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CHAPTER 1 

INTRODUCTION 

Recently, water pollution concerns have been shifting from the traditional point sources, such 
as wastewater treatment plant discharges, to nonpoint sources, such as urban and agricultural 
runoff. For example, increased attention has been directed toward Section 208 of Public 
Law 92-500, the non-point source provision of the Federal Water Pollution Control Act. 
This legislation requires all states to evaluate the impact of nonpoint source pollution on water 
quality and develop management plans to mitigate that impact. 

Public Law 99-198, the 1985 Food Security Act - FSA or farm bill (Herdon, 1987), the soon 
to be enacted successor to this act and Public Law 100-4, the 1987 Water Quality Act - WQA 
(Dicks and Young, 1987), are having a considerable impact on water quality in the United 
States and particularly on the way nonpoint source pollution is being ameliorated. The FSA 
became effective on December 23, 1985 and contains specific provisions designed to reduce 
soil erosion, maintain the land's long term capability to produce food and fiber and preserve 
the nations wetland resources (Herndon, 1987). This law requires the USDA-Soil Conser
vation Service to identify highly erodible land and to assist farmers in developing an ap
proved conservation plan by 1990. It also requires that all conservation plans be Cully imple
mented by 1995. Non compliance with the provisions of this act may result in the loss of a 
land owner's eligibility for USDA programs. 

The Water Quality Act of 1987 provides for regulatory and non regulatory measures of en
forcement, technical and financial assistance, education and training, technology transfer and 
demonstration projects directed toward controlling nonpoint source pollution (Dicks and 
Young, 1987). This legislation is assisting states in nonpoint source pollution reduction pro
grams through the implementation of best management practices (Dicks and Young, 1987). 
Locally, the Minnesota Pollution Control Agency has begun to implement the Minnesota 
Clean Water Partnership Act undcr Minnesota Statute Section IIS'()92. The program aims to 
control nonpoint source water pollution problems in Minnesota through financial and technic
al assistance to local units of government. 

In response to this national trend and local concerns about nonpoint source pollution, four 
government agencies in Minnesota developed the AGricultural NonEoint .source pollution 
AGNPS model (Young et aI., 1987,1989). The primary aims of the model are: (I) to obtain 
reasonably aC(;llrate estimates of sediment and nutrient yields from agricultural catchmcnts; 
and (2) to compare the impacts of alternative land management strategies on surface water 
quality. Using AGNPS, (;omparisons can be made between different catchments, or differ
ent land use types on the same catchment, using similar design stonns. 

In its present form the AGNPS model utilizes a square grid system to represent the spatial 
variability of catchment properties. It is necessary when establishing this grid network to usc 
square grid cells of llnifonn area and m:lke the cells confoml to the catchment boundary in the 
best way possible. In the case or the AGNPS model, approximately one third or the input 
parameters required are terrain based. These parameters include: !low directions, slopes, 
slope lengths, and upslope contributing areas. Currently, all terrain input data Illust be enter
ed into the input rile by hand along with the other soil and land use data. 

The distributed topographic attributes of a landscape ean be computed llsing a variety of com
puter-based terrain analysis methods developed to be compatible with a variety of Digital Ele
vation Model (DEM) data bases. DEMs are digital representations of the elevation properties 
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of the landscape at discrete points in that landscape. Attributes commonly computed by these 
terrain analysis methods include slope, aspect, upslope runoff contributing area, profile cur
vature and plan curvature. A number of these attributes are included in many Geographic In
formation Systems (GIS) which, because of their data handling capabilities, are beginning to 
be interlaced with hydrologic and water quality models. As mentioned above, many of these 
attributes are required input parameters for the AGNPS modeL The manner in which some 
terrain analysis methods subdivide catchments into elements also provides a "natural struc
ture" for hydrologic and water quality modeling (Moore and Nieber, 1989; Moore et aL, 
1991; Moore and Grayson, 1991). 

The primary goal of this study was to enhance the AGNPS model through the incorporation 
of terrain analysis capabilities. Using these enhancements it is anticipated that the model will 
better represent the effects of three dimensional terrain on erosion processes and that the 
efficiency of topographic data input will be improved. It is hoped that this research will lead 
to more effective methods of assessing and protecting our natural resources. 

Both grid-based and contour-based versions of the terrain enhanced AGNPS model are 
presented. Both of these versions automatically determine the topographic input parameters 
for the model using digitized grid elevation data and vector elevation data (obtained from 
topographic maps), respectively. Background to the development of the AGNPS model is 
presented, together with descriptions of the grid-based and contour-based terrain analysis 
methods that are used in this study. In addition, a brief investigation into the impact of grid 
size and contour interval on the slope, upslope area and flow path length parameters is 
presented. The software developments completed for each version of the model are also 
discussed and finally, comparisons of the grid and contour-based versions of AGNPS 
(AGNPS-G and AGNPS-C, respectively) are made with AGNPS-2.S2 (the unaltered ver
sion) and field test data. 
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CHAPTER 2 

MODELING TERRAIN AND NONPOINT SOURCE POLLUTION 

2.1 	 THE AGRICULTURAL NONPOINT SOURCE POLLUTION 
(AGNPS) MODEL 

The AGNPS model (Young et aI., 1987, 1989) was developed to serve as a land manage
ment tool for estimating sediment and nutrient yields in surface water runoff from agricultural 
lands and to compare the potential impacts of various land management strategies on the 
quality of surface water runoff. Two versions of the model were initially developed. The 
first version was designed to run on a mainframe computer system, was written in the 
FORTRAN programming language, and could model catchments in the 200 ha (500 ac.) to 
9,300 ha (23,000 ac.) size range. The second version was intended for use on catchments 
ranging from 1.0 ha (2.5 ac.) to 200 ha (500 ac) in size and was developed for use on a 
Hewlett Packard handheld programmable calculator. More recently, a micro-computer ver
sion of the model (AGNPS-PC) was developed by the Soil Science Department at the Uni
versity of Minnesota for use on the IBM-PC system (Robert et al., 1987). 

The version of the model used in this study, AGNPS-2.52, is a single event based catchment 
model. Enhancements to the model now being developed include: (1) the capability for either 
continuous simulation or an annu-alized nutrient and sediment assessment; (2) an urban 
catchment component; (3) a ground-water component; (4) pesticide component; and (5) a lake 
water quality component that will evaluate the impact of nutrient loadings on receiving water 
bodies. 

The AGNPS model provides estimates of the total runoff volume, peak runoff rate, sediment 
yield, total nitrogen (N), total phosphorus (P) and chemical oxygen demand (COD). The N, 
P and COD loadings are expressed in terms of either a concentration or a mass and are 
divided into two components: (1) sediment absorbed nutrients; and (2) nutrients in solution. 
The area to be modeled must be subdivided into individual square areas known as cells. The 
nutrient, sediment and runoff estimates produced by the model can be examined for the entire 
catchment or for selected areas within the catchment. Analysis of selected areas is possible 
down to a single cell. Runoff, sediment and nutrients are routed from the headwaters of the 
catchment to its outlet through the cells in a stepwise manner. All catchment characteristics 
are described and calculated at the cell level. 

2.1.1 	 Hydraulic, Sediment and Nutrient Routing 

Storm runoff volume is determined using the Soil Conservation Service curve number meth
od (SCS, 1972) as a function of rainfall volume and curve number, CN. The peak chan
nelized flow through each cell is approximated using the following equation adapted from the 
CREAMS model (Smith and Williams, 1980): 

O.903A0.017 

Q = 3.79 AO.7CSO.16 (2~~4) LW-O. 19 	 (2.1) 

where Q is the peak runoff in m3/s; A is the upslope contributing area in km2; CS is the 
channel slope in m/km; RO is the runoff volume in mm; and LW is the length to width ratio 
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for the catchment, approximated by L2/A. This relationship has been tested in the north cen
tral region of the United States and has been found to give satisfactory results, r2= 0.81 
(Young and Onstad, 1985). Travel time for overland flow, T, is calculated as a function of 
field slope length, Ls, and overland flow velocity, Vo. The overland flow velocity is calcu
lated as a function of the land slope, S 1, and a surface condition constant, SCC, which ac
counts for the effect of vegetative cover and land use on flow velocity (Young et aI., 1987). 

Upland erosion is approximated using a modified version of the Universal ,S.oilLoss Equa
tion - USLE (Wischmeier and Smith, 1978) which contains a factor to describe slope shape. 

A = 2.24 EI30 KLSCP SSP (2.2) 

where A is the soil loss, EI30 is the thirty minute rainfall energy-intensity, K is the soil erod
ibility factor, L is the slope-length factor, S is the slope steepness factor, C is the cover man
agement factor; P is the conservation practice factor; and SSF is a factor to adjust for the 
convex or concave nature of any slopes within the cell. Calculations to correct for a convex 
slope are based on a 22.1 m (75ft) slope length in which the upper, middle and lower thirds 
of the slope have gradients of 2, 7, and 12 % respectively. Concave slopes are based on a 
top to bottom slope of 12, 7 and 2 %, respectively. 

Sediment routing is performed for five particle size classes: clay, silt, small aggregates, sand 
and large aggregates. The approximate particle diameter for the upper limit of each size class 
is: 0.002, 0.010, 0.036, 0.20 and 0.51 mm, respectively. Sediment is routed through the 
catchment using the following steady state continuity equation: 

(2.3) 

where Qs(x) is the sediment leaving a given cell; Qs(o) is the sediment entering a given cell; 
QSL is the sediment added due to lateral inflow as determined by Equation (6); X is the 
downstream distance; Wand L are the channel reach width and length, respectively, and D(x) 
is the deposition rate function. The sediment deposition rate is: 

D(x) (2.4) 

where V 55 is the particle fall velocity, q(x) is the discharge per unit width, qs(x) is the sedi
ment load per unit width, q's(x) is the effective sediment transport capacity (Young et al., 
1987) which is represented by a modified version of Bagnold's stream power equation 
(Bagnold, 1966). Calculations using Equation 2.3 are performed for each of the five particle 
size classes and the total load is the sum for all particle size groups. 

The equations used to estimate nutrient transport were adapted from the CREAMS model 
(Frere et aI., 1980) and a feedlot evaluation model developed by Young et al. (1982). 
Nutrients are routed through the catchment in two forms; either in solution or absorbed onto 
the sediments. These equations assume that the top ten millimeter layer of soil interacts 
directly with the rainfall and runoff and that nutrient concentrations are directly proportional 
to sediment yield or runoff, depending on the form of the nutrient (Le., absorbed or in 
solution). Sediment associated nutrient yield is estimated using the following equations: 

(NUTs1)(SY)(ER) (2.5)NUTsed = 
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and 
ER = 7.4 Q;-O.2Tf (2.6) 

where NUT sed is the nutrient (N or P) transported by the sediment; NUTsl is the soil nutrient 
content in the field; Qs is the sediment yield estimated by the sediment routing portion of the 
model; ER is the enrichment ratio; and T f is a soil texture correction factor (Young et al., 
1987). 

Soluble nutrient yields are determined considering the effects of rainfall, fertilization and 
leaching. The soluble N in the runoff, Nsol> is a function of the available soluble N content 
in the soil, CZERON, the available N in the rainfall, CHECKN, a rate constant for down
ward movement of N into the soil, XKFN1 (assumed to be constant and equal to 0.25), the 
total storm event infiltration, EFI, a rate constant for N movement into runoff water, 
XKFN2 (assumed to be constant and equal to 0.050), the total storm runoff, RO, a soil 
porosity factor, COEFF, the N contribution due to the rain, RN, and the effective rainfall, 
EFRAIN. AGNPS assumes a value of 0.8 mg/l for the N concentration in the rainfall 
(Young et al., 1987) and a value for the soluble nitrogen in the soil of S mg/l from a range of 
2 to S mgll observed by Frere et al. (1980). The soluble phosphorus in the runoff, Pso" is a 
function of CZEROP, CHECKP, XKFP1 (assumed to be constant and equal to 0.2S), EFI, 
XKFP2 (assumed to be constant and equal to 0.02S), RO, COEFF, RN and EFRAIN, 
which are defined in the same way as the corresponding variables in the soluble N 
relationship. AGNPS assumes that a phosphorus concentration of 2 mgll exists in the pore 
water of the surface centimeter of soil (Young et al., 1987). 

Soluble COD is estimated based on the average runoff volume and the average COD 
concentration in that volume. Information derived from past studies of various land use 
types and their associated COD loadings is provided in the model documentation (Young et 
aI., 1987). 

The model includes routines to evaluate the impact of point source pollution from feedlot and 
non feedlot sources. The model also evaluates the peak flow and sediment reduction 
properties of conservation terrace systems using an equation developed by Laflen et al. 
(1978) and Foster et al. (1980). Pollutant loadings from point sources are added directly to 
the nonpoint loadings determined by the model. The model accounts for streambank and 
gully erosion occuring in each cell via a user input estimate which is added to the upland 
sediment for the cell in question and routed through the remainder of the drainage system. 
More complete details of these algorithms can be found in Young et al. (1987, 1989). 

2.1.2 Model Input 

Input file preliminary preparation for AGNPS can best be broken down into the following 
operations: 

1. Obtain a topographic map and define the boundaries of the catchment to be analyzed. 

2. Divide the catchment area into square cells. Young et al. (1987) recommend using a cell 
size of 4.0 ha (10 ac) for total catchment areas less than 810 ha (2,000 ac) and for areas 
greater than 810 ha (2,000 ac) a cell size of 16 ha (40 ac) is recommended. It is also rec
ommended that only those cells with greater than SO% of their area inside the catchment 
boundary be included. 
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3. Number each cell consecutively from west to east and north to south beginning in the 
northeast comer of the catchment with cell number 1. 

4. 	Use the catchment topographic map to identify the drainage direction (i.e., aspect) for 
each cell throughout the catchment. Flow directions from each cell are specified by an 
aspect number of 1 (north) through 8 (northwest), proceeding in a clockwise rotation. 

5. Specify the soil, land use, cover type and flow parameters for each cell. 

Each cell in the AGNPS model requires a minimum of 22 parameters (Figure 2.1) and these 
can be divided into 6 types of parameters: (1) general information; (2) program control 
information; (3) morphometric and topographic information; (4) soils information; (5) land 
surface conditions and management practices; and (6) miscellaneous data. 

(1) General Information: These data are found in the fIrst two lines of the standard input data 
file. The first line identifIes the data fIle and/or the catchment being modeled. The second 
line contains the cell size, the number of cells, the precipitation volume and the storm thirty 
minute energy intensity value, EI3o, for use in the USLE (Wischmeier and Smith, 1978). 
The storm EI30 can be calculated from field rainfall measurements or estimated from maps 
developed by state agencies using the methods outlined in Wischmeier and Smith (1978). 
Frequency curves for energy-intensity and rainfall volume in Minnesota are given in Young 
et al. (1987). Also included in this category of data is the cell identifIcation number. 

(2) Program Control Information: Data contained in columns 18 and 21 of the standard 
AGNPS data input fIle modify the way data are input from the input fIle (Figure 2.1). These 
variables provide the program with information on the presence or absence of pollution point 
sources and conservation terraces, respectively. A value of ain column 18 or 21 signals the 
absence of either of these sources. In the case of an impoundment terrace, a value other than 
aindicates the number of terrace structures present, up to a maximum of 13. Point sources 
are differentiated by a 1 or 2 in column 18 for nonfeedlot and feedlot sources, respectively. 
When either or both of these inputs is required, the additional data for each must appear on 
the line immediately following the cell in which the point source or terrace is located. The 
final parameter in this category is the channel indicator. This parameter indicates the number 
of channels within a cell and is non-functional in AGNPS-2.52. Specific information on data 
requirements and values for point source and terrace data inputs are described below and are 
listed in Young et al. (1987). 

(3) Morphometric and Topographic Information: Both runoff and erosion are greatly 
influenced by the morphometric and topographic features of the landscape. In the AGNPS 
model this group of variables comprise a significant amount of the required input data. The 
AGNPS model requires seven parameters to describe the terrain, and as mentioned earlier, 
this process requires that numerous simplifIcations be made. In the standard input file shown 
in Figure 1 columns 2, 4 through 8 and 14 contain this data. The parameters and units 
required for input are: (1) the receiving cell number; (2) the land slope in percent; (3) the 
slope shape factor or SSF for use in the USLE (Wischmeier and Smith, 1987); (4) the field 
slope length in feet for use in the USLE; (5) the channel slope in percent; (6) the channel side 
slope in percent; and (7) the cell drainage direction or aspect, which is an integer value 
between 1 and 8. This information is acquired from catchment topographic maps in 
conjunction with fIeld investigations. 

(4) Soils Information: The soils data required by the model describe the hydrologic, erod
ibility and textural properties of the soil. These data are used for runoff, soil particle size and 
erosion estimation. The required parameters can be found in columns 3, 10 and 15 of the in
put file and are: (1) the SCS curve number (SCS, 1972); (2) the soil erodibility factor for use 
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in the USLE (Wischmeier and Smith, 1978) and; (3) the soil texture on a scale ranging from 
oto 4 as described in Young et al. (1987). Input guidelines and values for each of these 
parameters are found in the references cited above and in Young et al. (1987). 

(5) Land Surface Conditions and Mana!:!ement Practices: Land surface characteristics relating 
to vegetative cover and land management that impact overland flow and erosion are descri bed 
by seven input parameters. These inputs are found in columns 9,11,12, 13, 16,17 and 20 
of the input data file shown in Figure 1 and are: (1) Manning's coefficient describing channel 
roughness; (2) the cover and management factor, C used in the USLE; and (3) the support 
practice factor, P used in the USLE (4) the surface condition constant, used in calculating the 
overland flow velocity (Young et aI., 1987); (5) the fertilization level; (6) the fertilizer avail
ability (Young et aI., 1987); and (7) the chemical oxygen demand (COD) factor, respectively. 
Values of the COD factor have been determined experimentally for different land use types 
and are listed in Young et a1. (1987). 

(6) Miscellaneous: Only the gully source level parameter falls into this category. It is an esti
mate of the gully erosion in tons, occuring within a given celL Estimates of gully erosion are 
combined with upland erosion and routed through the remainder of the catchment. This pa
rameter could, for example, be an estimate of ephemeral gully erosion that could either be 
generated via a computer model or calculated manually for input into AGNPS. 

Cells with non feedlot point sources, feedlot point sources and impoundment terraces require 
additional input. When non-feedlot point source input is specified the source flow rate and 
the concentrations of total nitrogen, phosphorus and chemical oxygen demand are also need
ed for each point source. One example of where this type of input would be required is the 
discharge from a wastewater treatment plant Feedlot point sources can require up to a maxi
mum of 49 additional variables or as few as 17, depending on the size of the feedlot These 
data includes information on the feedlot area, curve number, acres of roofed area, size, slope 
and surface condition constant of any vegetated buffer zone, number of animals and the 
COD, phosphorus and nitrogen loading factors for each animal type. When impoundment 
terraces are present information on the tributary area draining to the terrace and the outlet 
pipe diameter are required for each terrace. The AGNPS model allows for a maximum of up 
to 13 terraces to be described in each cell. 

2.1.3 Model Output 

Basic model output includes information on runoff, nutrients and sediment. In addition, op
tions are available to review output at the preliminary or catchment level, individual cell level 
or for a specified group of cells. Output from the runoff portion of the model includes 
estimates of the peak runoff rate and volume at the cell or catchment outlet. The percentage of 
total catchment runoff generated above a given cell is also given. 

Nutrient output includes nitrogen (N), phosphorus (P) and chemical oxygen demand (COD) 
loadings expressed as either a concentration, in parts per million (ppm), or a mass for feedlot 
and cell output. For more detailed output nutrients are broken down into sediment attached 
and soluble N, P and COD yields generated within and above any celL 

Sediment related information can be output at both the catchment and cell level for the five 
particle size classes. In each case the results produced include: (1) the area weighted upland 
and channel erosion (tons/acre); (2) the sediment delivery ratio in percent; (3) the sediment 
enrichment ratio used for nutrient calculations; (4) the mean suspended solids concentration; 
and (5) the area weighted and total sediment yield in tons/acre and tons, respectively. When 
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a detailed sediment analysis is required on a cell basis the amount of sediment generated 
within and above any given cell and the percent deposited within that cell can be output. 

2.1.4 AGNPS Validation and Applications 

Because the AGNPS model is relatively new it has not been applied extensively. Applications 
to date have concentrated primarily on: (1) hypothetical management studies; and (2) field test 
studies. In the first form of application, AGNPS has been used to compare the effects of 
various hypothetical management options on sediment yield. They include: the Big Stone 
Lake Restoration Project (Dingels, 1986); the St. Albans Bay Watershed Study (Frevert and 
Crowder, 1987); and the Garvin Brook Watershed Study (Wall et aI., 1989). In each of the 
aforementioned studies, a minimal amount of field monitoring or testing was done. Studies 
evaluating the hypothetical economic impact of nonpoint source pollution in the Paloose 
region of eastern Washington state and northern Idaho have been conducted by Prato and 
Brusven (1987) and Prato et aL (1989) and in southwestern Illinois by Setia and Magleby 
(1987). In a recent study Easter et ai. (1990) used the AGNPS model to evaluate the options 
for micro-targeting the acquisition of cropping rights to reduce nonpoint source pollution in 
the 11,000 acre catchment of Robinson Creek in southeastern Minnesota. 

Early field testing of the AGNPS model's sediment yield prediction algorithms were carried 
out on a 32 ha (80 ac) and a 194 ha (480 ac) experimental catchment near Treynor, Iowa and 
Hastings, Nebraska, respectively (Young and Onstad., 1986). Results indicated that 
AGNPS over predicted sediment yield by approximately two percent, (r2=0.95) for the 
Treynor site (Young and Onstad, 1986). Statistical analysis of the observed versus predicted 
values for sediment yield from the Hastings site resulted in a coefficient of determination of 
0.76 (Young et aI., 1986c; USDA-ARS, 1967). Chemical runoff predictions were not 
evaluated for either of these sites. Field verification continued with testing on an additional 
20 minor catchments located in Minnesota and South Dakota. Peak flows, chemical data and 
sediment yield were monitored between 1983 and 1985 at these 20 sites. Evaluations of 
model predictions were made at the following major catchment locations: the Meadowbrook 
Watershed in Big Stone County, South Dakota, south fork of the Valley Branch Watershed 
in Washington County, Minnesota, four USDA-ARS test catchments in Stevens County, 
Minnesota and the Lake Winsted Watershed in McLeod and Wright Counties of central 
Minnesota. Total nitrogen and total phosphorus values for these test catchments were over 
predicted by an average of 8 and 3 % with coefficients of determination of 0.81 and 0.77, 
respectively (Young et aI., 1989). 

The USDA-Agricultural Research Service compared sediment yield predictions from AGNPS 
with those of CREAMS, SWRRB, EPIC and ANSWERS for a number of small catchments 
in Mississippi (Binger et aI., 1987). The results of this study indicated that no one model 
gave the most accurate predictions in all cases. However, AGNPS performed satisfactorily in 
most situations. 

2.2 	 TERRAIN ANALYSIS: ESTIMATING DISTRIBUTED 
TOPOGRAPHIC ATTRIBUTES 

Accurate representation of the physical processes of erosion, sediment transport, contaminant 
transport and flow require consideration of the three-dimensional characteristics of the land 
surface because of the effects of flow convergence and divergence on hydraulic properties 
such as flow depth and velocity. Topographically derived parameters commonly needed as 
input parameters by nonpoint source pollution models such as AGNPS include: (1) land 
slope; (2) upslope contributing area or specific catchment area (Speight, 1980); (3) field slope 
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length; (4) slope shape information, i.e., convex, concave or uniform; (5) drainage aspect 
and; (6) drainage connectivity information (i.e., how the cells are hydraulically connected to 
one another). These spatially distributed topographic attributes can be estimated using a 
variety of terrain analysis methods from digital elevation data. An extensive review of terrain 
analysis and its application to hydrology, geomorphology and ecology has recently been 
carried out by Moore et al. (1991). 

A Digital Elevation Model (DEM) is a digital representation of the elevation properties of the 
landscape at discrete points in the landscape. Moore et al. (1991) describe a variety of meth
ods of structuring DEM networks, of which the most common are contour-based and grid
based networks. It is important for hydrologic applications that structure of the DEM is com
patible with the structure of the hydrologic model in which they are to be used. The Areal 
Nonpoint Source Watershed Environmental Response Simulation model - ANSWERS (Bea
sley and Huggins, 1982), the Agricultural NonPoint Source Pollution model - AGNPS 
(Young et al.,1987) and one of three forms of the proposed Water Erosion Prediction Project 
- WEPP model (Foster et aI., 1987) are all based on grid structures. Contour-based DEMs, 
also called Digital Line Graphs (DLG), usually consist of digitized x-y coordinate pairs at 
intervals along each contour line of specified elevation. Grid-based DEMs consist of eleva
tions on a regular grid of points in the horizontal plane. These data are usually stored as a 
computer file in such a way that the x,y coordinates in the horizontal plane need not be 
specified. DLG data are available by line digitizing topographic maps, which are the most 
common source of elevation data. The 30 m square-grid DEMs being developed by the 
United States Geological Survey (1987) are the most readily available DEMs to potential 
users. 

Digital elevation data are available for selected areas in the United States from the National 
Cartographic Information Center (NCIC) in several forms (Moore et aI., 1991). Point eleva
tion data are available on a 30 m (98 ft) square grid for 7.5 minute quadrangle coverage, 
which is equivalent to the 1 :24, OOO-scale map series quadrangle. DEMs based on a 3 arc
second spacing have been developed by the Defence Mapping Agency (DMA) for I-degree 
coverage, which is equivalent to the 1 :250,OOO-scale map series quadrangle. These data are 
classified at three levels of accuracy. The first level or level 1 has a maximum absolute 
vertical error of 50 m (164 ft) and a maximum relative error of 21 m (69 ft). This level 
includes most 7.5 minute quadrangle coverage. Level 2 data have been smoothed and edited 
for errors. These data have a maximum error of two contour intervals and a maximum root 
mean square error (RMSE) of one half of a contour interval. Level 3 data have a maximum 
error of one contour interval and an RMSE of one quarter contour interval. The USGS 
currently has levelland 2 data available. 

In Minnesota, the State Planning Agency (SPA) has grid elevation data for the entire state on 
a 100 m (328 ft) square grid network at a 2 m (6 ft) vertical resolution for use with the IBM
PC or any MS-DOS compatible personal computer system. The software used by SPA for 
this data base is the Environmental Elanning and £rogramming Language - Version 7 (EPPL
7), which was developed by the Minnesota State Planning Agency (John Hoschal, SPA, 
personal communication). 

The following discussion focuses primarly upon specific grid- and contour-based methods of 
terrain analysis. Each method is introduced followed by a brief discussion of the computer 
algorithm, mathematical theory, input data requirements, model outputs and limitations. 
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2.2.1 Grid-Based Methods: T APES-G 

Grid-based methods of terrain analysis can be based on either regular triangular, rectangular 
or square-grid networks of point elevation data. The type of grid system used is primarly 
determined by the resolution of the elevation data and variability of the terrain. The most 
widely used data structures for terrain analysis consist of square-grid networks because of 
their ease of computer implementation and computational efficiency (Collins and Moon, 
1981). Square-grid networks do, however, have the following disadvantages: (1) they 
cannot easily handle abrupt changes in elevation; (2) computational efficiency and accuracy 
are closely linked to grid mesh size; (3) the computed upslope flow paths tend to follow a 
zig-zag path rather than the more realistic curved route and; (4) accurate delineation of the 
catchment boundary and the sensitivity to minor terrain variability are often lacking (Moore 
et al., 1991). In addition, regular grids must be adjusted to the roughest topography, which 
can result in significant redundancy in areas with relatively smooth terrain (Peuker et al., 
1987). 

There are a wide variety of grid-based methods of terrain analysis available (Moore et al., 
1991). In developing TAPES-G (Topographic Analysis Programs for the Environmental 
Sciences - Grid) we used a local interpolation method to fit a surface to a moving 3 x 3 node 
submatrix of the DEM (Figure 2.2) and then calculated terrain attributes for the central node 
in the submatrix from the functional form of this surface. This is one of the simplest and 
easiest to implement methods of terrain analysis (Moore et al., 1991). 

Evans (1980) developed a local interpolation method that fits a 6-parameter quadratic equa
tion to a point in a moving 3 x 3 square submatrix (Figure 2.2). Evans' aim was to reduce 
the amount of labour involved in processing terrain data and to provide the general concepts 
by which various attributes such as slope reversals, height-length integrals and mean gradient 
could be integrated together. He believed that this integration could be accomplished using 
altitude data and the mathematical processes of differentiation and summarization of fre
quency distributions by moment measures. Comparison of the computed attribute values with 
manually calculated values for a 75 test point data set resulted in r2 values of 0.999,0.984 
and 0.996 for the altitude, gradient and aspect, respectively (Evans, 1980). This approach 
was field tested on a number of small catchments throughout eastern and southwestern Great 
Britain. Statistical analyses were performed in an attempt to relate a variety of computed 
topographic indices to flood and catchment characteristics (Heerdegen and Beran, 1982). 

Recently, Zevenbergen and Thorne (1987) noted that the six parameter quadratic surface used 
by Evans did not necessarily pass through all nine nodes in the 3 x 3 elevation submatrix, 
which introduced additional error into the analysis technique. Instead, they proposed using a 
nine-term quadratic polynomial that would exactly fit all nine submatrix elevation points: 

22 2 2 2 2Z = Ax Y + Bx Y + Cxy + Dx + Ey + Fxy + Gx + Hy + I (2.7) 

where the parameters A through I are determined from the nine elevations of the 3 x 3 sub
matrix and the grid spacing in the row and column directions, L (see Zevenbergen and 
Thome, 1987). Zevenbergen and Thorne realized that in many hydrologic modeling applica
tions it is necessary to know the upslope area contributing flow and sediment to a given point 
(UPAREA) and the longest travel path to an upslope drainage divide (UPDIST), and added 
algorithms to compute these variables. Most grid-based methods of analysis assume that 
water flows from a given node to one of eight possible neighbouring nodes (numbered 1-8 in 
a clockwise rotation), based on the direction of steepest descent. The flow directions deter
mine the connectivity between nodes and hence provides information on the route surface 
runoff follows from node to node or cell to cell as it passes through the system. Once the 
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Figure 2.2 	 Nine point 3 x 3 patch used by 

TAPES-G (from Zevenbergen and 

Thorne, 1987). 
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connectivity has been determined the upslope area for each element, equal to U, is calculated 
and summed to determine the total tributary drainage area for each cell. The flow distance 
across a cell, equal to L or -V2L, is summed for the entire flow path to give the total upslope 
flow length for each cell. 

Jenson and Domingue (1988) describe a computationally efficient algorithm for estimating 
flow directions for grid-based DEMs. A significant feature of this method is that it first gen
erates a depressionless DEM. This is important for wide-spread use of the technology 
because DEMs invariably contain anomalous pits or depressions which are artifacts of the 
natural terrain. This algorithm was combined with Zevenbergen and Thorne's (1987) 
approach in program TAPES-G. 

Zevenbergen and Thorne (1987) demonstrated how a variety of topographic attributes can be 
computed for the central node in the 3 x 3 submatrix based on the fitted values of the coeffi
cients in Equation 2.7. The following equations are the derived functions for maximum 
slope, aspect, profile curvature and plan curvature: 

2SLOPE =arcta{ ~G + H2 ] (2.8) 

(2.9)ASPECT = 180 - arcta{ gJ + 90[ I~ I] 
-2(DG2+ EH2 + FGH)

PROFILE CURVATURE =------ (2.10) 
(G2+ H2) 

2(DH2+ EG2 - FGH) 
(2.11)PLAN CUR V A TURE 

where ASPECT is measured in degrees clockwise from north. Identical estimates of these 
terrain attributes can be obtained without fitting a surface to the elevation data by applying a 
second-order, finite difference scheme to the 3 x 3 submatrix elevation data (Moore, 1990). 

The methods described above are an integral part of TAPES-G, which in turn is used in the 
grid-based version of terrain enhanced AGNPS model, AGNPS-G. TAPES-G allows the 
user the option to diagram the stream lines and the main drainage channel using color 
graphics. 

2.2.2 Contour-Based Methods: T APES-C 

Contour-based methods of terrain analysis differ from the grid-based methods in that a topo
graphic map of contour lines is used to describe the land surface terrain, rather than a grid 
network of elevation data. One such model, described by Moore et al. (1988b) and Moore 
and Grayson (1991), uses a network of interconnecting polygons formed by equipotential 
lines and their orthogonals (Figure 23). When applying this technique to three-dimensional 
landscapes, equipotential lines are approximated by contour lines. The contour based imple
mentation of this terrain analysis method is refered to as Topographic Analysis frogram for 
the Environmental,S.ciences Contour TAPES-C (Moore et aI., 1988b; Moore and Grayson, 
1991). Using this method for discretizing a catchment, the three-dimensional equations for 
water and contaminant transport can be reduced to a series of coupled one-dimensional 
equations. In addition, the flow paths don't zig-zag as they do in the grid-based methods but 
rather follow a curved route which conforms more closely to the actual three-dimensional 
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character of overland flow. This approach has the disadvantages that: (1) at least an order of 
magnitude more points are required in contour line form than in grid form to adequately 
describe an elevation surface and; (2) it is computationally slower than the grid cell approach 
(Moore et aI., 1988b). 

T APES-C calculates the following variables for each cell (Figure 2.3): (1) the x-y-z coordin
ates for the centroid of each element, C; (2) the x-y-z coordinates of the midpoint on the 
downstream boundary of each element, P; (3) the average slope between adjacent streamlines 
for each element; (4) the upslope element dimension x; (5) the down slope element dimension 
w; (6) the length of the flow path across each element; (7) the area of the element, AEL; (8) 
the upslope contributing area to the element, AT; (9) the aspect and; (10) the slope between 
the midpoints of the upstream and downstream boundaries (Q and P) or the element slope. 

The TAPES-C software is written in FORTRAN 77 as three separate but interrelated sub
program units as described by Moore et aI. (1988b) and Moore and Grayson (1991). Digital 
line graph elevation data in the form of digital contour lines can be input into TAPES-C via a 
flat-bed digitizer or by interpolation from grid or raster elevation data. Software to perform 
this conversion has been developed by Hutchinson (1981 and 1984). 

The first program unit, called DIGITIZ, controls the transfer of contour data from the digi
tizer pad to computer disk storage. The main menu from DIGITIZ contains the following 
five options: (1) two-point; (2) contour height; (3) high point; (4) boundary coordinates (5) 
the ridge-saddle identifier; and (6) finish. Initially, the user is asked to input the coordinate 
file name to which the CNS ending must be added to identify this file as a coordinate data 
file. The "two-point" identifier inputs the x-y coordinates of two points input along the east
west axis of the catchment and the actual (real world) horizontal distance between the two 
points. This information is used to define the catchment orientation and size. The scale fac
tor calculated using the two point input data is utilized in subsequent TAPES-C operations. 
The "contour height" identifier records the elevation of each contour line and is followed by a 
string of x-y coordinates defining that contour line that are input by tracing over each contour 
line with a digitizer mouse in either a left to right or right to left progression. The direction 
that is selected initially for the digitizing operation must be maintained throughout the entire 
session. In addition, contours must be digitized by proceeding from the bottom of the 
catchment (lowest elevation) to the highest. The "high point" identifier is used to input the x
y coordinates of any high points. These points are input immediately after digitizing the con
tour segment above which the high point lies and all high points must be located along the 
catchment boundary. TAPES-C accepts up to 10,000 sets of x-y coordinates for each contour 
line, up to maximum of 60 contour lines, 50 high points and 120 boundary points. The 
"ridge-saddle" label is used to identify either a ridge or a saddle point within the catchment. 
A saddle point can be described as that point midway between two high points that are con
nected by a concave profile along which the terrain slopes down and away forming a shape 
similar to a riding saddle. The contour line along the ridge line or saddle is given the ridge
saddle identifier immediately after it has been digitized. Having completed the contour line 
and high point input, the catchment boundary must then be entered. This is done using the 
"boundary coordinates" identifier and inputting the x-y coordinates along the catchment 
boundary in a successive clockwise or counter-clockwise rotation using the digitizer mouse. 
When describing the catchment boundary it is important to input a sufficient number of 
points to adequately describe the entire closed boundary polygon. Boundary coordinate input 
is followed by the finish digitize identifier, which completes the digitizing session and 
produces coordinate file,filename. CNS. An abbreviated listing of a coordinate data file is 
shown in Figure 2.4. 

The coordinate file must then be preprocessed by the PREPROC subprogram. This program 
unit transforms the raw coordinate data into a form that is compatible with T APES-C, the ter
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TWO-POI 100.00 } The 100.00 represents the distance in 
@1+01348+04561 feet between two horizontal points. 
@1+01986+04560 This identifier defines the real world 

scale and the east-west orientation. 

CONTOUR 10.00} Elevation of the first contour. 
@1+07118+02587 
@1+07128+02595 
@1+07145+02611 } The x,y coordinates defining the first 
@1+07155+02619 } contour line. 

CONTOUR 20.00 } 	Elevation of the second contour. 

} 	The x,y coordinates defining the second 
contour line. 

RIDGE-SADDLEPT } 	 Lable indicating that contour 20.00 lies 
immediatly below a ridge or a saddle 
point. 

CONTOUR 30.00} 	Elevation of the third contour. 

} 	The x,y coordinates defining the third 
contour line. 

HIGHPOI 30.50} High point located immediatly above 
@1+07491+02749 the 30.00 contour line with its x,y 

coordinates. 

BOUNDARY-COORD } The boundary coordinate identifier. 

@1+07491+02749 

@1+04189+02723 } The x,y coordinates defining the boundary 

@1+03082+05930 which must also include all high points. 


Figure 2.4 Sample coordinate input file for TAPES-C. 
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rain analysis subprogram. PREPROC performs the following operations on the coordinate 
data: (1) the entire catchment is reoriented to a true north-south, east-west orientation (based 
on the two coordinates points input during the digitizing session); (2) the catchment is 
rescaled to lie within the bounds of a 0 to 1000 coordinate system in the x and y directions 
and; (3) coordinates along each contour line are interpolated to a user specified regular 
spacing, thus producing a new interpolated contour line. Coordinate interpolation is neces
sary when the coordinate file is generated by digitizing a contour map. Interactive prompts 
included in PREP ROC are: (1) the option of smoothing the coordinate data using a two-pass 
moving average filter; (2) inputing the coordinate interpolation interval and; (3) the option of 
plotting the contours. The x-y coordinates of all points defining the contours are stored in a 
file designatedfilename.PPP as two contiguous coordinate vectors, beginning with the first 
point on the lowest contour and ending with the last point on the highest contour (Moore et 
al., 1988b). At this time the boundary points are also reoriented, rescaled and placed in a file 
designatedfilename.BDY. PREPROC also has the option to manually input the boundary 
coordinates if they were not input during the digitizing session. 

The final subprogram, TAPES-C, performs the following functions: (1) creates a finite 
element discretization of the catchment based on contour lines (equipotentials) and straight 
onhogonalline segments or stream lines; (2) calculates the topographic attributes (Le., eleva
tion, slope, aspect, area, flow distance across the element and width of element on upslope 
and downslope contour segments) for each element; (3) plots the contours, element bound
aries, catchment boundaries and high points as directed by the user; (4) determines the ele
ment connectivity and; (5) produces and outputs a file listing the elements and their topo
graphic attributes, designated filename.ASD. The program TAPES-C is described more 
completely by Panuska (1989) and Moore and Grayson (1991) and is based on the methods 
of computing streamlines described by Moore et al. (1988b). An example of the discretiza
tion of Watershed Number 2, located on the USDA's Deep Loess Research Station near 
Treynor in southwestern Iowa, into elements using T APES-C is presented in Figure 2.5. 
The version of TAPES-C used in AGNPS Terrain also computes the plan flow path length 
for each element with the total length being the sum of the individual elements along the 
longest path tributary to that element. 

TAPES-C is continuously being improved and updated with the most recent proposed 
improvements being the ability to analyze high points located within the catchment boundary 
and handle non-outletted low areas. 

2.2.3 Application of the Topographic Attributes 

One topographically based attribute of interest to hydrologists is the specific catchment area 
(Speight, 1980). This index is defined as the total upslope contributing area, AT' draining 
across a unit width of contour, b, or AT/b (see Figure 2.3). This index is a measure of sur
face or shallow subsurface water movement at a given point in the landscape and combines 
the effects of upslope contributing area and catchment convergence or divergence on runoff 
(Moore et at, 1988c; Moore and Nieber, 1989; Moore et al., 1991). 

Compound topographic indices are combinations or formulations of the simple topographic 
indices. One example of such an index is the compound index developed by Beven and 
Kirkby (1979) that relates the topographic structure of a catchment and the average soil 
water storage to the location of zones of saturation in the landscape. They proposed that any 
point in the catchment would be saturated if: 

( A) e'VIn > ---+A (2.12)
b tan~ m m 
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b - Grass waterway 

Figure 2.5 	 Element discretization (a) and stream 
line diagram (b) for Watershed No.2, 
Treynor, Iowa. 
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where A is the upslope contributing area, b is the element width and ~ is the element slope in 
degrees; 'I' is the local maximum soil water storage; e is the actual soil water storage; and A 
and m are catchment constants. O'Loughlin (1981, 1986) also proposed that localized satu
ration at any point will occur whenever the drainage flux from upslope exceeds the soils 
ability to transmit the flux. Relationships developed by both Beven and Kirkby (1979) and 
O'Loughlin (1986) can be written in terms of a compound topographic index referred to as 
the wetness index: 

(2.13)W = In[ b t~npJ 
Moore et al. (1988b) and Jones (1987) found a strong correlation between this index and the 
spatial distribution of soil water. Wolock and Musgrove (1988) analyzed the mean value of 
the wetness index distribution over a catchment and found it to be highly correlated (r2=0.88) 
to the observed discharge-hydrogen ion relationship or stream acidity. In addition, Bullock 
and Williams (1987, personal communication) have demonstrated that zones of dryland 
salinization are highly correlated with the wetness zones predicted by this index. In Moore et 
al. (1986b) the wetness index and the percent saturated source area relationship were used to 
estimate the effective soil transmissivity of a small forested catchment in southeastern 
Australia. 

Stream power represents the energy of flowing water and is defined by rQtan~, where y is 
the unit weight of water and Q is the discharge. A separate but related quantity is unit stream 
power which is the stream energy per unit weight of water. Stream power and unit stream 
power have been used extensively in erosion, sediment transport and geomorphological stud
ies to describe the erosive power of flowing water. Investigations using these stream power 
relationships in combination with terrain analysis have been carried out by Moore and Burch 
(1986a), Burch et al. (1986) and Moore et al. (1988a) in examining ephemeral gully erosion 
and the transport capacity of channelized flow. Because Q is proportional to As, where As= 
Alb, the relationship Astan~ is actually a measure of the stream power. By combining Astan~ 
and AJtan~, Moore et al. (1988a) found a relationship that is a good predictor of the location 
of ephemeral gullies on a 7.5 ha (18 ac) fallow agricultural catchment in Southeastern, 
Australia. 

U sing the topographic index of plan curvature, ro, Thorne et al. (1986) developed the com
pound index Asrotan~ to identify the location of ephemeral gullies and the following equation 
was also proposed to predict the cross-sectional area, Xa, of a gully after a one year time 
period: 

(2.14) 


In addition, Moore and Burch (1986b) and Moore and Nieber (1989) have demonstrated that 
the compound index As0.4(tan~)1.3 is proportional to the length-slope factor in the Universal 
Soil Loss Equation and based on this the following equation was developed that has been 
found to give satisfactory values for the LS factor: 

As In [ sinp Jrn [ As In [ sinp Jm (2.15)LS =[ 22.13 0.0896 where L = 22.13 and S = 0.0896 
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where n=OA and m=1.3. This relationship for the LS factor was derived theoretically by 
Moore and Burch (1986b) from unit stream power theory and is more amenable to applica
tions in landscapes with complex topographies than the LS factor initially used in the USLE 
because the As term in this equation considers the convergence and divergence of flow, 
which often occurs in the natural environment. 

Another physically based process of importance to hydrologists and engineers is evapo
transpiration (ET) which is a major part of the total water budget in a catchment. Because 
this process is driven by the amount of solar radiation reaching the earth's surface, the 
following equation for daily insolation, R, can be used to evaluate the spatial distribution of 
potential evapotranspiration (Moore et aI., 1988c): 

24 I 
R = --2 cos<!> cos8 (sin11 -11 cos11) (2.16) 

1tr 

In this relationship I is the solar constant, 8 is the solar declination, r is the ratio of the earth
sun distance to its mean, and <p and 11 are functions of the terrestrial latitude and the topo
graphic attributes of slope and the aspect. Therefore, on any given day, solar radiation is a 
function of slope and aspect only. 

Tajchman and Lacey (1986) were able to relate the aspect, radiation and wetness to biomass 
production for two small catchments in the United States. Similar relationships were obtained 
for eucalypt species in southeastern Australia by Austin et al. (1983) and Moore et al. 
(1986b). This compound index also has applications in modeling snowmelt processes which 
have long been known to respond to the topographic indices of slope and aspect. 
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CHAPTER 3 

GRID SIZE AND CONTOUR INTERVAL SENSITIVITY 

To date there has been little consideration of the effects of scale on the computed values of the 
attributes being input into geographic information systems (GIS) and other land inventory 
systems. As mentioned previously, these information systems are beginning to be interfaced 
with hydrologic and water quality models. For many applications, and particularly for water 
quality modeling, these attributes need to be computed at the scale appropriate for a particular 
processes occurring in the environment and being represented in these models. If these scale 
effects are not considered, then the computed attributes may be meaningless, or the processes 
of interest may be masked so that the intended use of these attributes may not be realised - at 
great cost. 

To demonstrate these potential problems we carried out a preliminary study of the effects of 
the terrain analysis method (TAM) and the grid or element size and the contour interval of the 
digital elevation model (DEM) on three important topographic attributes. The attributes con
sidered are: (1) slope; (2) upslope contributing area and; (3) maximum flow path length. 
These were calculated using the two TAMs, TAPES-G and TAPES-C, described in Chapter 
2. These attributes are commonly required parameters in hydrologic and water quality 
models and are important parameters in the AGNPS modeL 

3.1 STUDY SITE 

The field area selected for this analysis was the Cottonwood Creek catchment (Figure 3.1 and 
3.2). This catchment lies within the Montana Agricultural Experiment Station's Red Bluffs 
Research Ranch and is located approximately 30 miles southwest of Bozeman in south
western Montana. This area was selected because it was relatively small, had a large relief 
with significant topographic variation and is part of other ongoing studies. The Cottonwood 
Creek catchment is approximately 210 ha. (500 ac) in area with elevations ranging from 1640 
m (5381 ft) to 1980 m (6496 ft) resulting in a total relief of 340 m (1115 ft). Slopes within 
the drainage area range from 15 to 50 % with some small areas having slopes as high as 100 
%. The catchment is used for pasture and is not cropped at this time. 

3.2 METHODS AND PROCEDURES 

Elevation data for this study were initially obtained by line-digitizing successive contour lines 
from a 1:24,000,6 m (20 ft) contour interval, U.S Geological Survey topographic map. This 
produced the 6 m (20 ft) contour interval digital elevation data used in the study. 

A 15 m x 15 m (50 ft x 50 ft) grid DEM was obtained by fitting a three-dimensional inter
polating surface to the digitized 6 m (20 ft) contour-elevation data using Hutchinson's (1981, 
1984, 1989) Laplacian smoothing spline method and then interpolating from this surface onto 
the 15 m (50 ft) grid. Hutchinson's methods allow the user to specify the maximum root 
mean square error (RMSE) used in fitting the surface and are particularly suited to fitting 
sparse and noisy data. In the present application we specified a RMSE of 1.5 m (5 ft ), or 
one quarter of the contour interval of the base map. This makes the quality of the generated 
DEM similar to the Level 2 quality DEMs produced by the U.S. Geological Survey from 
contour data (USGS, 1987). The 15 m x 15 m (50 ft x 50 ft) DEM contained 30,976 grid 
points for the Cottonwood Creek catchment. 
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Figure 3.1 	 Isometric of the Cottonwood Creek 
catchment DEM 
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Figure 3.2 Cottonwood Creek element discretization: 
(a) 20-170 element discretization; (b) 
60-520 element discretization. 
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The generated 30 m x 30 m (100 ft x 100 ft) grid-based DEM, produced by deleting every 
second point in the 50 ft x 50 ft DEM, is presented in Figure 3.1. The standard 7.5 minute 
quadrangle DEMs produced by the U.S. Geological Survey have a grid size of 30 m or 98.4 
ft (USGS, 1987). Therefore, they closely approximate the 30 m x 30 m (l00 ft x 100 ft) 
DEM generated for this study. It should be noted that the DEM shown in Figure 3.1 displays 
some "obvious" smoothing. This smoothing effect was produced by the method used to 
generate the interpolating surface and normally occurs when a regular grid of elevation data is 
generated from irregularly spaced primary elevation data. 

Three contour intervals were selected for developing the contour-based DEM: 6 m (20 ft), 12 
m (40 ft), and 18 m (60 ft) intervals. Digital elevation data for the 12 m (40 ft) and 18 m (60 
ft) contour interval representations of the catchment were obtained by eliminating every 
second and two out of three of the 6 m (20 ft) interval contour lines from the base map, re
spectively. The average base width, and hence size, of the elements can be controlled by a 
user input parameter in TAPES-C. Average element base widths of 52 m (170 ft), 107 m 
(350 ft) and 158 m (520 ft) were selected to produce average element areas that corresponded 
to those used with the grid-based DEMs and to provide sufficient range to allow relative 
comparisons between elements of various sizes. A summary of the characteristics of the 
contour-based DEMs used in the analysis is given in Table 3.1. The elements generated by 
TAPES-C for the 20-170 and the 60-520 configurations are presented in Figures 3.2a and 
3.2b, respectively. These encompass the entire range of element sizes modeled in this study. 
Four different DEMs were generated having 15 m (50 ft), 30 m (100 ft), 60 m (200 ft) and 
91 m (300 ft) interval square grids. The larger grid sized DEMs were produced from the 15 
m (50 ft) DEM, described earlier, by eliminating the appropriate intermediate points. Table 
3.2 summarizes the characteristics of the grid-based DEMs used in the analysis. 

To facilitate comparison between the methods of prediction, the calculated values of the 
topographic attributes are presented as cumulative frequency distributions in which the 
topographic variable is plotted against the percentage of the total catchment area with a value 
less than the specified value. An example of such a plot is presented in Figure 3.3. 

Table 3.1 Summary of the characteristics of the contour-based DEMs. 

Ident. Contour Number of Element Number of Average 
Interval Contours Base Width* Elements Element Area 

(ft) (ft) (ac) 

20-179 20 55 170 2104 0.23 
20-350 20 55 350 1100 0.44 
20-520 20 55 520 764 0.64 
40-170 40 28 170 1020 0.47 
40-350 40 28 350 536 0.90 
40-520 40 28 520 379 1.30 
60-170 60 19 170 687 0.72 
60-350 60 19 350 348 1.40 
60-520 60 19 520 248 2.00 

* See Figure 2.3 
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Table 3.2 Summary of of the characteristics of the grid-based DEMs. 

Combination Grid size Number of Average Equivalent Contour 
Number (ft) Elements Area (ac.) Combination 

1 50 x 50 8517 0.057 None 
2 100 x 100 2120 0.23 20-170 
3 200 x 200 531 0.92 40-350 
4 300 x 300 233 2.1 60-520 

3.3 RESULTS 

The predicted slope (in percent) frequency distributions are presented in Figure 3.3 for the 
grid-based terrain analysis method (TAM) method and in Figures 3.4 to 3.6 for the contour
based TAM. The slope distributions show good agreement for both TAMs and all element 
sizes over the complete range of slopes. The poorest agreement occurs with the largest (91 
m, 300 £1) grid size DEM used with TAPES-G at intermediate to high slopes, and for the 
largest contour intervals used with TAPES-C at slopes of less than about 15 %. 

The upslope contributing area frequency distributions predicted by TAPES-G are presented 
in Figure 3.7 and those predicted by TAPES-C are presented in Figures 3.8 to 3.10. The dis
tribution of upslope contributing area shows great variation with respect to both the type of 
TAM and the average size of the elements used. In all four figures and for both TAMs the 
distributions become increasingly translated to the right (i.e., the median upslope area in
creases) as the average size of the elements increase. Figure 3.11 illustrates the variability 
that occurs for the contour-based TAM over the range of contour intervals when the element 
base width is constant 52 m (170 ft). Again, this figure exhibits a translation of the distribu
tions to the right as the average element size increases. Figure 3.7 shows that as the element 
size of the DEM used in the grid-based TAM increases the distributions become less smooth. 

This effect is less apparent for the contour-based TAM, although it is observable in Figure 
3.10. A comparison of Figures 3.7 and 3.11 shows that the predicted upslope contributing 
area distributions from the contour-based TAM for the smaller element sizes are similar to the 
distribution predicted from the 61 m (200 ft) DEM used with the grid-based TAM. 

The maximum flow path lengths predicted by TAPES-G are presented in Figure 3.12 and 
those predicted by TAPES-C are presented in Figures 3.13 to 3.15. Figures 3.13 to 3.15 
show that there is little variation in predicted maximum flow path distributions with the size 
of element or contour interval for the contour-based TAM. The results from TAPES·G 
(Figure 3.12) display more variation and the trends are similar to those observed for upslope 
contributing area. That is, a translation to the right (Le., increasing median flow path length) 
as the grid size increases. Whereas the shapes of the distribution curves for the two TAMs 
are similar for both the predicted slopes and upslope contributing areas, the shapes of the 
maximum flow path distribution curves for the two TAMs are quite different. The medium 
flow path lengths predicted by TAPES·G range from 114 m -183 m (375 to 600 ft) while 
those predicted by TAPES-C range from about 427 m (1400 ft) to 610 m (2000 ft) As with 
the upslope contributing area distributions predicted by TAPES-G, the curves for maximum 
flow path length are smoothest for the small grid dimensions (Figure 3.12). 
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3.4 DISCUSSION OF RESULTS 

All DEMs are simply different representations of the actual land surface. DEMs are 
constructed from point elevation data that are most commonly obtained by surveying. There
fore, the accuracy with which a DEM represents the land surface is very much dependent on 
the accuracy and resolution (both horizontally and vertically) of this survey data. In many 
cases we assume that the DEM with the smallest grid size or contour interval is the most 
accurate representation of the terrain. This is probably true providing this grid size is greater 
than the horizontal resolution of the primary elevation data and elevation differences between 
neighbouring points are greater than the vertical resolution of the data. 

Larger grids simply can not account for the same degree of detail as can the smaller grids. 
Figure 3.16, which maps the flow path network generated by TAPES-G using the 91 m (300 
ft) grid DEM, illustrates this point. In the valley region shown in this figure TAPES-G has 
predicted two flow paths along the edges of the valley, rather than the actual single flow path 
along the valley floor. This occurs because the 91 m (300 ft) grid straddles the valley floor. 
This example demonstrates one of the problems that effect both grid- and contour-based 
TAMs when large element sizes are used. The adequacy of a DEM is also dependent on the 
characteristics of the terrain. For example, rolling terrain with small to moderate relief can 
better be represented by a larger grid size DEM than can a dissected catchment with sharp 
ridges, ravines, and abrupt changes in slope or elevation. 

The results presented in Figures 3.7 to 3.10 demonstrate that element size has a large impact 
on the predicted upslope contributing area distributions, regardless of the type of TAM. 
These results indicate that: (1) the translation of the curves to the right (i.e., increasing 
median upslope contributing area) is strictly a function of element area; and (2) that this 
topographic attribute is no more sensitive to contour interval than it is to element base width 
for the contour-DEMs. This is to be expected from the previous discussion because the con
nectivity of the individual nodal points in the DEM calculated by the TAM and illustrated in 
Figure 3.16, determines the upslope contributing area. Figures 3.7 to 3.10 also show an ob
vious decrease in smoothness of the curves with increasing element size. This is most 
noticeable for the grid representation (Figure 3.7) where the discrete nature of the individual 
elemental contributions becomes increasingly apparent by the stepped shape of the curves as 
the element size increases. 

Questions may arise regarding Figure 3.7 that shows plotting points corresponding to areas 
less than the smallest element size. The reason for this is that TAPES-G uses areas that are 
less than an entire element area along the catchment boundaries. The impact of these points 
on the frequency distributions is illustrated in Figure 3.7 by the relatively large vertical jumps 
first encountered as one proceeds along the 30 m, 60 m and 91 m (100, 200 and 300 ft) 
curves vertically upward. These points correspond roughly to 7, 15 and 22 % of the total 
catchment area, respectively and represent the change from a fractional element area along the 
catchment boundary to a full size element. 

Figure 3.3 illustrates an interesting interrelationship between the slope distributions predicted 
by TAPES-G for the 15 m, 30 m and 60 m (50, 100 and 200 ft) grid sizes. Note that the 15 
m and 30 m curves coincide over the entire range of slopes considered, however, the 60 m 
curve begins to separate from the other two at slopes greater than about 12%. These results 
would seem to support the use of the 30 m (98.4 ft) grid size Level 2 quality DEM currently 
produced by the USGS for estimating slopes. For grid sizes larger than this the accuracy of 
the predicted slope distributions begins to deteriate slightly. Over all, the slope distributions 
appear to be the most stable of the topographic attributes considered in this study with respect 
to element size and type of TAM. 
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grid DEM. 
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The maximum flow path length distributions presented in Figures 3.12 to 3.15 display more 
variability than does the slope distributions. As explained previously, the effects of the 
smaller area boundary cells appear as steps in the curves for the 30 m, 60 m and 91 m (100, 
200 and 300 ft) DEMs predicted by TAPES-G (Figure 3.12) at the 38,40 and 46% area 
values and the stepping is due to the discrete nature of the flow lengths. The flow length 
curves shown in Figure 3.12 exhibit a great deal of of irregularity below flow lengths of ap
proximately 305 m (1000 ft) and 75 to 80% of the area. This indicates that the majority of 
the flow path length variability predicted by TAPES-G occurs below the 305 m (1000 ft) 
value and over approximately 80% of the catchment. As with the uplsope area distributions, 
predictions with the smaller element sizes exhibit the smoothest curves. 

One significant difference between the results for maximum flow path length and upslope 
contributing area is that with the former topographic attribute the distributions predicted by 
T APES-C do not translate to the right with increasing area, but rather show a high degree of 
consistency with respect to contour interval and base width. Figure 3.13 shows that 
approximately 35 % of the catchment area has a predicted flow path length less that 305 m 
(1000 ft) for the 6 m (20 ft) contour interval - 52 m (170 ft) base width curve (20-170). The 
60-170, 60-350 and 60-520 curves in Figure 3.15 are virtually identical whereas the 20-170 
curve in Figure 3.13 separates from the 20-350 and 20-520 curves below the 305 m (1000 ft) 
value indicating that the shorter flow length elements, that is the additional terrain details 
present in the former graph, were lost using the larger element size. 

One of the most interesting results of this study is that the computed topographic attribute 
distributions vary in sensitivity to the choice of TAM used and element size. For example, 
the predicted slope distributions are remarkably consistent, whereas major differences occur 
in the predicted maximum flow path length distributions between the two TAMs examined. 
There are also some differences between the predicted upslope contributing areas, but these 
differences are not as large as those for maximum flow path length. Both upslope con
tributing area and maximum flow path length calculated by the two TAMs are dependent on 
the computed connectivity of the individual elements, but slope calculations are independent 
of this connectivity. Figure 3.16 shows that the connectivity of the elements predicted by 
TAPES-G is highly dependent on the grid size, particularly in regions of high flow con
vergence or divergence (Le., in valleys or ridges). Perhaps the fact that the flow direction 
from one element to the next (Le., the element connectivity) is restricted to one of only eight 
finite directions is a limitation of TAPES-G. The use ofa local interpolation grid-based TAM 
that is not piece-wise continuous in its first and second derivatives (Le., slope and curvature, 
respectively) may also create problems in the estimation of element connectivities in highly 
variable terrain. However, it is not yet possible to say which TAM is a better approximation 
of "reality." 
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CHAPTER 4 

TERRAIN ENHANCED AGNPS MODELS: AGNPS-G AND AGNPS-C 

Two versions of the terrain enhanced AGNPS models were developed; AGNPS-G, a grid
based version, and AGNPS-C, a contour-based version. Both versions include three interre
lated components: (1) the terrain analysis algorithms; (2) the interface routines; and (3) 
AGNPS Version 2.52 (AGNPS-2.52). The terrain analysis programs used are essentially the 
same as those presented in Chapter 2 and required only slight modification. The interface 
routines transform the terrain analysis output from TAPES-G and TAPES-C into an input 
format that is compatible with AGNPS-2.52. This involves merging the terrain attribute 
data, specifically the cell numbers, areas connectivities, land and channel slopes, flow path 
lengths, slope shape (concave, uniform or convex), and upslope contributing areas, with the 
land use and soil parameters required by AGNPS. For prediction of upland erosion, the 
AGNPS model requires the entry of 17 soil and land use parameters. The interface routines 
GRPROC and CI'PROC link: TAPES-G and TAPES-C, respectively, to the soil and land use 
data file and produce AGNPS-G and AGNPS-C input files,filename.OUT. The OPCODE 
feature is designed to assist with data entry. 

During the development of AGNPS-Terrain an Apollo Domain 3000 workstation computer 
system was used with a maximum number of 2000 cells or elements for both the grid and the 
contour-based version. This limit can be increased by increasing the dimensions of the 
arrays in the programs. In cases where a 30 m (100 ft) square grid size is used, which is 
common to many geographic information systems, the largest catchment area that can be 
modelled is approximately 180 ha (459 ac). TAPES-G has been applied to catchments as 
large as 80 km2 (20,000 ac) while TAPES-C has been used on catchments in the 2 to 240 
ha (5-600 ac) size range. 

4.1 MODIFICATIONS TO AGNPS-2.S2, TAPES·G and TAPES-C 

Because AGNPS-2.52 is a grid-based model, only minor modifications were required to to 
make it compatible with the grid-based terrain analysis. More substantial changes were re
quired for the contour-based version, AGNPS-C, because of the nonuniform size and irreg
ular shape of the cells and these are described in more detail elsewhere in this chapter. 

A minimum cell area of 1.0 ha is recommended with AGNPS-2.52 (Young et aI., 1987) to 
allow a representative field slope length to be used in estimating the length-slope factor (LS) 
in the Universal Soil Loss Equation, USLE (Wisch meier and Smith, 1978). The USLE is 
used to calculate the sheet and rill erosion in each cell. With a minimum cell area of 1.0 ha, 
the maximum permissible slope length is only 141 m. Both AGNPS-G and AGNPS-C gen
erally use smaller cells than this so the representative field slope length concept is not 
appropriate and the length-slope factor in the USLE is calculated in a different way. 

Equation 2.15 (see Chapter 2), which was derived from unit stream power theory is used to 
estimate the length-slope factor in the USLE. This equation also better represents the effects 
of flow convergence and divergence on erosion in landscapes with complex terrain (Moore 
and Burch, 1986a, 1986b). The within-cell sheet and rill erosion is then estimated using an 
approach similar to that proposed by Foster and Wischmeier (1974); Le., 

(4.1) 
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where: Yj, Kj, Cj, Pj and Sj are the sheet and rill erosion, soil erodibility factor, cover and 
management factor, practice factor and slope factor, respectively, in thejth cell; Aj and Aj-l 
are the upslope contributing areas where flow exits and enters each cell, respectively; and 
EI30 is the rainfall energy-intensity. 

This project involved the merging of two completely separate software packages and required 
a certain degree of modification to both of them. The following discussion focuses on the 
programming modifications required to link TAPES-G and TAPES-C to AGNPS-2.52. All 
modifications to AGNPS-2.52, TAPES-G and TAPES-C were minimized to the greatest 
extent possible. 

The interfacing of AGNPS-2.52 with TAPES-G required only minor modifications to either 
of the base programs. As discussed in Section 2.2.1, the number of topographic attributes 
that are generated by TAPES-G is far in excess of that required by AGNPS. Therefore the 
output parameter list from TAPE-G was reduced to the following four parameters: (1) the 
receiving cell number; (2) the elevation; (3) the slope and (4) the upslope element count (i.e., 
upslope contributing area) used in calculating the unit stream power based LS factor, de
scribed above. T APES-G itself was also modified to output the cell size and the number of 
nodes along the horizontal (x) axis. The cell size is used in GRPROC to calculate areas and 
flow path lengths while the number of horizontal grid nodes is used in all of GRPROCs 
reordering and renumbering routines. 

Like TAPES-G, TAPES-C generates significantly more information than required by 
AGNPS. TAPES-C was modified to calculate the longest upslope flow path length and out
put the total number of cells in the catchment along with a scale factor. The scale factor 
converts the x-y coordinates used in TAPES-C from the 0 to 1000 coordinate system used by 
the terrain analysis routines to real world coordinates. Since this study was completed 
TAPES-G and TAPES-C have been modified to work entirely in real world coordinates, 
rather than on this arbitrary 0 to 1000 system. The upslope flow path length is used directly 
by AGNPS. Because TAPES-C provides AGNPS with all of the needed topographic data, 
the routines within AGNPS that compute this data were no longer needed. Modifications 
made to AGNPS allow for the nonuniform nature of the area and flow path length parameters 
in the contour-based model as well as the direct input of this data from TAPES. Terrain 
attributes estimated by TAPES-C and used by CfPROC include: (1) the contour number; (2) 
the element number; (3) the down slope connectivity; (4) the upslope tributary and element 
areas; (5) the slopes S1 and S3 (see Panuska, 1989). 

4.2 INTERFACE ROUTINES 

Both the grid-based and the contour-based interface routines include the following six sub
program units: FLCHECK, FLOPATH, MERGE, WRlTESOURCE, REORDER and SSF. 
CONVGRID and ELIM are only used in GRPROC. Listings of the FORTRAN source code 
for the programs GRPROC and CTPROC, which contain these routines, are given in 
Panuska (1989). The specific function of each of these units varies in the grid and contour
based models as outlined below: 

1. The FLCHECK routine is an input-output file naming routine. FLCHECK checks the 
filename of each file and adds the proper specifier endingjiiename.XXX, if needed. The 
primary purpose of this subroutine is to assist with file organization by combining the 
proper fIle extensions with ftlenames. 
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2. 	Subroutines FLOPATH and GFLOWPATH analyze the upslope flow path to a given 
element or cell and identify the longest path. Infonnation provided by these routines are 
used in function SSF to characterize the shape of profiles (convex, unifonn, concave) and 
slopes and is also used in AGNPS. 

3. The MERGE routine combines the terrain output file,jilename.ASD for the contour-based 
model or jilename.ZZZ, for the grid-based model with the soil and land use data file, 
jilename.DAT to produce an AGNPS input filejilename.OUT. This routine also changes 
the numbering of all elements and their downslope connectivity so that elements are num
bered from west to east and north to south, as required by AGNPS. In CTPROC this 
routine also selects the lesser of the average land slope/2 or the S3 parameter generated by 
T APES-G and T APES-C (see Panuska, 1989) for the channel slope when the default 
channel slope option is used. 

4. The REORDER or GREORDER routines rearrange the TAPES-G and TAPES-C output 
files in such a way that the files are ordered from top to bottom beginning with the highest 
elevation and proceeding to the lowest and from west to east across the catchment. The 
GREORDER routine is a user controlled option that rearranges the grid elevation data 
having the origin in the lower left corner of the catchment to a grid having the origin in the 
upper left corner. Rearrangement of the terrain input file is necessary because AGNPS
2.52 requires that cell input data proceed from higher to lower elevations in the catchment 
and the output data from TAPES-C is produced starting with the lowest contour and 
proceeding toward the top of the catchment. The element x-y coordinate file is also output 
by this routine for later use by AGNPS to produce graphics output. 

5. The SSF function works in conjuction with FLOPATH and GFOLPATH to analyze the 
profile shape of the upslope flow path to a given element. Slope shapes are detennined by 
first computing the area between the unifonn slope line and the land surface profile along 
the slope. This area is then divided by the length along the slope which is then compared 
to the shape standard used in AGNPS. If the calculated value is positive and greater than 
the standard, the slope is classified as convex. If the calculated value is negative and less 
than the standard, the slope is classified as concave. Should the calculated value fall in 
between the positive and negative standard values, it is unifonn. The output from this 
function is 1 for a unifonn slope, 2 for a convex slope and 3 for a concave slope. In 
program GRPROC this routine also outputs the upslope profile length for each element. 

6. WRITESOURCE reads the point source and terrace data from the soil and land use data 
input file and places it in its proper position in the AGNPS Terrain input file. This routine 
identifies which and how many elements contain sources as well as their type; for 
example, point sources or terraces. It also differentiates between feedlot and nonfeedlot 
point sources. 

In addition to the six routines just discussed, GRPROC also contains the CONVGRID and 
the ELIM routines. The CONVGRID routine converts cells which are numbered sequentially 
into their row and column designations. This routine assumes that the row 1 and column 1 
axis intersect at an origin located in the upper left (northwest) corner of the square grid over 
the catchment. Subroutine ELIM eliminates from consideration those cells which are 
identified by TAPES-G to be located outside of the catchment boundary. T APES-G 
identifies outlier cells by assigning them a receiving cell value of O. Routine ELIM removes 
these cells from consideration while the remaining cells and their receiving cells are 
renumbered to confonn to the reduced grid coordinate system. 
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4.3 ENTERING SOIL AND LAND USE DATA 

Soil and land use data needed by AGNPS must be provided to both GRPROC and CfPROC 
by the user via a separate input data fIle, designatedfilename.DAT. Locating the position of 
soil and land use data within the catchment with respect to their position in the input file is 
accomplished using an overlay grid system that functions in a slightly different manner for 
GRPROC and CfPROC. Each row of the soil!land use data file used in both GRPROC and 
CfPROC begins with the row and column identification number of the soil!land use overlay 
grid cell. For example, [1 1] identifies row 1 and column 1 of the soil!land use grid. The 
third value in the data input fIle is the cell data input operation code or OPCODE. 

4.3.1 Using OPCODES For Input 

The OPCODE parameter is used in both GRPROC and CfPROC to expedite and simplify 
data entry by automatically copying data lines from the input data file to computer memory at 
the time of input. An OPCODE value of 1 specifies that input is read directly from the data 
fIle as entered while a value of -1 instructs the program to copy the previous data line into the 
current celL It is important to note that in GRPROC only the -1 OPCODE feature is available 
and the OPCODE appears in column 3 in place of the curve number parameter when used. In 
CfPROC, OPCODE values greater than or equal to 11 will copy the contents of the row and 
column corresponding to the OPCODE value into the current celL For example a value of 25 
copies the data from the cell located in row 2 and column 5 into the current celL An OPCODE 
value of 0 tells the interface routine that the overlay grid cell is located outside of the catch
ment boundary and therefore should be skipped. The utility of this feature will become more 
apparent when the input of contour-based data is discussed. Because the overlay grid is 
automatically established as a 100 cell square grid measuring 10 x 10 for the contour-based 
method, the OPCODE values are restricted to be greater than 11 and less than 99. Tables 4.1 
and 4.2 show the overall arrangement of soil and land use data for the grid and contour-based 
input fIles. 

Table 4.1 Soil!land use overlay grid input format for GRPROC. 

Watershed Identification (30 characters maximum) 

Precipitation (in) Storm Energy Intensity (100 fttons I ac. in.) 

Inputformatfor basic cell data only 

Column 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 
1 . Cell number 2. SCS curve number1. 
3. Channel slope (%). 4. Channel side slope (%). 
5. Manning's n for channels. 6. Soil erodibility. 
7. Cropping factor. 8. Practice factor. 
9. Surface condition constant. 10. Soil texture. 
11. Fertilization leveL 12. Fertilizer availability. 
13 . Number of point sources. 14. Gully source indicator. 
15. Number of impoundments. 
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Table 4.2 Soil/land use overlay grid input format for CIPROC. 

Watershed Identification (30 characters maximum) 

Precipitation (in) Storm Energy Intensity (100 ft-tons / ac-in) 

Formatfor basic watershed data (no terraces or point sources) 

Column - 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 
1. Overlay grid row number. 2. Overlay grid column number. 
3. Operation code (-1,0,1 or cell #). 4. SCS curve number. 
5. Soil texture number. 6. Fertilization level. 
7. Fertilizer availability. 8. COD factor. 
9. Gully source level. 10. Channel slope (%) 
11. Channel side slope (%) 12. Mannings n for channels. 
13. Soil erodibility. 14. Cropping factor. 
15. Practice factor. 16. Surface condition constant. 

Format for nonfeedlot point source data 
Line 1 
Column - 1 2 3 4 5 6 7 8 9 
1. Source Identification code (must equal 1). 2. Overlay grid row number. 
3. Overlay grid column number. 4. Total number of point sources. 
5. Total number of terraces. 6. Flow (cfs) 
7. Total nitrogen (mg/l) 8. Total phosphorus (mg/l) 
9. Total COD (mg/l) 

Format for feedlot point source data 
Line 1 
Column - 1 2 3 4 5 6 7 

1. Source Identification code (must equal 2). 2. Overlay grid row number. 
3. Overlay grid column number. 4. Total number of point sources. 
5. Total number of terraces. 6. Feedlot area (ac) 
7. Feedlot curve number. 

Line 2 
Column - 1 2 3-8 9-14 
1. Roofed area (ac) 

2-6. Size in of tributary subareas located outside of the feedlot. (Up to a 


maximum of 6 ) 

7-12. Curve numbers for the tributary subareas located outside of the feedlot. 


Line 3 
Column - 1 2-7 8-12 
1. Roofed area (ac) 
2-6. Size in of tributary subareas located outside of the feedlot and tributary to the 

feedlot dischar~e point (up to a maximum of 6 ). 
7-12. Curve numbers of subareas located outside of the feedlot and tributary to the 

feedlot discharge point. 
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Table 4.2 (Continued) Soil / land use overlay grid input fonnat for crPROC. 

Line 4 
Column - 1 2 3 4 5 6 7 8 9 
1 4 7 Buffer area slope. 
3 6 9 Flow path length. 

2 5 8 Buffer area surface condition 
constant .. 

Line 5 
Column - 1 2 3 4 5 6 7 8 9 10 11 
1 5 9 Animal type. 
2 6 10 Animal COD factor. 
4 8 12 Animal nitrogen factor. 

12 

3 7 11 Animal phosphorus factor. 

Forrnatfor conservation terrace data 
Line 1 
Column - 1 2 3 4 5 6 7-31 
1. Source Identification code (must equal 3). 
3. Overlay grid column number. 
5. Total number of terraces. 

2. Overlay grid row number. 
4. Total number of point sources. 
6. Total tributary area (ac). 

7 -31 Area tributary to the terrace and the outlet pipe diameter, respectively (up to a 
maximum of 13 pairs). 

4.3.2 Soil, Land Use, Terrace and Point Source Input For GRPROC 

The soil/land use input grid for GRPROC is the same size as the point elevation grid but is 
shifted so that each elevation point from the elevation grid is located at the centre of the 
soil/land use grid. Land use and soil data are entered into the soil/land use data file on a per 
cell basis using a square overlay grid that starts with the most northwesterly cell and proceeds 
from west to east and north to south, just as is now required by AGNPS. 

Entries in the soil/land use data file, referred to here as the basic cell data include: the cell 
number, the SCS curve number, the channel slope in percent, the channel side slope in per
cent, Manning's n for the channels, the soil erodibility factor, the cropping factor, the 
practice factor, the surface condition constant, the soil texture number, the fertilization level, 
the fertilizer availability, the COD factor, the number of point sources present, the gully 
source level and the number of impoundments, as shown in Table 4.1. 

To expedite the input of the channel slope and the channel side slope values, GRPROC and 
CTPROC can generate these parameters directly using the terrain analysis output. In the case 
where no channel is visible within a cell, the AGNPS documentation recommends using a 
channel slope value equal to the cell slope/2 and a channel side slope value equal to 10 %. 
These default inputs can be obtained automatically in both GRPROC and CTPROC by 
entering -1 for the channel slope and channel side slope parameters in the soil/land use data 
input files, respectively. As previously mentioned, the only OPCODE feature available in 
GRPROC is the line repeat option. The basic cell data, for any data line in the input data file 
may be repeated by placing a -1 after the cell number (replacing the SCS curve number). 
When using this feature, only soil/land use inputs are repeated, all of the terrain based inputs 
are still written to the AGNPS input file from the terrain input file. The channel slope and 
channel side slope values are input as one half the cell slope and 10 %, respectively if the 
previous cell contained a -1 for these parameters. In cases where any value of the basic cell 
data for a given cell differs from that of the previous line, the entire line must be rentered. 
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Both GRPROC and CfPROC require that the point source input and the terrace input contain 
the number of each of these features found in the cell in question. In GRPROC terrace and 
point source data immediately follow the basic cell data to which they pertain and are entered 
in a format identical to that required by AGNPS-2.52. In the case where both terrace and 
point sources are present in a given cell the point source inputs must appear fIrst followed by 
the terrace data. When multiple values for parameters such as land use and soil type occur 
within a single cell while using either the grid or the contour-based method, an area weighted 
value should be used whenever possible. In the case where time does not permit calculation 
of a weighted parameter value, the parameter comprising the greatest area should be used. 
Examples of the soi1/land use input mes for GRPROC and CTPROC are given in Panuska 
(1989). 

4.3.3 Soil, Land Use, Terrace and Point Source Input For CTPROC 

The input of the soil, land use, terrace and point source data for the contour-based method is 
accomplished using an overlay grid system. The overlay grid is produced automatically and 
printed to the screen when the standard input option is used in TAPES-C. A hard copy of the 
catchment element discretization along with the square overlay grid can be generated and used 
to assemble the soi1/land use input me (see Figure 3.2). To correlate the location of a given 
parameter value to its location within the catchment, the user must fIrst generate the soi1/land 
use overlay grid. During the development of AGNPS-G and AGNPS-C, a Techtronics 4692 
graphics printer was used for this purpose. The overlay grid produced automatically by 
TAPES-C always contains a total of 100 cells arranged in a square 10 x 10 pattern and sized 
such that it completely covers the subject catchment. In the case of the catchment not being 
perfectly square (as is most often the case) some overlay cells will lie outside of the catch
ment boundary, in which case the 0 OPCODE, will direct CTPROC to skip over this cell 
during soil/land use data input. 

The entry of point source and terrace data into CTPROC differs slightly from that of 
GRPROC in that data pertaining to these features must appear after all of the basic cell data. 
For the purposes of this discussion an element will refer to a polygon generated by T APES-C 
while a cell refers to one unit of the square soi1/land use overlay grid. It is necessary to place 
the point source and terrace data at the bottom of the input me because it is possible that one 
or more terrace and/or point source may exist in a given element and more than one element 
may be contained within an overlay grid cell. The number of point sources or terraces in a 
given cell is not input with the basic cell data but rather after the basic cell data as part of the 
point source/terrace input as shown in Table 4.2. 

After entry of all of the soi1/land use overlay grid data (Le., cell 99), the subsequent line or 
lines contain the point source and terrace data. Data describing point sources and terraces are 
identifIed by the element in which they are found. The input of this data must be ordered 
from higher to lower elevations and from west to east across the catchment. To identify the 
proper element, each is given a unique number. The numbering system employed by 
TAPES-C designates every element using a two digit number corresponding to its row and 
position along the row. Contours are numbered starting with row 1 as the contour of lowest 
elevation and increasing as you proceed toward the top of the catchment. Elements are num
bered starting with 1 at the beginning of each row and proceeding in the same direction as 
was followed for digitizing; which is usually left to right across the page. For example, 25 
identifIes the 5th element along contour 2. Each point source or terrace is entered on a single 
data line, each line beginning with the row and element number corresponding to the element 
in which the point source or terrace is located. The element location identifIcation is followed 
by the source identifIcation code and then the source data, as shown in Table 4.2. The 
source identifIcation code (SID) must equal 1, 2 or 3 for nonfeedlot, feedlot and terrace 
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data, respectively. The source data are input in exactly the same format as required by 
AGNPS-2.52. An example of a soiVland use input file that contains point source data, terrace 
data and their associated OPCODES is given in Panuska (1989). 

4.4 COMPARISON OF MODEL PREDICTIONS WITH FIELD DATA 

4.4.1 Study Site 

The field site selected for testing AGNPS-G and AGNPS-C was Watershed No.2 at the 
USDA-ARS Deep Loess Research Field Station located near Treynor, Iowa. The 0.61 m (2 
ft) contour interval topographic base map and an isometric plot of the Treynor site and are 
shown in Figures 4.1 and 4.2, respectively. The catchment is 33.5 ha (82.8 acre) in area and 
has been contour cropped in continuous corn since 1964. The catchment has approximately 
3 m (10 ft) to 27 m (90 ft) of deep Loess soils overlying Kansan glacial till. Slopes range 
from 2 to 13 % with slopes of 2 to 4 % over 29 % of the area, 5 to 8 % over 24 % of the area 
and 9 to 13 % over 47 %of the area. Elevations range from approximately 379 m (1244 ft) 
above mean sea level in the northwest corner of the catchment to 345 m (1133 ft) at the out
flow weir, giving a total relief 34 m (111 ft). Surface drainage occurs primarily along the 
914 m (3000 ft) long principal grass waterway through the centre of the catchment. Twenty 
eight percent of the catchment has a land capability of Class II while the remaining 72 % is 
Class TIL 

Runoff, sediment and nutrient data have been collected at the site since 1964. Runoff rates 
are measured using a 2: 1 broad-crested triangular stainless steel weir with two FW-1 water 
level recorders. Water quality samples are taken from near the top and the bottom of the main 
outflow channel by an automatic suction sampler which is both time and flow actuated. 

4.4.2 Procedures and Methods of Analysis 

The primary thrust of this modeling effort was not model validation per se but rather to 
evaluate the reasonableness of predictions obtained from the terrain enhanced models by 
comparing with results obtained using AGNPS-2.52. Therefore, the scope of this simulation 
was limited to prediction of sediment yields and peak flows only. Comparison were made 
between predictions from AGNPS-G; AGNPS-C; AGNPS-2.52 and the observed field data 
using five separate rainfall events ranging in duration from approximately one hour to 18 
hours (Table 4.3). All of the storms shown in Table 4.3 were roughly equal to or less than 
a 2 year return frequency event for the Treynor area. The rainfall hyetograph for storm 4 is 
presented in Panuska (1989). 

Elevation data for the site were obtained by line digitizing a 1: 2,400 scale, 0.6 m (2 ft) con
tour interval topographic map. Due to the close proximity of the contour lines only every 
second contour line was digitized. The terrain analysis programs PREPROC and T APES-C 
were applied to the Treynor site using the 1.2 m (4 ft) contour interval base map to produce 
the element discretization shown in Figure 4.2. The square grid DEM used to test AGNPS
G was produced from the 1.2 m (4 ft) contour elevation map using Hutchinson's (1984, 
1989) Laplacian smoothing spline interpolation technique. This method is identical to that 
used to generate the square grid DEMs for the sensitivity analysis described in Chapter 3. A 
30 m x 30 m (98 ft x 98 ft ) square grid was produced with an actual RMSE (root mean 
square error) of 0.11 m (0.36 ft ). 

Base line conditions were established using the unmodified version of AGNPS-2.52 (Le., 
without the modifications described in Section 4.1) based on the methods and procedures 
outlined in the AGNPS user's manual (Young et aI., 1987). The minimum recommended 
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Figure 4.1 Two foot contour map of Treynor, Iowa Watershed No.2. 



Figure 4.2 Elevation isometric for Treynor, Iowa watershed 
No. 2 - showing each cell used in the analysis. 
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Table 4.3 Rainfall events considered for field testing AGNPS-G and AGNPS-C 

Event Event Stonn Rainfall Runoff Peak: Sediment Energy 
No. Date Duration Volume Volume Flow Yield Intensity 

(hr.) (in.) (in.) (cfs) (tons) (ft-tons-in/ac) 

1 5/8 1.03 1.06 0.43 145 245 2383 
2 5/14 2.53 1.26 0.22 36 56 1398 
3 6/2 6.88 1.30 0.28 43 78 1691 
4 7/21 18.5 2.73 0.27 21 6 3997 
5 6n 2.40 1.65 1.0 346 827 6010 

cell size of 1.0 ha (2.5 ac) was used and resulted in 35 cells for the catchment. The upslope 
flow path length for each cell was used as the field slope length up to a maximum value equal 
to the representative field slope length. This was done to provide a reasonable estimate of the 
field slope length so that comparisons could be made between AGNPS-2.52 and the terrain 
enhanced versions of the model. The slope length values derived in this way are only rough 
estimates. 

For simplicity, the AGNPS parameters characterizing the soil and land use characteristics 
were assumed to be the same for all cells and for each version of the model. In practice these 
parameters would vary from one cell to another. In the AGNPS model runoff volumes are 
computed using the USDA-Soil Conservation Service curve number method (Young et aI., 
1987) and for each stonn the curve numbers were manually fitted so that the observed and 
predicted runoff volumes were the same. In this way we were able to account for the varying 
antecedent soil water and cover conditions that existed on the catchment for the five stonns. 
The fitted curve number values used for stonns 1 through 5 were 91, 82, 83, 61 and 93, re
spectively. Runoff volumes are identical for each version of the AGNPS model because their 
values depend only on the curve number and are independent of the method of terrain 
analysis. For similar reasons the cover management and practice factors were selected to 
reflect the antecedent conditions for each stonn. The following parameter values were 
assumed: a soil texture number of 2; a fertilization level of 3 and fertilizer availability of 10; a 
COD factor of 170; a Manning's n of 0.038; a soil erodibility factor of 0.32; a cover and 
management factor of 0.36, 0.63, 0.63, 0.26 and 0.63 were used for stonns 1 through 5, 
respectively; practice factors ranged from 0.50 to 0.80 depending on land slope and; a 
surface condition constant of 0.26. 

4.4.3 Results 

TAPES-G produced 392, 30 m x 30 m (98 ft x 98 ft) or 0.09 ha (0.22 ac) square cells for 
use with AGNPS-G. TAPES-G was applied to the catchment using the same catchment 
boundary used with T APES-C. Figure 4.3 shows the element connectivity and stream path 
diagram generated by TAPES-G for the Treynor catchment. All elevation points located out
side of the catchment boundary were automatically eliminated by TAPES-G. The output file 
was read directly into the interface routine GRPROC and merged with the soil/land use 
values described above to produce a standard AGNPS input file. 
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TAPES-C produced 436 varying sized cells with an average area of 0.07 ha (0.18 ac). The 
output file from TAPES-C was then read directly into the interface routine CTPROC and 
merged with the soil !land use data to produce a standard input file for AGNPS-C. 

Sediment yield and peak flow predictions for AGNPS-2.52, AGNPS-G and AGNPS-C are 
summarized in Table 4.4. With the exception of storm 4, the peak flow rates were under
predicted by all models. AGNPS-2.52 consistently predicted the lowest values. The error 
in the peak flow predictions of AGNPS-2.52, AGNPS-G and AGNPS-C ranged from +25 
to -75 %, +39 to -73 %, and +39 to -73 %, respectively. AGNPS-G and AGNPS-C predic
tions were virtually the same and ranged from 8.0 to 10.8 % higher, respectively, than those 
of AGNPS-2.52. 

The sediment yield values range from a maximum under prediction of 496 tons (450 Mg or
60 %) by AGNPS-2.52 for storm 5 to a maximum over prediction of 78 tons (71 Mg or 
+1,420 % error) by AGNPS-C for storm 4. The most accurate sediment yield predictions 
were obtained using AGNPS-C for storms 2 and 3, with computed differences between 
predicted and observed values of 10 tons (9 Mg) and 8 tons (7 Mg) or +9.8 to + 18 % error, 
respectively. In each case AGNPS-C predicted the highest sediment yields. The sediment 
yield predictions from AGNPS-2.52 and AGNPS-G were similar. In each case AGNPS-C 
gave the highest estimates of sediment yield. In general, the error in predicted sediment yield 
increases with increased sediment yield for all three versions of AGNPS. Storms 1 and 5 
consistently exhibited the poorest agreement between the predicted and observed values of 
sediment yield for all versions of the AGNPS model considered. 

The spatial distribution of sediment yield over the catchment for storm 2 predicted by 
AGNPS-G and AGNPS-C are presented in Figures 4.4 and 4.5, respectively. The general 
patterns are similar, but the magnitudes reflect the 30 % greater sediment yield predicted at 
the catchment outlet for AGNPS-C compared to AGNPS-G. 

4.3.4 Discussion of Results 

Table 2 shows that for all versions of the AGNPS model the most accurate sediment yield 
and peak flow predictions were obtained for storms 2 and 3 and that better sediment yield 
predictions seem to follow from better peak flow prediction. The sediment movement algo
rithms in AGNPS are driven by the hydrology; therefore, these results are expected. 

Table 4.4 Peak flow and sediment yield predicted by AGNPS-2.52 and AGNPS-G and 
AGNPS-C. 

AGNPS-2.52 AGNPS-G AGNPS-C 
Storm Runoff Peak Sediment Peak Sediment Peak Sediment 
Number Volume Flow Yield Flow Yield Flow Yield 

(in) (cfs) (tons) (cfs) (tons) (cfs) (tons) 

1 0.43 40 57 43 57 44 84 
2 0.22 22 47 24 46 24 66 
3 0.27 26 61 29 61 29 86 
4 0.27 26 59 29 58 29 84 
5 1.00 85 330 92 337 92 493 

-_.. 
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0.5 . 2.5 

D BELOW 0.5 

.. ABOVE 10.0 
5.0 -10.0 
2.5 . 5.0 --

Figure 4.4 	 Sediment yield (tons) for Treynor, Iowa 
Watershed No. 2 and storm no. 2 as 
predicted by AGNPS-G. 
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ABOVE 10.0 
S.O - 10.0 
2.5 - 5.0 
0.5 - 2.5 

BELOW 0.5 

Figure 4.5 	 Sediment yield (tons) for Treynor, Iowa 
Watershed No. 2 and storm no. 2 as 
predicted by AGNPS-C. 
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Stonns 2 and 3 fall within a range of stonn durations and intensities (among the wide range 
used in the model study) for which the model perfonns best. This is most likely due to the 
empirical relationship AGNPS uses to detennine peak: flow. It was developed for the 
CREAMS model (Smith and Williams, 1980) and relates peak: discharge to the drainage area, 
runoff volume, channel slope and the length-width ratio of the catchment. Its main deficien
cy appears to be the omission of rainfall intensity as an independent variable. For example, 
stonns 3 and 4 produce about the same runoff volumes, but have quite different stonn dura
tions and maximum rainfall intensities. However, all versions of the AGNPS model predict 
identical peak: flows for these two events. 

All of the models perfonn quite differently for stonn 4 than for stonns 1, 2, 3 and 5. For 
stonn 4 the models overpredict peak: runoff by 25 to 39 % and overpredict sediment yield by 
940 to 1,420 %. The high intensity portions of this stonn occur within the first half of the 
stonn as a number of short-duration, high-intensity bursts of rainfall. A stonn time-intensity 
distribution of this type produces a high energy-intensity (EI30) value, but the low intensity 
rainfall between rainfall bursts pennits recovery of the infiltration capacity. This in turn 
reduces runoff and reduces the sediment transport capacity of the flow. Because AGNPS 
does not continuously simulate the within-stonn hydrology and because of the limitations of 
its empirical peak: flow equation, the model cannot adequately characterize the behaviour of 
this type of stonn. 

Application of AGNPS requires careful consideration of the way the USLE is applied to the 
cells. To realistically apply the sediment yield algorithms in AGNPS-2.52 without mod
ification requires a grid cell size greater than the representative field slope length. In the 
current application this would require a minimum grid cell size of about 60 m x 60 m (0.36 
ha). This is larger than the size of the most commonly available US Geological Survey 
DEMs. To use the USLE with smaller grid sizes requires an integrated fonn of the equation 
as presented in Equation (4.1). Use of a small cell size with this equation pennits AGNPS 
to potentially better predict deposition along toe-slopes in complex terrain and account for the 
effects of flow convergence and divergence on erosion, while retaining relatively simple 
model algorithms. The similarities in the predicted sediment yields by AGNPS-2.52 and 
AGNPS-G, which both use a grid structure, indicates that Equation (4.1) produces satisfac
tory results for small grid sizes. 

The length-slope factor (LS) derived from unit stream power theory used with the terrain en
hanced versions of the AGNPS model appears to perfonn satisfactorily. It has an advantage 
over the traditional method in that the inputs to the relationship are easily derived from the 
terrain analysis and can physically better account for the effects of flow convergence and di
vergence on erosion. This is discussed in more detail by Panuska (1989). 

The analysis shows that AGNPS-G and AGNPS-C produce results comparable with those 
obtained using the non-terrain enhanced model (AGNPS-2.52). This study also demon
strates the feasibility and utility of interfacing terrain analysis software with existing 
hydrologic and water quality models. By using the capabilities of terrain analysis in model
ing processes directly impacted by terrain characteristics, a more realistic description of 
these processes is possible. When working with processes that must consider properties 
such as flow path length and contributing area, as is the case with hydrologic and soil 
erosion models, quick, accurate representation of the terrain is especially important. As 
computer capabilities continue to improve, terrain analysis will undoubtedly play an 
increasing role in hydrologic and water quality modeling. 
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CHAPTER 5 


CONCLUSIONS AND FUTURE RESEARCH 

5.1 CONCLUSIONS 

The results show that it is feasible to use terrain analysis methods (TAMs) to restructure 
existing hydrologic and soil eroison models to improve their usefulness, general useability, 
potential accuracy, and better account for the effects of flow convergence and divergence in 
natural landscapes. However, these improvements may be limited by the simplicity of the 
model algorithms - as in the case of the AGNPS model. 

The grid size and contour interval sensitivity component of the study shows that when 
selecting a terrain analysis method and digital elevation model (DEM) element size for 
characterizing complex landscapes, it is important to consider the type of output required 
and how that output is to be used. Users should realize that all DEMs contain errors and 
that different DEMs are simply different representations of the landscape. This study was 
not intended to provide a universally applicable answer to the question of "which TAM and 
DEM is best", but rather to provide additional insight and information on which to base a 
selection decision. 

The following conclusions can be drawn from the grid size and contour interval sensitivity 
component of the study: 

1. Slope is not sensitive to the type of TAM used, the grid size or contour interval over 
the range of grid sizes used in this study. 

2. Flow path length is sensitive to the TAM used, but is not sensitive to element size 
for the contour-based TAM. 

3. Upslope contributing area is highly sensitive to the element size and somewhat sen
sitive to the type of TAM. 

4. A smaller element size appears to characterize the terrain variability better than does a 
larger element size. 

5. The estimation of the element connectivity appears to be critical in the estimation of 
hydrologically important topographic attributes using digital terrain analysis 
techniques. 

6. Selection of the appropriate TAM to use is a difficult decision and depends on many 
factors. 

The following conclusions can be made from the testing and evaluation AGNPS-G and 
AGNPS-C: 

1. 	The contour and grid-based terrain enhancements of the AGNPS model give 
predicted sediment and peak. flow estimates that are consistent with those predicted 
by AGNPS-2.S2. 

2. The terrain enhancements mak.e the acquisition and input of the terrain based parame
ters into AGNPS quicker and easier. The terrain enhancements also give AGNPS 
the ability to access a variety of DEM data bases either currently available or under 
development by the U.S. Geological Survey and the State of Minnesota. 

3. 	 It is feasible to use terrain analysis methods such as those presented in Moore et al. 
(1988b and Moore et aI., 1991) to restructure existing hydrologic and soil erosion 
models to improve their accuracy and usefulness and better account for the 
convergent and divergent characteristics of natural landscapes. 
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5.2 NEED FOR ADDITIONAL STUDY 

Based on the results of the above analysis and the associated research work, the following 
areas have been identified as requiring additional study: 

1. 	Refine the hydrology and overland flow algorithms in AGNPS to better describe 
these processes and handle spatial variability. The equation currently used to predict 
peak runoff rates does not predict runoff rate as a function of rainfall intensity. Our 
results have shown that this inadequacy can produce significant error. It is likely to 
limit the applicability of the AGNPS outside of the Upper Midwest. 

2. Complete additional validation, calibration and testing 	of the AGNPS-G and 
AGNPS-C models using a wider range of storm durations and intensities and a 
greater variety of landscape types. From our initial review of the AGNPS model it 
became clear that more effort needs to be devoted to validation of the nutrient algo
rithms and comparison of predicted nitrogen and phosphorous concentrations and 
chemical oxygen demand with observed values. 

3. Complete additional software interface work to permit AGNPS-G and AGNPS-C to 
be interfaced with other geographic information systems such as the SSIS (Soil 
Survey Information System) and the State Planning Agency's EPPL-7 system. 

4. Conduct a site specific sediment detachment study within a catchment that would 
allow for proper validation of the unit stream power derived length slope factor. 

5.3 	 PUBLICATIONS BASED ON RESEARCH SUPPORTED BY THIS 
GRANT 

Ladson, A.R., 1990. Soil Water Prediction by Microwave Remote Sensing and Topo
graphic Attributes. M. Sci. thesis, Dept. Agr. Eng., Univ. Minnesota, St. Paul, 228 pp. 

Moore, J.D., J.e. Panuska, R.B. Grayson and K. Srivastava, 1988. Application of digital 
topographic modeling in hydrology. International Symposium on Modeling Agricultural, Forest, 
and Rangeland Hydrology, December 12-13,1988. ASAE Publ. No. 07/88, pp. 447-461. 

Moore, J.D. and J.N. Nieber, 1989. Landscape assessment of soil erosion and nonpoint source 
pollution. J. Minnesota Academy of Science 55(1): 18-25. 

Panuska, J.e., 1989. Terrain Analysis in the Agricultural Nonpoint Source Pollution 
Model. M.Sci. thesis, Dept. Agr. Eng., Univ. Minnesota, St. Paul, 160 pp. 

Panuska, J.C. and J.D. Moore, 1988. AGNPS terrain: Development and preliminary 
testing. ASAE Paper No. 88-2655, Am. Soc. Agr. Eng., St. Joseph, Michigan, 30 pp. 

Panuska, J.e., I.D. Moore and L.A. Kramer, 1991. Terrain analysis: Integration into the 
agricultural nonpoint source pollution (AGNPS) model. J. Soil and Water Cons. 45(1):
in press. 

Srivastava, K. and J.D. Moore, 1989. Application of terrain analysis to land resource investigations 
of small catchments in the Caribbean. Proceedings Conference XX, International Erosion Control 
Association, Vancouver, Canada, February 16-17, 1989, pp. 229-242. 
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