoff Volume

[ simulated Annual Runoff Volume
—— Long-term mean annual runoff volume

Figure 15. Measured and smulated annua runoff (calibration) volume for the San Pedro
River Baan usng SWAT.

A sendtivity andyss of KINEROS was peformed on 10 variables that affect
runoff and sediment yield. Each of the variables was dlowed to float within £ 30% of the
esimated parameter value from the lookup tables. An origina KINEROS parameter fle
was crested for 2 watersheds. watershed 2 on Walnut Gulch and the San Pedro
watershed. A program was written to iteratively decresse and increase the individua
parameters in = 5% increments. The same 10-year, 60-minute return period event was
used as input. First the uplands were adjusted and the channels left done. Next, the
channels were adjusted and the uplands left done. Last, both the uplands and channds
were adjusted in £ 5% increments. The table shows the maximum percent change
resulting from dtering the parameters within the + 30% window. In Table V, the reaults
are presented. Notice that the mogst sendtive parameter is hydraulic conductivity, which is
related to soil and vegetation.
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Table V. Sengtivity andyses of KINEROS on subwatershed near SerraVigta

Runoff Sediment Yied

Parameter Max Max Max Max Max Max
Change Change Change Change Change Change

Upland Channels Both Upland Channdls Both

Coh 0.00 0.00 0.00 3.06 0.00 3.06
Cov 242 0.00 242 35.22 0.00 35.22
Dig 0.00 0.00 0.00 0.00 0.06 0.06
G 145.29 2.67 151.15 190.68 1.73 195.70
Ks 228.05 42.05 558.33 299.75 34.11 468.14
Mann (n) 0.00 51.65 51.65 0.00 46.58 46.58
Pave 0.00 0.00 0.00 0.00 0.00 0.00
Por 153.18 9.61 190.52 207.09 5.55 232.39
Rock 86.70 0.00 86.70 118.64 0.00 118.64
Splash 0.00 0.00 0.00 3.80 0.00 3.80

6 Summary and Conclusions

An interface was developed for KINEROS and SWAT modds using the ArcView
GIS sysem. It condsts of 3 key components. (1) A preprocessor generating subbasin
topographic parameters and modd input parameters, (2) editing input data and Smulation
execution, (3) A postprocessor viewing of graphica and tabular results. The preprocessor
interface automaticaly subdivides a basin and then extracts modd input data from map
layers and associated relational databases for each subbasin. Soils, land use, westher,
management, and topographic data are collected and written to appropriate modd input
files. The output interface dlows the user to display output maps by sdecting a subbasin
from a GIS map.

The evaduation of AGWA was caried out primaily in the automatic extraction of
parameter values from reedily avalable daabases to generate the input file for the
hydrologic modds. A key festure in the interface is the ddinestion of a watershed into
subwatersheds and parameterization of each individua subwatershed. Based on the test
peformed usng a 30-m and 10-m DEMSs, the results show that the location of the outlet
of the watershed may be off of itsredl location by gpproximately 20 cdlls.

When AGWA was gpplied to the Wanut Gulch Experimentad Watershed and the
San Pedro River Basin in Arizona, the results showed that the efficiency coefficients for
the cdibration and vaidation periods for the SWAT modd on the Wanut Guich were
0.68 and 0.30, respectively. Based on Figures 13 and 14, the performance of the model
for annud prediction of runoff volume is relativey poor; however, if the long-term meen
annud runoff volume is caculated, the modd performance is within 10% error. That is,
the observed long-term mean annud runoff volume, based on a 15-year record, is 2.88
mm compared to 260 mm smulated by SWAT. Furthermore, for the vaidation period,
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the observed long-term mean annud runoff volume is 1.99 mm, based on a 12-yr record,
and the smulated by SWAT is 1.50mm. Resulting in an error of estimation of 25%.

The efficiency coefficient for the cdibration for the SWAT mode on the Upper
San Pedro River Basin was 0.44. The poor performance of the mode can be attributed to
the fact that only eight rain gages were avaladle to characterize the spatia variability of
ranfdl on a lager waershed. However, the long-tem meaen annud runoff volume
measured a the USGS Charleston stream gage was 11 mm and the smulated by SWAT
was 10.17 mm. Therefore, the error of estimation is approximately 8%.

In concluson, the AGWA tool has tested under different scenarios to ensure that
it conforms to the design objectives and specifications and that it correctly performs the
incorporated functions. Potentid scenarios were identified where AGWA may fal to
delineate the watershed. The problem arises when AGWA attempts to derive the flow
paths and, subsequently, subdivide the study watershed into channd and plane eements.
Error trapping is peformed to determine the cause of falure. In addition, these problems
are illugrated in the AGWA User Manud 0 the user may determine the cause and find a
solution for their particular problem.

Based on the cdibration anayds, it is concluded tha the application of the
AGWA tool is best suited for scenarios where the user is interested in evaduding the
effectsof relativeimpacts resulting from land cover change on surface runoff.
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