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ABSTRACT 

The focus of this thesis is on the effects of spatial scale on the parameterization of 

regional and continental scale drainage basins for surface hydrologic applications. 

Specifically, this thesis investigates the impact of grid size or resolution of digital 

elevation models (DEMs) on basin and channel network delineation, and derived 

topographic variables. The viability of substituting coarse resolution grids for finer 

grids, and appropriate grid sizes for hydrologic applications are also considered. The 

digital landscape analysis tool TOPAZ was used for processing of a raster DEM and 

segmentation and parameterization of the basin. Basin and network properties are 

extracted from DEMs of varying grid size or resolution, using the same parameter 

values to generate the drainage network at each scale. Results of an application using 

this technique are presented for two continental scale basins in North America: the 

Mackenzie River basin, located in northwestern Canada; and the Missouri River basin, 

located in the northwestern United States. 

TOPAZ output, which includes spatial data (raster maps) and tabular data (statistics), is 

interfaced with a GIS for further processing. The effects of grid size are evaluated by 

considering changes in the spatial distribution, statistical properties, and derived 

topographic variables of the basin and the network. Basin and drainage network 

properties obtained from DEMs with an initial grid resolution of 1 km are used as the 

standard or reference. Variations in basin and network properties obtained from the 

coarse resolution DEMs are compared to those obtained from the 1 km DEMs. 

Increasing the grid size from 1 to 64 km showed several trends. First, the spatial 

distribution of the basin and network changes with increased grid size, with greater 

change in the spatial distribution, in general, observed for grid sizes larger than 8 km. 

Aggregation or averaging of the elevation data results in a much smoother 

representation of the topography, and basin extents that remain similar or show 

considerable change has an effect on the systematic smoothing of elevation. Averaging 
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also reduces the value of most variables (e.g., basin area, number of sub-basins, mean 

elevation, slope, total channel length, mean channel link length, mean distance to 

nearest channel, mean distance to outlet, mean drop to nearest channel, and mean 

distance to outlet). Variables remain relatively constant to 8 km resolution (3 

aggregations) and tend to depart considerably from the values obtained at 1 km 

resolution for grids larger than 8 km. Results of an analysis of hydraulic slope suggest 

that a mean hydraulic slope of about 1% may be used to determine the coarsest grid size 

for reproducing drainage features (e.g., basin and network) and variable values that are 

similar to those obtained from the reference DEM. 

General rules for determining appropriate grid sizes, from previous research, are also 

compared with findings of this research. Results of the comparison suggest that the 

application of general rules for determining appropriate grid sizes are limited to the 

scale at which the general rules are derived. The substitution of coarse resolution DEMs 

in continental hydrology is constrained by the redirection of flow across large flat areas, 

and elevation errors produced by averaging of the DEM. Elevation errors produced 

along valley bottoms result in the blockage of drainage. As a result of general changes 

in basin and network configuration, and derived topographic variables for grid sizes 

larger than 8 km, it is suggested that a grid size of approximately 1 0 km or less be used 

for continental hydrologic applications. 
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CHAPTER! 

INTRODUCTION 

1.1 Statement of Problem 

Small-scale watershed modeling with high resolution DEMs has been the dominant 

practice in the past. In recent years, more attention has been given to modeling regional 

and continental scale basins to study various aspects of global water and energy 

exchanges. For modeling purposes, it is generally not practical to use high resolution 

DEMs for the representation and parameterization of such large basins. It typically 

results in unmanageable volumes of data and severe computational demands. The use of 

coarse resolution DEMs for regional and continental hydrology, therefore, has been 

limited. This can be attributed in part, to a lack of understanding of scale effects and 

grid resolution on land-surface representation. 

A further understanding of grid scale effects on drainage features and derived 

topographic variables, for regional and continental scale drainage basins, would aid 

researchers in modeling of continental hydrology. This can be accomplished by 

identifying specific problems as a result of aggregating elevation data. Furthermore, the 

possibility of substituting coarser DEMs for finer resolution DEMs is attractive because 

it would effectively reduce data volume and reduce the time required for DEM 

processing. More importantly, an upper limit (in grid size) for substituting coarse 

resolution DEMs may identify a possible range of scales at which linkages between 

hydrologic and atmospheric systems may be modeled. This is of particular interest for 

the successful modeling of the global hydrologic cycle with respect to climate change. 
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The purpose of this research is to examine the effects of spatial scale on topographic 

parameterization using a raster digital elevation model (DEM). More specifically, the 

effects of varying DEM grid size on the delineation of a channel network, drainage 

boundaries and derived topographic variables for regional and continental scale basins 

are examined. TOPAZ (Topographic Parameterization), a digital landscape analysis 

tool, is used to process a raster DEM, define the channel network, drainage boundaries 

and derive topographic variables from DEMs of regional and continental scale basins at 

varying grid resolutions. 

1.2 Objectives 

There are several objectives to this research. The first is to evaluate the effects of DEM 

grid size on drainage features and derived topographic variables. The second objective is 

to assess the viability of substituting coarse resolution DEMs for finer resolution DEMs. 

The third and final objective is to determine an appropriate grid size for continental

scale hydrologic applications. An investigation of these issues will contribute to the 

knowledge of scale effects; will identify constraints on topographic parameterization in 

continental hydrology; and will hopefully improve the modeling of continental-scale 

hydrologic systems. Previous research on grid scale effects has focused mainly on 

small-scale watersheds. Consequently much less is known about scale effects and 

appropriate grid sizes for modeling continental-scale hydrology. 

1.3 Scope of the Research 

An automated landscape analysis tool, TOPAZ (Garbrecht and Martz, 2000a), is used to 

segment and parameterize the Mackenzie and Missouri River basins from DEMs 

varying from 1 km to 64 km in resolution. The TOPAZ input parameters used to control 

the configuration of the channel network at each scale are held constant to generate a 

drainage network of maximum drainage density for a grid size of 64 km, the largest grid 

used in this study. IDRISI and ARCVIEW are used for both qualitative and quantitative 
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analysis of the output produced by TOPAZ. EXCEL is used for statistical analysis of 

tabular data provided by TOPAZ and IDRISI. The use of automated methods for 

drainage feature extraction and evaluation provides an excellent means of studying 

scale-related issues by reducing the time and cost required to perform such studies. This 

method of analysis allows the evaluation of grid scale effects on the extraction of a 

basin, channel network and hydrologically meaningful topographic variables from raster 

DEMs. The implications of the effects of spatial scale and grid resolution, for regional 

and continental-scale hydrologic modeling, are considered. 
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CHAPTER2 

LITERATURE REVIEW 

2.1 General Background 

Digital elevation models (DEMs) are increasingly used in hydrology. Automated 

methods are available for delineating a basin and channel network, and for deriving a 

variety of topographic parameters from DEMs. This information is readily transformed 

into meaningful input for hydrologic applications. However, scale-related issues 

continue to be a concern for hydrologic modelers and researchers attempting to model 

continental-scale processes and land- atmosphere interactions. A lack of understanding 

of the nature and extent of grid scale effects on the properties of drainage basins and 

networks continues to limit the use ofDEMs in land surface hydrology. 

Recent advances in automated DEM analysis techniques and the increased availability 

of global datasets have allowed researchers to perform in-depth examinations of various 

scale-related issues, such as grid scale effects on drainage properties. Such studies 

require a rapid and efficient means of segmenting (identifying the channel network and 

drainage boundaries) and parameterizing (measuring various properties of the DEM, 

drainage network and boundaries) basins over a wide range scales. Ultimately, these 

techniques depend on: {1) a method of defining surface drainage (simulating overland 

flow) over the landscape, and (2) a means of dealing with depressions and flat areas, 

which cause a problem for the flow routing techniques. 

The remainder of this chapter will examine topics such as: Digital Elevation Models, 
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automated extraction of drainage networks, digital landscape analysis (using TOPAZ), 

hydrologically important topographic variables, previous studies of grid scale effects 

and a brief overview of hydrologic modeling. 

2.2 Digital Elevation Models (DEMs) 

2.2.1 General Overview 

Digital elevation models (DEMs) were introduced by the Photogrammetry Laboratory at 

the Massachusetts Institute of Technology in late 1950's (Miller and Laflamme, 1958). 

Development of the DEM, made possible 'an integrated system ofphotogrammetry and 

electronic computers' (Miller and Laflamme, 1958). The science of photogrammetry is 

generally concerned with using air photos to obtain reliable measurements, for example 

height (in case of topographic mapping), for known points on the earth surface. 

The DEM presented a revolutionary means of computerized storage and analysis of 

terrain data that was previously available in analog forms only (e.g., photographs and 

contour maps). Due to a lack of availability of DEMs during the 1960s and 70s, the 

application potential of DEMs was not fully realized until the 1980s (Wang and Yin, 

1998) when they became more widely available. With the advent of geographic 

information systems and various techniques for delineating a watershed, for defining a 

drainage network and for measuring their geometric properties, DEMs are increasingly 

being used in hydrology. 

2.2.2 DEMs as Research Tools 

A DEM is simply a digital representation of elevations for a continuous land surface 

area (Moore et al., 1991). The simplicity of aDEM, however, should not be taken for 

granted. Topography plays an important role with respect to earth surface and 
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atmospheric processes (Hutchinson and Gallant, 2000), affecting aspects of both water 

and energy fluxes within the natural landscape ( Garbrecht and Martz, 2000b ). 

Conceptually, Hutchinson and Gallant (2000) place the DEM in the center of a dynamic 

relationship between the process of capturing source data and the DEMs subsequent use 

for a variety of applications (Figure 2.1 ). Of general concern, however, are issues related 

to scale which may arise throughout this relationship, such as the effects of varying grid 

resolution on topographic representation and the appropriate DEM grid size for 

hydrologic applications (Hutchinson and Gallant, 2000), which are the focus of this 

study. 

The term 'scaling' is often used in hydrology to describe the transfer of information 

from one scale to a larger scale or smaller scale (Bloschl and Sivapalan, 1995) 

respectively. Bloschl and Sivapalan (1995) refer to this process simply as 'upscaling' 

and 'downscaling'. 

Applications 

Figure 2.1: Main tasks associated with digital terrain modeling. Source: Hutchinson 
and Gallant, 2000: p. 30. 
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Some fundamental aspects that form the basis of DEM analysis (Martz and Garbrecht 

1998) need to be discussed prior to investigating such issues. These aspects include: 

D EM structures, various techniques for drainage feature extraction, and the issue of 

dealing with problematic features (depressions and flat areas) to allow for the definition 

of drainage patterns over the DEM surface. 

2.2.3 DEM Data Structures 

The earth's surface is generally represented by three formal data structures (Figure 2.2) 

in which elevation information may be organized - ( 1) square or regular grids, (2) 

triangulated irregular networks (TINs) and (3) contours (Moore et al., 1991; Moore and 

Grayson, 1991 ). 

(8) (b) (c) 

Figure 2.2: Methods of structuring an elevation data network: (a) square-grid network 
showing a moving 3 by 3 submatrix centered on node 5; (b) triangulated 
irregular network; and (c) contour-based network. Source: Moore et al., 
1991: p. 4. 

Square-grid networks, or raster structures, store elevation data or z co-ordinates along 

sequential points of a terrain profile with the starting point and spacing between points 

specified (Moore et al., 1991 ). TIN structures consist of triangular elements or facets 

with sample points (designated by triangle vertices) stored as x, y, and z coordinates 

(Wilson and Gallant, 2000) with pointers to their neighbor (Moore et al., 1991). Finally, 
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contour-based element networks store sample points along lines of specified elevation 

(contours) as x, y co-ordinate pairs (Moore et al., 1991 ). In the latter case, the elements 

of the network are formed by the connection of flow lines with adjacent contours 

(Maunder, 1999), dividing the area into irregular polygons. 

TINs and contour networks are generally more suited than rasters for representing 

complex terrain and the actual terrain surface (Wise, 2000). TINs are capable of 

representing important features such as peaks, ridges and valleys more easily (Moore et 

al., 1991) than raster DEMs. The movement of water, however, is physically more 

realistic over landscapes represented by contour networks (Moore and Grayson, 1991 ), 

because these follow the natural shape of the surface. For a raster structure the 

movement of water over the surface is typically in only one of eight directions from 

each grid cell. 

Moore et al. (1991) have noted several other disadvantages of raster D EMS, including: 

( 1) they are not well suited to handle abrupt changes in elevation, which lead to 

information loss in areas of high relief (Carter, 1988); (2) grid size or resolution affects 

computational efficiency and results; and (3) drainage patterns tend to be unrealistic 

because they zigzag across the D EM surface. 

Despite these shortcomings, raster DEMs continue to be the most popular choice for 

hydrologic modeling purposes (Collins and Moon, 1981; Moore et al., 1991; Garbrecht 

and Martz, 2000b ). This is attributed, in part, to their increased availability and 

simplicity (Tucker et al., 2001), and because they are easily processed (Martz and 

Garbrecht, 1992). This is because rasters are easily integrated into computers, and cell

to-cell computations are straightforward. 
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2.3 Automated Extraction of Drainage Networks 

In the past, the identification of drainage networks and geometric properties for studies 

related to landform and hydrology was accomplished manually (Mark, 1984). First, the 

channel networks were delineated on maps by hand, and properties such as link length, 

and watershed area were then measured. Over the past several decades, the advent of 

automated techniques for extracting channel networks and topographic parameters from 

DEMs has offered the advantage of speed, efficiency and reproducibility (Tribe, 1992) 

compared to the 'traditional', manual methods. Subsequently, this has allowed 

researchers to 'objectively extract, calculate and store geomorphological parameters for 

hydrological modelling at several scales (Gyasi-Agyei, Willgoose and De Troch, 1995). 

The automated extraction of drainage networks from DEMs, however, has brought 

several issues into focus. These include: (1) the variety of methods of defining surface 

drainage patterns, to compute upstream contributing areas; and (2) depressions and flat 

areas that make it difficult to define continuous and unambiguous downslope drainage. 

Historically, the need for research of these issues has been due to difficulties of 

producing continuous, realistic flow across aDEM surface (Martz and Garbrecht, 1998). 

The following sections are intended to give the reader a brief introduction to these 

issues, in particular as they apply to raster DEMs. For a more detailed discussion of 

these issues, readers are refered to Tribe (1992), Costa-Cabral and Burges (1994), 

Tarboton (1997), Martz and Garbrecht (1998) and (Gallant and Wilson, 2000). 

2.3.1 Determination of Flow Directions 

Several methods of extracting channel networks from raster DEMs have been proposed 

in the past (Gallant and Wilson, 2000). A fundamental aspect of identifying drainage 

networks is the determination of flow directions between grid cells. The estimation of 

upslope contributing area, which is often used to identify channel networks above a 

user-specified threshold (Tarboton, 1997), depends on the assignment of flow directions 
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(Gallant and Wilson, 2000). Upslope area is defined as the total upslope area a:bove a 

point, which for grid DEMs, is approximately the size of a grid cell (Gallant and 

Wilson, 2000). 

The assignment of flow directions is based on the modeling of either convergent flow, 

using a single flow algorithm, or flow divergence, using multiple flow algorithms 

(Costa-Cabral and Burges, 1994; Tarboton, 1997; Gallant and Wilson, 2000). With 

single flow algorithms, flow accumulates into a cell from several other upslope cells and 

only flows into one cell downslope (Gallant and Wilson, 2000). Conversely, multiple 

flow algorithms allow the flow from one cell to be distributed among all neighboring 

cells at lower elevation. 

The simplest and most widely used approach is D8 (Martz and Garbrecht, 1998), a 

single flow algorithm introduced by O'Callaghan and Mark (1984). In D8, the direction 

of flow is determined by comparing the elevation of a cell to its eight adjacent 

neighbors. The direction of flow is to the cell in the steepest downslope (Martz and 

Garbrecht, 1998). The slope of a cell is calculated as the elevation difference between 

two cells divided by the distance between them. Gallant and Wilson (2000) indicate that 

for cells in the cardinal directions (north, south, east and west), the distance factor is 

simply equal to the grid spacing whereas for those cells in the diagonal direction, the 

extra distance is accounted for by multiplying the grid spacing by ..J2. 

In instances where the steepest downslope direction is found at more than one cell, a 

secondary rule is used to choose one cell arbitrarily (Jenson and Domingue, 1988; 

Garbrecht and Martz, 1998). The D8 method, however, has been criticized on the basis 

that (1) slope aspects are not accurately followed; rather flow is along preferred 

directions (i.e., multiples of 22.5°) due to the orientation of the grid (Fairfield and 

Leymarie, 1991 ); and (2) flow can be in only one direction so that it cannot be 

distributed among several neighbors with lower elevations (Costa-Cabral and Burges, 

1994). 
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To overcome these limitations, alternative methods have been proposed, including those 

such as Rho8 (Fairfield and Leymarie, 1991 ), which introduces an element of 

randomness to break up parallel flow lines, and multiple flow algorithms such as FD8 

and FRho8 (Gallant and Wilson, 2000), that allow flow from one cell to be distributed 

between several others at lower elevation. Another method (DEMON) treats flow as 

two-dimensional and is capable of simulating both flow convergence and divergence 

(Costa-Cabral and Burges, 1994). Although these methods address limitations of D8, 

they introduce new problems as well, which are discussed briefly in the following 

sections. 

2.3.2 Alternative Flow Algorithms 

The Rho8 method of Fairfield and Leymarie (1991) attempts to solve the D8 problem of 

flow direction inaccuracies and parallel flow. It does so by introducing a stochastic 

component so that flow may more accurately reflect true slope aspect (Fairfield and 

Leymarie, 1991 ). Rho8 is similar to D8 in that flow is routed to only one of its eight 

neighbors. The direction is determined by replacing the distance factor, for cells in the 

diagonal directions, by a random variable between 0 and 1 (Gallant and Wilson, 2000). 

More simply, the probability of flow being received by one cell or another is 

proportional to the slope (Tarboton, 1997). This method is intended to break up parallel 

flow where slopes are similar with a mean direction equal to the aspect (Fairfield and 

Leymarie, 1991; Gallant and Wilson, 2000). Costa-Cabral and Burges (1994), Tarboton 

(1997) and Gallant and Wilson (2000) note, however, that the very nature of this method 

poses a fundamental problem, which is that the randomness of assigning drainage 

directions does not ensure reproducible results. 

Multiple-direction methods (Costa-Cabral and Burges, 1994; Gallant and Wilson, 2000) 

address the issue of one-dimensional flow by distributing flow to all neighbors of lower 

elevation. Thus the fraction of flow to each cell is determined based on a specified rule. 

Tarboton ( 1997) indicates that the fraction of flow to a lower cell is generally in 
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proportion to the slope or the slope to some exponent. Some general problems are 

introduced by multiple-direction methods (Costa-Cabral and Burges, 1994; Tarboton, 

1997). First, the upslope area of a cell comprises small portions of different cells rather 

than full cells (Costa-Cabral and Burges, 1994) and is difficult to compute. Secondly, 

data storage is inefficient (Tarboton, 1997) because up to eight numbers may need to be 

stored and analyzed for each cell for subsequent computations. 

The DEMON (digital elevation model networks) method of Costa-Cabral and Burges 

(1994) essentially ignores the grid cell and uses the aspect by fitting a plane surface to 

each cell to determine the direction of flow downslope (Tarboton, 1997). Flow 

originates from a cell area and is treated as two-dimensional (having width). As flow is 

directed downslope, the flow width increases over divergent topography, decreases over 

convergent topography and remains the same over flat surfaces (Costa-Cabral and 

Burges, 1994). The DEMON method, however, is much more complicated than D8 and 

(Tarboton, 1997) requires considerably longer to run (Gallant and Wilson, 2000). 

While the alternative flow routing approaches solve some of the limitations of method 

D8, Garbrecht and Martz (2000b) indicate that the single flow routing approach of D8 is 

appropriate for modeling flow convergence in well-defined valleys. The D8 method also 

maintains a consistency between drainage patterns and contributing areas (Martz and 

Garbrecht, 1998), which is important for defining a drainage network. In the D8 method, 

the channel network is commonly identified as all cells with an upstream area greater 

than user specified threshold (Tarboton, 1997). 

Whether the D8 method or an alternative approach to flow routing is used, an 

appropriate method for dealing with problematic features (e.g. depressions and flat 

areas) is required (Martz and Garbrecht, 1998). This is in fact essential for the D8 

method (the method used for this study) of flow routing, as D8 depends on the 

determination of a continuous downslope path to the edge of the DEM. Depressions are 

cells completely surrounded by higher elevations (Jenson and Domingue, 1988), and flat 

areas contain cells completely surrounded by other cells at the same elevation (Martz 
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and Garbrecht, 1998). The nature of these features and the means by which to deal with 

them are briefly discussed. 

2.3.3 Depressions and Flat Areas 

Depressions are commonly viewed as spurious features that arise from DEM 

interpolation errors or underestimation errors (Mark, 1984; O'Callaghan and Mark, 

1984; Band, 1986; Jenson and Domingue, 1988; Tribe, 1992, and Martz and Garbrecht, 

1998). These features can generally be handled in one of two ways. The first method 

involves applying a smoothing or averaging filter to the DEM (Mark, 1984; 

O'Callaghan and Mark, 1984), which lowers the elevations of each cell based on the 

elevations of adjacent cells, thus removing as many problem features as possible. This 

method, however, is unreliable for removing all depressions (Jenson and Domingue, 

1988), because deep depressions are generally unaffected by the smoothing, even after 

several passes of the filter. It also results in the loss of important elevation information 

by correcting all features, rather than just those that are problematic (Tribe, 1992; Martz 

and Garbrecht, 1998). 

The second approach has been to fill the depressions to the level of its lowest available 

outlet, which results in a "depressionless" DEM (Marks et al., 1984; Jenson and 

Domingue, 1988; Martz and Garbrecht, 1992; Gallant and Wilson, 1996). While this 

procedure effectively corrects for depressions, it results in the formation of flat areas 

that require further processing. 

More recently, Martz and Garbrecht (1998) have suggested that depressions are spurious 

features resulting from both, elevation underestimates and elevation overestimates 

(Figure 2.3). Spurious features or depressions caused by elevation overestimates are 

similar to dams or obstructions (Martz and Garbrecht, 1998; 1999) that block the path of 

flow downslope. Martz and Garbrecht (1998) treat depressions in three stages. 
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First, the entire area that contributes flow to the depression is identified along with 

lowest available outlet from the depression; if more than one cell has the lowest 

elevation, the one with steepest downslope path is chosen (Martz and Garbrecht, 1998; 

1999). Second, it is determined whether one or two cells at the outlet may be lowered 

(based on two criteria) to allow the path of flow to continue downslope, thus simulating 

a 'breach' of the obstruction (Martz and Garbrecht, 1999). The criteria to allow 

breaching are as follows: (1) Cells outside the contributing area of the depression, must 

be within the breaching length (one or two cells) of a cell inside the contributing area, 

and (2) at lower elevation than the lowest outlet (Martz and Garbrecht, 1999). 

Spurious depression 
caused by 

underestimated elevation 

Spurious depression 
caused by 

overestimated elevation 

Figure 2.3: Spurious depressions arising from elevation under and over estimates. 
Source: Martz and Garbrecht, 1999: p. 837. 

Third, depressions that remain after an outlet has been breached are simply filled to the 

level of the breached outlet. Applying this technique can effectively reduce the size of 

the depression or eliminate the depression completely (Martz and Garbrecht, 1998). All 

depressions not affected by breaching are filled to the level of the lowest available 

outlet, which results in the formation of a flat area. 

Cells contained within flat areas have no definable downslope path, thus presenting a 

problem for the D8 flow routing approach. Martz and Garbrecht (1998) indicate the 

most common approach to the assignment of flow directions over flat areas, is that of 

Jenson and Domingue (1988). Using this method, the location of an available outlet 

from the flat area is located. Cells within the flat area are then assigned a flow direction, 
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which points to a neighboring cell with a defined flow direction (i.e. starting with those 

adjacent to the outlet). This procedure is repeated until all cells within the flat area have 

defined flow directions, and thus the drainage path is 'grown' into the flat area (Jenson 

and Domingue, 1988). 

Martz and Garbrecht ( 1992) use a method of relief imposition to assign flow within flat 

areas. This method is similar to the approach of Jenson and Domingue (1988), except 

that all cells within the flat area receive a minor elevation increment; starting with those 

cells that are not directly adjacent to a cell of lower elevation~ This procedure is repeated 

until all cells have a neighbor at lower elevation (downslope gradient) leading to the 

edge of the flat area. Both approaches (Jenson and Domingue, 1988; Martz and 

Garbrecht, 1992), however, tend to result in parallel flow patterns that are unrealistic 

(Tribe, 1992; Martz and Garbrecht, 1998). 

These approaches to assigning flow directions across flat areas are based solely on the 

movement of flow, towards lower elevations. Martz and Garbrecht ( 1998) suggest, 

however, that the movement of flow is more likely to be 'both towards lower elevation 

and away from higher elevation' and offer a more reasonable approach. Martz and 

Garbrecht (1998) use a similar method of relief imposition to Martz and Garbrecht 

(1992). In this method, however, flat areas are modified by two separate elevation 

gradients imposed on the flat surface, the first towards lower elevations, and a second 

away from higher elevations. The elevation increment is very minor (0.00002 units of 

DEM elevation) so the DEM elevations are not severely altered (Martz and Garbrecht, 

1998). 

The first gradient (towards lower elevation) is applied using the same technique as 

Martz and Garbrecht (1992). The second gradient (away from higher elevations) is 

initially applied to cells that: are both (1) adjacent to cells at higher elevation, and (2) 

have no adjacent cells at lower elevation (Martz and Garbrecht, 1998). These cells are 

then incremented again, and all other cells (not incremented previously) that are 

adjacent to an incremented cell but not adjacent to a cell lower than the flat surface, are 

15 



incremented as well (Martz and Garbrecht, 1998). This procedure is repeated until all 

cells in the flat area have been incremented. Essentially, this gradient produces flow 

directions that point into the flat area. 

The gradients (one towards lower elevation and the other away from higher elevation), 

and initial elevations of the flat surface are then combined and a surface that is no longer 

flat results (Martz and Garbrecht, 1998). If a flat area still remains, another one-half 

increment is added (repeatedly) to the problem cell(s) using the same procedure as for 

the gradient towards lower elevation (Martz and Garbrecht, 1998). The basic principle 

behind this approach is the generation of convergent flow over flat areas, which are 

surrounded by areas of higher elevation. 

The methods for correcting depressions and flat areas proposed by Martz and Garbrecht 

(1998) are incorporated into the TOPAZ landscape analysis tool (Garbrecht and Martz, 

2000a). TOPAZ is used in this study for processing the raster DEM, delineating the 

basin and network, and deriving topographic variables of hydrologic importance. 

2.4 TOPAZ: Topographic Parameterization 

The following section is a brief introduction intended to give the reader a basic 

understanding of the principles of TOPAZ. For more detailed discussions on various 

aspects of TOPAZ, readers may refer to Martz and Garbrecht (1992; 1993; 1998) and 

Garbrecht and Martz (1999; 2000a). 

TOPAZ (topographic parameterization) is used to pre-process a raster DEM, and to 

segment and parameterize a drainage basin. Pre-processing of the DEM involves the 

treatment of depressions and flat areas discussed previously. Segmentation of the basin 

involves the assignment of drainage directions over the entire DEM surface, and 

identification of the channel network and drainage boundaries. Finally, basin 

parameterization involves the measurement of various basin, network and sub-basin 
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properties. 

TOPAZ is an operationally structured program (Garbrecht and Martz; 2000a). That is, it 

consists of six interdependent modules that are applied in a particular order, although 

there is some flexibility to the order. The modules include: DEDNM, RASPRO, 

RASFOR, RASBIN, NSST AT and P ARAM. The interdependence of the modules arises 

from the requirement of various 'outputs' from one module as 'inputs' to another 

module. 

2.4.1 DEDNM (Digital Elevation Network Model) 

The core component of TOPAZ responsible for DEM processing is DEDNM (Digital 

Elevation Network Model). Module DEDNM performs four important initial functions: 

1. Pre-processing elevation data; rectifying depressions and flat areas to allow 

unambiguous definition of downslope drainage. 

2. Performing hydrographic watershed segmentation; defining the watershed 

boundary, raster drainage network, channel links and subwatershed boundaries. 

3. Assigning channel link and subwatershed identification indices. 

4. Tabulating channel link and subwatershed properties and parameters. 

During the pre-processing phase, the DEM is corrected for depressions and flat areas 

using the breaching/filling and relief imposition techniques of Martz and Garbrecht 

(1998), discussed previously. Surface drainage over the DEM, is then defined using the 

D8 method (O'Callaghan and Mark, 1984; Fairfield and Leymarie, 1991). In instances 

where more than one cell has the steepest downslope, the direction of flow (flow vector) 

is assigned to the first one encountered {Martz and Garbrecht, 1993). Using the method 

of Martz and deJong (1988), the upslope contributing area for each cell is then 

determined by tracing the path of flow from each cell to the edge of the DEM. The 

contributing area of a cell is simply equal to the number of cells that flow into it. 
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The flow vector grid is then used to determine the extent of the watershed or watershed 

boundaries. The watershed is defined as all the cells that contribute flow to the outlet 

cell, which is specified by the user (Martz and Garbrecht, 1993). Cells that do not 

contribute flow to the specified outlet cell are not part of the watershed and thus outside 

the watershed boundaries. The contributing area grid is then used to identify the channel 

network within the watershed. The network is defined (Martz and Garbrecht, 1993), as 

all cells with a contributing area greater than a user-specified threshold; the critical 

source area (CSA). The CSA defines the upstream drainage area required for a 

permanent channel to be initiated. 

A pruning algorithm is then responsible for removing any exterior channel links (source 

channels) shorter than a user-specified threshold: the minimum source channel length 

(MSCL) (Martz and Garbrecht, 1993 ). The removal of a link (Martz and Garbrecht, 

1992) is determined by measuring the downstream distance from a source node (at the 

beginning of a channel) to a junction node (where two or more channels join). Source 

channels longer than the MSCL are retained, and those shorter than the MSCL are 

removed. Should both links be shorter than the MSCL, one is removed and the other 

retained (Martz and Garbrecht, 1992). Martz and Garbrecht (1993) indicate that these 

shorter channel links generally represent spurious features (e.g. valley indentations), 

which would probably not be considered as part of the permanent network. 

Once the network has been fully defined and pruned, the Strahler stream order for each 

link is determined (Martz and Garbrecht, 1992) using the stream-ordering system of 

Strahler (1964). Other channel link data, such as link length and coordinates of upstream 

and downstream nodes, are also stored for later use (Martz and Garbrecht, 1992). Using 

this information, the contributing areas for each source node and each channel link are 

determined, and network nodes are assigned an identification number. These drainage 

areas represent the sub-watershed areas for each channel link (Martz and Garbrecht, 

1993). Node numbering is used to provide an association between nodes, links and 

subwatershed data (Martz and Garbrecht, 1993). 
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Output provided by the application of DEDNM includes spatial and tabular data (Martz 

and Garbrecht, 1993; Garbrecht and Martz, 2000a). Spatial data (e.g., flow patterns, 

channel network, upstream areas, and watershed and sub watershed boundaries) is 

presented in the form of unformatted raster maps, which are initially unavailable to the 

user. Tabular data consists of properties of the channel network and sub-watersheds 

(Garbrecht and Martz, 2000a). 

2.4.2 Additional Modules 

RASPRO (RASter PROcessing), RASBIN (RASter to BINary network) or RASFOR 

(RASter FORmatting) may be applied following the initial DEM processing by 

DEDNM. The RASPRO module produces additional spatial topographic information 

and parameters from the basic rasters produced by DEDNM (Martz and Garbrecht, 

2000a). Examples of RASPRO output include: the location and extent of depressions 

and flat areas, various measures of slope, flow vector aspect or direction, flow travel 

distance. to nearest channel and outlet, and elevation drop to nearest channel and outlet. 

The unformatted raster output produced by programs DEDNM and RASPRO can be 

readily imported to most GIS (Geographic Information System) after reformatting by 

program RASFOR. RASFOR is a reformatting utility that reads the unformatted raster 

files produced by programs DEDNM and RASPRO and allows the user to reformat 

them into four available file formats (Martz and Garbrecht, 2000a): either one or two

dimensional ASCII files or the GIS formats ofiDRISI and ARCVIEW/ARCINFO. The 

interface of TOPAZ output with a GIS takes full advantage of visual display, map 

overlay and map algebra capabilities. 

Program RASBIN is used to transform the raster drainage network to a binary network 

(only two inflows per junction). Raster networks often contain junction nodes with more 

than two inflows (Martz and Garbrecht, 1992) or complex junction nodes. As indicated 

by Garbrecht and Martz (1999), complex junction nodes seldom occur in nature and are 
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a result of low DEM resolution, that is, the junctions are lumped together in one cell. 

RASBIN generates tabular data of channel link and sub-watershed properties for the 

binary network. RASBIN must also be applied if the user intends to use program 

NSSTAT. 

NSSTAT (Network and Subcatchment STATistics) allows the user to compute statistics 

(e.g. mean and standard deviation) for the channel link and sub-watershed properties for 

both the raster and binary networks (Garbrecht and Martz, 2000a). Other properties such 

as watershed drainage area, numbers of channel links and basic drainage network 

statistics (drainage density and Strahler statistics, etc.), are also computed (Garbrecht 

and Martz, 2000a). 

The final module, PARAM (subcatchment PARAMeterization), derives sub-watershed 

properties from the sub-watershed parameters and unformatted rasters from programs 

DEDNM and RASPRO (Garbrecht and Martz, 2000a). 

2.5 Hydrologically Important Topographic Variables 

Topography is a main source of heterogeneity or diversity in nature, and is one of the 

main contributing factors in the generation of run-off and the hydrologic response of 

watersheds (Brasington and Richards, 1998). Important quantitative measures, such as 

slope, area and length (e.g., channel length and overland flow distance) can be obtained 

from a defined basin and channel network (Strahler, 1964). These measures not only 

describe landforms, but also provide the basis for deriving topographic attributes from 

DEMs (Mark, 1975; Speight, 1968; 1980; Zevenbergen and Thome, 1987) that 

contribute to many important hydrologic and sedimentary processes (Moore et al., 

1991). 

A simple raster of elevation data therefore contains a wealth of information describing 

the nature of the topography of the earth's surface. Primary attributes are those that can 
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be computed directly from the DEM (Wilson and Gallant, 2000), including altitude or 

elevation, aspect, slope or gradient, drainage area (i.e., basin and upslope contributing 

area) and length (i.e., channel length and flow path length). Many of these primary 

attributes are commonly used for hydrologic applications, and are provided by TOPAZ, 

including, characteristics of relief (e.g., elevation, slope, changes in elevation to channel 

and outlet, etc.), area (e.g., basin, upslope area and sub-basins), and length (e.g., channel 

links and overall channel length and distance to channel and outlet). The hydrologic 

significance of these variables is summarized in Table 2.1. 

Secondary attributes, which can be used to show the effects of topography on the 

redistribution of water, are also important in hydrology (Wilson and Gallant, 2000). 

These attributes are computed by combining two or more primary attributes (Wilson and 

Gallant, 2000). For example, upslope contributing area and slope can be combined to 

produce a topographic or wetness index, which has been used extensively in hydrology 

(Ambroise et al., 1996; Wilson and Gallant, 2000). The wetness index is useful for 

identifying zones of saturation (Hornberger et al., 1998) or flow accumulation zones. 

Table 2.1: Some hydrologically important attributes provided by TOPAZ. Adapted 
from Wilson and Gallant, 2000, p. 7. 

Primary Attribute Hydrological Importance 

Elevation Climate, landcover, potential energy of water 

Flow routing, surface and subsurface flow velocity 
Slope and runoff rates, soil moisture storage capacity, 

implications to climate and landcover 

Area 
Runoff rates and flow volume 

(basin and sub-basins) 

Length 
Overland flow attenuation, flow acceleration, erosion 

(total channel and links, 
rates, sediment yields, impedance of soil drainage 

distance to channels and 
outlet) 

and time of concentration 
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2.6 Previous studies of Grid D EM Scaling Effects 

There has been great interest in grid scale effects over the past decade. Several authors 

have examined the effects of grid scale on various important geomorphic and hydrologic 

parameters, including: Jenson (1991); Chang and Tsai (1991) Zhang and Montgomery 

(1994); Garbrecht and Martz (1994); Wolock and Price (1994); Gyasi-Agyei et al. 

(1995); ljjasz-Vasquez and Bras (1995); Wang and Yin (1998); Walker and Wilgoose 

(1999); and Thieken et al. (1999). 

A few of these studies including Zhang and Montgomery (1994), Garbrecht and Martz 

(1994), Gyasi-Agyei et al. (1995), have addressed the issue of appropriate grid sizes for 

hydrologic modeling and provide some general guidelines to aid researchers. The 

studies of Zhang and Montgomery (1994) and Martz and Garbrecht (1994) are the most 

similar to this research and are briefly discussed here. 

Zhang and Montgomery (1994) examined the effects of varying grid resolution (from 2 

to 90 m) in two very small, rugged watersheds with slope angles commonly exceeding 

20 and 30 degrees, on landscape representation (e.g. slope, upslope area and topographic 

index) and hydrologic simulations. Results showed that both landscape representation 

and hydrologic simulations are significantly affected by changes in DEM grid size. In 

their conclusions, Zhang and Montgomery suggest that a DEM resolution of 10 m 

should suffice for most hydrologic applications. Garbrecht and Martz (1996) argue, 

however, that an appropriate grid size should also reflect the various aspects of the 

intended study. This includes landscape characteristics and the actual scale or size of the 

drainage basin. 

In a similar study, Garbrecht and Martz (1994) examine the effects of grid scale on 

various channel network properties. From an initial 30m DEM of Bills Creek (<100 

km2
), several coarser DEMs (60 to 600 m) were produced using linear averaging. The 

drainage network properties were compared with those of the blue line network derived 

at a resolution of 30 m. Garbrecht and Martz found that increasing grid cell size 
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generally leads to an overall degradation of the network pattern and drainage properties 

(e.g., shorter channel lengths, decreased drainage areas and fewer channel links) with 

varied sensitivities. They suggest that to reproduce drainage properties within 10% of 

those for the blue line network, the grid resolution should be about 5o/o of the sub

watershed area. 

Previous research has largely focused on problems associated with the reproduction of 

drainage features and the computation of topographic variables as the size of DEM grid 

changes. With increased grid size, topographic variables such as slope, aspect, number 

of channels, drainage area, and topographic indices tend to be affected. The universal 

conclusion is that increasing the DEM grid size will generally result in a reduction of 

most variable values. Results of this study will be compared with those of Zhang and 

Montgomery (1994) and Garbrecht and Martz (1994). 

2. 7 Brief Overview of Hydrologic Modeling 

Heterogeneity within the natural environment poses a fundamental problem for 

modeling the hydrologic response of watersheds. Topography is one of the main 

influences on watershed response to rainfall (Wood et al., 1988; Brasington and 

Richards 1998) and a predominant source of heterogeneity (Song and James, 1992). 

Coupled with soil properties and vegetation, watershed morphology plays a fundamental 

role in the surface processes of land-atmosphere interactions (Wood, 1995). 

Linkages between topography and hydrology, and spatial scales ranging from local to 

continental are important in the land-phase description of the global hydrologic cycle for 

which hydrologic models are fundamentally important (Kite, 1995). Many hydrologic 

models require representation of a watershed and physiographic information (e.g., 

elevation, areas and distances) as inputs. A general concern is that physiographic 

parameters need to match the scale of other input (e.g., precipitation, temperature, 

landcover, and solar radiation) or vice versa in order to model the dominant processes. 
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A detailed discussion of the various models and their required inputs is beyond the 

scope of this research. Rather, the two basic categories of hydrologic models, lumped 

and distributed are briefly discussed in the following sections. Although both lumped 

and distributed models may be used for modeling hydrologic response, each addresses 

the issue of spatial heterogeneity differently. 

2. 7.1 Lumped Models 

Lumped. models make no attempt to account for the spatial variability of input 

parameters. Instead, the basin is treated as a homogeneous unit (Wood, 1995) for which 

input parameters and individual processes are spatially averaged (Blackie and Eeles, 

1985). Thus the average value of a particular variable (e.g., elevation, slope, soil 

moisture and precipitation) would be used to represent the entire basin in the simulation 

of stream flow. The spatial variability of geology, soil type, precipitation and 

topography are not taken into account when these models are applied to watersheds 

(Lacroix, 1999). 

2. 7.2 Distributed Models 

In hydrology, as is often the case, researchers attempt to model the variability within the 

environment using distributed models (Braun et al., 1997). Distributed. hydrologic 

models attempt to address or handle heterogeneity within a watershed by taking into 

account the spatial variability of hydrologic processes, boundary conditions, 

meteorological inputs and watershed characteristics (Singh, 1995). Distributed models 

divide a basin into a number of sub-units (Thieken et al., 1999) and then simulate the 

response for each separately. The results are then combined to produce a hydrologic 

response for the entire basin. Unlike lumped models, individual values for each sub-area 

are incorporated into each process to simulate basin response. 
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There has been increased interest in the development of 'distributed' hydrologic models 

since the early 1980's because they are thought to be more representative of reality and 

thus more accurate (Jensen and Mantoglou, 1992), introducing the elements of spatial 

variability and parameters of physical relevance. 

2. 7.3 Hydrologic Models and GCMs 

Studies involving the exchange of water and energy between the land and atmosphere 

for predicting climate change incorporate the use of atmospheric general circulation 

models (GCMs) (Kite, 1998). GCMs typically model the vertical component of land

atmosphere processes using precipitation, evapotranspiration and groundwater storage 

(Kite et al., 1994). Most GCMs, however, fail to account for the lateral transfer of water 

over and under the land surface (Kite et al., 1994; Kite, 1995). Without an adequate 

land-phase component, therefore, modeling of the global hydrologic cycle remains 

incomplete (Kite, 1995). Hydrologic models ultimately provide the link between land 

surface hydrology and surface-atmosphere interactions (Kite et al., 1994; Kite, 1995; 

Kite, 1998; De Boer, 2001), which is crucial to model the complete water cycle and 

predict impacts of climate change. 

For both hydrologic models and GCMs, land-surface parameterization is used means to 

represent both surface and sub-surface processes. Unfortunately, GCMs operate on 

much coarser grid resolutions than those typically used to model land-surface hydrology 

(Avissar, 1995; De Boer, 2001). Land surface parameterization ofGCMs tends to occur 

at grid sizes > 100 km (Jolley and Wheater, 1997), whereas the land surface 

parameterization of hydrologic models tends to be at grid resolutions of less than a few 

kilometers. This mismatch in scale continues to be a limiting factor in the coupling of 

hydrologic and atmospheric models (De Boer, 2001). 

Kite (1998) indicates that concerns over 'climatic variation and the possibility of 

anthropogenically-caused climatic change' have resulted in a general interest towards 
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surface-atmosphere interactions. The continued investigation of parameter scaling is an 

important area of research with respect to land-atmosphere interaction studies (e.g., 

MAGS - Mackenzie GEWEX Study) (MAGS, 2000). Coupling of the land-phase 

component (of the hydrologic cycle) to a GCM is just one of goals of the MAGS 

project. By accomplishing this, researchers hope to gain a better understanding of the 

land/atmosphere interactions within the hydrologic cycle, and improve predictions with 

respect to the impacts of climate change in the Canadian northern environment. 

2.8 Summary 

The use of raster DEMs coupled with topographic analysis tools provides a powerful 

means of parameterizing hydrologic models over a wide range of scales. The 

topographic variables that are derived with such tools have a direct impact on processes 

such as runoff generation and basin discharge. Changing the spatial scale of DEM can 

have a severe impact on drainage properties and topographic variables, thus it can be 

assumed that the processes to which they contribute will also be largely affected. 

Unfortunately, a complete understanding of the extent of scale effects and their 

subsequent impact on various processes, remain relatively unanswered. This is a 

particular concern when scaling of these variables is required for studies at regional and 

continental scales (Bloschl and Sivapalan, 1995; Band and Moore, 1995). A better 

appreciation of the effects of spatial scale, and particularly of grid scale effects on 

derived variables, will contribute to the knowledge of scale effects, and in the long term 

further the modeling of hydrologic processes. It is also hoped that this research will 

contribute to the modeling of climate change by identifying the largest grid size for 

adequately reproducing drainage properties and topographic variables for continental

scale hydrologic applications. 

26 



CHAPTER3 

STUDY AREA 

3.1 Basin Locations 

Two study sites were chosen for this research: (1) the Mackenzie River basin, and (2) 

the Missouri River basin. The Mackenzie basin is located in northwestern Canada 

(Figure 3.1) and extends over three provinces and two territories, namely the Northwest 

Territories, Yukon Territory, British Columbia, Alberta and Saskatchewan. 
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Figure 3.1: Location of the Mackenzie and Missouri River Basins. Source: shaded 
relief image: USGS EROS Data Center, 1999. 
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The Mackenzie basin spans approximately thirty-seven degrees of longitude ( 140° W to 

103° W) and fifteen degrees of latitude (70° N to 55° N). The Missouri basin occupies a 

majority of the northwestern United States spanning approximately thirty degrees 

longitude (120° W to 90° W) and fifteen degrees latitude (50° N to 35° N) (Figure 3.1). 

The basin extends across a total of 1 0 states and into two prairie provinces including the 

states of Colorado, Iowa, Kansas, Minnesota, Missouri, Montana, Nebraska, North 

Dakota and South Dakota, and the provinces of Alberta and Saskatchewan. 

3.2 Mackenzie Basin Characteristics 

The Mackenzie River system is the second largest in North America (Krauss, 1996) and 

flows for more than 4,000 km before entering the Beaufort Sea. The basin occupies an 

area of approximately 1.8 million km2
, with elevations ranging from 0 m to 

approximately 3,400 mat the southernmost tip of the basin. The basin is divided into six 

major sub-basins, three of which (Liard, Peace, and Athabasca) have been included as 

part of this study (Figure 3.2). These three sub-basins account for over 40% of the entire 

Mackenzie drainage area (Table 3.1). Three major freshwater lakes, Great Bear, Great 

Slave, and Athabasca also occupy large areas along the eastern part of the Mackenzie 

basin. 

The Mackenzie basin extends across four major physiographic regions: the Arctic 

Coastal Plain, the Precambrian Shield, the Western Cordillera and the Interior Plain. A 

layer of discontinuous permafrost underlies much of the eastern interior and Coastal 

Plains. Land cover in the basin (Krauss, 1996) is dominated by forest (35% coniferous, 

19% mixed wood, 19% transitional, and 6% deciduous), and also includes arctic and 

alpine tundra (7% ), lakes and rivers (7% ), barren land ( 5% ), and agricultural land (2% ). 

Mean annual temperatures and precipitation across the basin vary by as much as 10° C 

and nearly 200 mm from year to year. 
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Figure 3.2: Approximate location of the Liard, Peace and Athabasca basins. Lighter 
shades represent higher elevations. Source: relief map: Hydrolk, 2001. 

Table 3.1: Drainage area data for selected outlets in the Mackenzie River basin. 
Source data· Environment Canada, 1999 

Observed 
Basin Gauging Station Location Drainage Area 

(km2) 

Mackenzie Arctic Red River, NWT 1,680,000 

Liard near outlet, NWT 275,000 

Peace Peace Point, Alberta 293,000 

Athabasca near Embarras Airport, Alberta 155,000 

Climographs for Inuvik, Y.T., Yellowknife, N.W.T., Whitehorse, N.W.T., and Fort 

McMurray, Alta. (locations shown in Figure 3.1) show the basic climate characteristics 

of the four physiographic regions (Figure 3.3). Mean monthly temperature and 

precipitation data were obtained from WorldClimate (2001). Inuvik, located on the 

Arctic Coastal Plain, has a mean annual temperature of -9° C and receives 

approximately 255 mm of precipitation annually (Figure 3.3). Yellowknife, located near 

the Precambrian Shield region, has a mean annual temperature of -5° C and receives 
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slightly more precipitation than Inuvik, with 259 mm annually (Figure 3.3). Whitehorse, 

located within the Western Cordillera and approximately 150 km outside the Mackenzie 

basin, has a mean annual temperature of about -1° C and receives around 265 mm of 

precipitation annually (Figure 3.3). Fort McMurray, located within the Interior Plains 

region, has a mean annual temperature of 0° C and receives nearly 450 mm of 

precipitation annually (Figure 3.3). 
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Figure 3.3: Climographs for selected locations in the Mackenzie River basin. Source 
data: WorldClimate, 2001; data period 1942-1990. 
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Mean monthly discharge at the confluence of the Arctic Red River and the Mackenzie 

River ranges from approximately 3,000 to 21,000 m3/s (Figure 3.4). The mean monthly 

discharge from November to April is much lower (approx. 3,000 to 5,000 m3/s) than 

from May to October, with the lowest mean discharges occurring in March and April 

(WSAG, 2002). The spring and summer melt period produces the largest mean monthly 

discharges (approx. 13,000 to 21,000 m3/s), peaking in the month of June. 

Mackenzie River Basin 
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Figure 3.4: Mean monthly discharge hydrograph for the Mackenzie River basin at the 
Arctic Red River station. Data period: 1972-1992. Source data: Water 
Systems Analysis Group (WSAG, 2002). 

3.3 Missouri Basin Characteristics 

The Missouri River, nicknamed 'Big Muddy' due to its (once) high sediment loads 

drains over 1.3 million km2 or one-sixth of the United States (MRNRC, 1998). The 

Jefferson, Madison and Gallatin Rivers join near the city of Three Forks, Montana, to 

form the headwaters of the Missouri. The Missouri River then flows southeast for nearly 

3,800 km to its confluence with the Mississippi River near St. Louis, Missouri (Leese, 

1999). Elevations within the basin range from approximately 130 m to 4,300 m in the 

Rocky Mountains along the western edge of the basin. Three major sub-basins, the 
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Yellowstone, Platte and Kansas (Figure 3.4), account for approximately 40% of the total 

area drained by the Missouri River system (Table 3.2). These sub-basins have also been 

selected for this study. 

'N 

A 500 km 

Figure 3.5: Approximate location of the Yellowstone, Platte and Kansas basins. Lighter 
shades represent higher elevations. Source: relief map: Hydrolk, 2001. 

Table 3.2: Drainage area data for selected outlets in the Missouri River basin. 
Source data: USGS, 2000. 

Observed 
Basin Gauging Station Location Drainage Area 

(km2) 

Missouri St. Charles, Missouri 1,370,104 

Yellowstone near Fairveiw, Montana 181,299 

Platte Louisville, Nebraska 222,221 

Kansas Desoto, Kansas 154,767 

The Missouri basin, comprises four physiographic regions (Leese, 1999): the Rocky 

Mountains along the western border (11 %); Great Plains in the central region of the 

basin (70%), the Central Lowlands in east and northeast (17%); and Interior Highlands 

in the extreme southeast (2% ). Land cover .along the western edge of the basin (Leese, 
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1999) includes coniferous forest, woodlands and mixed forest. Savanna grasslands and 

agriculture dominate much of the north, central, and southern portions of the basin 

(Leese, 1999). Land cover along the eastern edge of the basin includes cropland, 

woodlands and deciduous forest. 

Climographs for Jamestown, N.D., Bozeman, MT., Rapid City, S.D., and Jefferson City, 

MO., (locations shown in Figure 3.1) show the basic climatic characteristics within the 

basin (Figure 3.6a and 3.6b). Jamestown, located in the Central Lowland region, has a 

mean temperature of 5° C and receives about 430 mm of precipitation per year (Figure 

3.6a). Bozeman, located within the Rocky Mountain region receives approximately 480 

mm of precipitation per year with a mean temperature of 6.7° C (Figure 3.6a). Rapid 

City is located in the Great Plains region, and has a mean temperature of 8.2° C and 428 

mm of precipitation annually (Figure 3.6b). Jefferson City, located near the Interior 

Highlands in southern portion of the basin, experiences the highest annual precipitation 

of the four regions, with over 97 5 mm and a mean temperature of 12° C (Figure 3 .6b ). 
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Figure 3.6a: Climographs for selected locations in the Missouri River basin. Source 
data: WorldClimate, 2001; data period 1961-1990. 
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Figure 3.6b: Climographs for selected locations in the Missouri River basin. Source 
data: WorldClimate, 2001; data period 1961-1990. 

Mean monthly discharge of the Missouri River basin at Hermann, MO ranges from 

approximately 1,000 to 4,000 m3/s (Figure 3.7). The reason for the extremely low mean 

monthly discharge over the entire year is due to the constant regulation of the Missouri 

River (U.S. Fish and Wildlife Service, 2000). 
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Figure 3.7: Mean monthly discharge hydrograph for the Missouri River basin at 
Hermann, MO station. Data period: 1972-1992. Source data: Water 
Systems Analysis Group (WSAG, 2002). 
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As a result of the regulation, lower mean monthly discharges are observed from August 

to February, with the lowest mean discharge occurring in January. Higher mean monthly 

discharges are observed from March to July, with a peak of approximately 4,000 m3 Is in 

June (WSAG, 2002). 

3.4 Study Site Consideration 

The Mackenzie and Missouri basins have been selected as study sites for several 

reasons: (1) The availability of data: due to time and budgetary constraints, the 

availability of public domain data such as, digital elevation data, basin drainage area 

data, and blue line data was essential for undertaking this study; (2) The comparable 

basin size which allows for a comparison of overall variations of the main basins, and 

variation within the basins; and (3) The physiographic diversity of the basins: each basin 

extends across four major physiographic regions and is characterized by varying relief, 

which includes broad lowlands to rugged mountain regions. 

More importantly, these basins were chosen for their relevance to global water studies. 

Through GEWEX (Global Energy and Water Cycle Experiment), an initiative of the 

World Climate Research Programme (WCRP), an international focus has been given to 

the global climate system and the roles played by the water cycle and energy fluxes 

(Krauss, 1996). Several continental-scale experiments have been established by 

GEWEX, to improve scientific understanding and model interactions of atmospheric 

and land surface hydrologic processes on a continental scale for predicting climate 

change (Leese, 1999). 

In approximately 1992, the Mackenzie River basin was selected as the study area for the 

Mackenzie GEWEX Study (MAGS), a Canadian contribution to the international 

GEWEX project. The Mackenzie basin was selected for the GEWEX project because it 

is representative of the cold region components of global climate models {Krauss, 

1996). In the late 1990's, the Large Scale Area-NorthWest (LSA-NW) study, which 
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encompasses the Missouri River basin, was added as part of the GEWEX Continental 

Scale International Project (GCIP) established in the Mississippi River basin (Leese, 

1999). The goal of the LSA-NW is to model the spatial and temporal variability of the 

land surface hydrology within the Missouri River basin, and incorporate this variability 

into the land surface component of GCIP models (Leese, 1999). 
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4.1 Overview -

CHAPTER4 

METHODOLOGY 

In this study, the effects of varying grid cell size on the delineation of channel 

networks, drainage boundaries and derived topographic variables are examined for 

regional and continental scale drainage basins. The digital landscape analysis tool 

TOPAZ (topographic parameterization) is used for the hydrographic segmentation and 

parameterization of the basins. Digital elevation models (DEMs) for the Mackenzie and 

Missouri River basins are derived from the HYDR01k DEM of North America 

(HYDR01k, 2001). Larger grid sizes or coarser resolution DEMs, varying from 2 km to 

64 km are generated by simple averaging aggregation of the Mackenzie and Missouri 

DEMs. 

TOPAZ uses the deterministic eight neighbor (D8) method (Fairfield and Leymarie, 

1991) and downslope flow routing and flow accumulation concepts (O'Callaghan and 

Mark, 1984) to define surface drainage, a channel network and drainage boundaries 

from the DEM (Garbrecht and Martz, 1999). Two parameters (CSA and MSCL) are 

used to control the configuration of the drainage network. To examine the effects of 

increasing grid cell size the same CSA and MSCL values were used for each DEM 

scale. This allowed for an examination of changes in the spatial distribution and 

statistical properties of the basin, channel network and derived topographic variables. 

The same procedure was also applied to several sub-basins drained by major tributaries 

of the Mackenzie and Missouri River systems. 
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4.2 Digital Elevation Models (DEMs) 

Various public domain elevation data sets are currently available for studies involving 

continental scale hydrology. These data are in raster format with nominal resolutions of 

about 1 km (GTOP030, HYDR01k, GLOBE etc.) and 10 km (ETOP05) respectively. 

The DEMs used in this study have an initial horizontal grid spacing of 1 km and a 

vertical resolution of 1 m. They were derived from the HYDR01k DEM of North 

American as sub-images or individual DEMs (Figure 4.1 ). 

Hydro1k: 
DEM of North America 

Mackenzie Reference DEM 
1 km resolution 

Mackenzie Aggregated DEMs 
2, 4, 8, 16, 32, 64 km resolution 

TOPAZ 

Missouri Reference DEM 
1 km resolution 

Missouri Aggregated DEMs 
2, 4, 8, 16, 32, 64 km resolution 

4 Landscape analysis tool for topographic f+

segmentation and parameterization 

Analysis 
GIS and statistical Program 

Figure 4.1: Flow chart ofDEM generation and analysis. 

The HYDR01k DEM of North America (based on the GTOP030 DEM of the world) is 

part of a geographic database developed for users needing hydrologic information on a 

continental scale (HYDR01k, 2001). Developed at the U.S. Geological Survey's 

(USGS) EROS Data Center, the HYDRO lk DEM is able to reproduce hydrologically 

correct drainage due to the removal of elevation anomalies (HYDR01k, 2001). 
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The HYDR01k DEM was chosen over the use of other elevation data for several 

reasons: 

• Hydro 1k is public domain and therefore, available at no cost. 

• The HYDR01k DEM is hydrologically correct; that is the DEM is processed to 

remove elevation anomalies that can interfere with hydrologically correct flow. 

• Hydro1k provides users with a comprehensive and continuous DEM of North 

America, which allows users to produce DEMs of continental scale watersheds 

quickly and easily without having to obtain and merge a number of adjacent map 

tiles. 

• Developed for continental scale applications, a grid size of 1 km provides a base

reference resolution for further DEM generation and comparison purposes. 

4.2.1 Vertical Accuracy of DEMs 

Assessing the vertical accuracy of a digital elevation model is difficult given the error 

inherent in source maps, digitization and various interpolation methods. The absolute 

vertical accuracy of aDEM is commonly reported as the RMSE (Root Mean Square 

Error) and is determined by comparing a sample of heights from aDEM against known 

heights (Wise, 2000). The RMSE is calculated as: the deviations of heights in the DEM 

from their 'true' heights, summing up the measurements, and then taking the square root 

of the sum. In general, the closer the RMSE is to zero the greater the degree of 

agreement between the sample heights and known heights, resulting in "more accurate 

data". 

Although the vertical accuracy ofHYDR01k is not specifically documented, the USGS 

does provide estimates regarding the vertical accuracy of the GTOP030 DEM 

(GTOP030, 2001) on which HYDR01k is based. The reported estimates include the 

vertical accuracy (in meters) with linear error at 90% confidence for the data sources 

from which GTOP030 is derived and equivalent RMSE, and the method of estimating 
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the vertical accuracy (GTOP030, 2001). Two primary data sources were used to derive 

GTOP030 with respect to North America: DTED (Digital Elevation Terrain Data), a 

raster topographic data base with a resolution of approximately 90 m (3-arc seconds), 

was used to derive a large part of the land-surface of Canada. The Digital Chart of the 

World (DCW), a vector cartographic dataset, was used as a primary source for filling 

gaps in the DTED data. The land surface of the continental United States is derived 

from USGS 1-degree DEMs, which also have a resolution of about 90 m. 

The vertical accuracy of DTED and USGS 1-degree data at 90% confidence is reported 

to be approximately+ or-30m (based on product specifications). Using the DTED as a 

base reference, the DCW has a reported accuracy of about + or - 160 m. The RMSE for 

these data are described as the equivalent to the standard deviation of errors, based on 

the assumption that the error distribution is normal, with a mean of zero. Thus the 

estimated vertical accuracy for the areas of GTOP030 derived from DTED, and USGS 

1-degree data is estimated at + or - 18 m and + or - 97 m for the DCW data. It is 

assumed then, that the HYDR01k DEM of North America has the same vertical 

accuracy as the GTOP030 DEM. 

4.3 DEM Grid Cell Aggregation 

The initial reference DEMs for the Mackenzie and Missouri basins were produced from 

the HYDRO 1 k data and aggregated to coarser grid resolutions using simple averaging 

aggregation (Figure 4.2). The grid cells of the aggregated DEMs contain the average 

value of the input grid cells or the sum of the individual cells (Zi) divided by the total 

number (n) of grid cells formed by blocks of2 x 2, 4 x 4, 8 x 8, 16 x 16, 32 x 32, and 64 

x 64 cells. Applying this aggregation method to the 1 km elevation data, additional 

DEMs of the Mackenzie and Missouri basins were generated with grid resolutions of 2, 

4, 8, 16, 32 and 64 km respectively. 
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Figure 4.2: Example of aggregation procedure of a 1 km resolution grid to 2 km 
resolution. 

The linear aggregation method used in this study is similar to the procedure used by 

Garbrecht and Martz ( 1994) and is the most common technique used for this purpose. 

4.4 DEM Processing 

The effects of grid cell aggregation are examined by considering changes in the spatial 

distribution and statistical properties of selected topographic variables of hydrologic 

importance. For this study, the delineation of a channel network, drainage boundaries 

and derived topographic variables for each of the DEMs is needed. The pre-processing 

of the DEM for depressions and flat areas, basin segmentation and parameterization are 

performed using the digital landscape analysis tool TOPAZ. TOPAZ is used specifically 

for evaluating regular-grid or raster based DEMs and is capable of delineating a basin 

and channel network, and deriving topographic variables commonly used in many 

hydrologic applications. 

4.4.1 TOPAZ (Topographic Parameterization) 

The TOPAZ program (Garbrecht and Martz, 2000a) is operationally structured, that is, it 

consists of six interdependent modules that are applied in a particular order (Figure 4.3), 
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although there is some flexibility to the order. The six modules are: DEDNM, RASPRO, 

RASFOR, RASBIN, NSSTAT and PARAM. 

TOPAZ Programs Order of 
Execution 

lst Level 

2nd Level 

~ 3rdLevel 

Figure 4.3: Data flow and execution sequence diagram for TOPAZ programs. Source: 
Garbrecht and Martz, 1999. 

The interdependence of the modules arises from the requirement of various 'output' 

from one module as 'input' to another module. The input requirements and output 

provided for this study by TOPAZ are briefly described in the following sections. 

4.4.2 TOPAZ Input 

A basic input requirement for TOPAZ is a DEM. The DEM must be in ASCII file 

format and must be named DEDNM.INP (Garbrecht and Martz, 2000a). A second 

requirement is the job control file, DNMCNT.INP. This parameter file describes the 

DEM raster characteristics (e.g. rows and columns, UTM coordinates, min and max 
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elevations, grid resolution and location of the outlet etc), processing options and user 

output options. More importantly for this study, the control file also contains the 

parameter for specifying the outlet location and the CSA and MSCL parameters used in 

this study. 

A fundamental principle of TOPAZ is to allow users to specify a threshold for flow 

accumulation or critical source area (CSA) to control the segmentation of the watershed 

and all resulting spatial and topologic drainage network and sub-watershed 

characteristics (Garbrecht and Martz, 1999). The CSA value defines the minimum 

drainage area below which a source channel is initiated and maintained. By 

manipulating the CSA parameter, the density of the drainage network can be increased 

or decreased respectively. Another parameter, the minimum source channel length 

(MSCL) allows the user to prune the channel network of exterior links shorter than a 

specified threshold value. 

4.4.3 TOPAZ Application 

The primary module of TOPAZ is DEDNM (Digital Elevation Drainage Network 

Model) must always be applied to the DEMs first. A breaching length of two grid cells 

is used for the treatment of depressions (section 2.3.3) during the pre-processing phase, 

at all scales. Evaluation of each DEM scale was performed using the same CSA ( 4,096 

km2
) and MSCL (128 km) parameter values, which are equivalent to the area of one 64 

km grid cell and the length of two 64 km grid cells respectively. These values produce a 

channel network of maximum density for a grid size of 64 km, the largest grid used for 

this study. For the Mackenzie and Missouri reference DEMs, which have horizontal 

resolutions of 1 km, the CSA and MSCL values yield drainage networks approximately 

similar to the blue-line on 1:7,500,000 topographic maps. 

TOPAZ output consists of spatial data and tabulated attribute data (Garbrecht and 

Martz, 2000a). The spatial data is organized in raster format and provides digital maps 
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of various basin, network, and topographic information. The attribute tables contain 

information with respect to channel network structure and topology, and sub-basin 

properties. Output from the DEDNM module, used for analysis (Table 4.1 ), includes: 

BOUND.OUT; NETW.OUT; RELIEF.OUT; and UPAREA.OUT. 

The second module applied to each of the DEMs is RASPRO. This module derives 

additional spatial topographic information and parameters from the basic rasters 

produced by DEDNM to produce other raster information. The output used for this 

study (Table 4.1) includes: HSLOPE.OUT; TSLOPE.OUT; SUBWTB.OUT; 

DISCHA.OUT; DISOUT.OUT; ELDCHA.OUT; and ELDOUT.OUT. 

Table 4.1: Output provided by TOPAZ 

TOPAZ Output Description I Module 

BOUND. OUT Raster of the basin boundary I DEDNM 
NETW.OUT Raster of channel network within basin boundary I DEDNM 

RELIEF. OUT Raster of relief for entire DEM; after DEM processing I DEDNM 
UP AREA. OUT Raster of upstream drainage area for each cell of the DEM I DEDNM 

HSLOPE.OUT 
Raster of hydraulic effective slope at each cell; flow weighted mean slope of all 
flow vectors entering and leaving cell I RASPRO 

TSLOPE.OUT 
Raster of terrain slope at each cell; maximum slope of current cell and adjacent 
cells I RASPRO 

SUBWTB.OUT Raster of the sub-basin area drained by each channel link I RASPRO 

DISCHA.OUT 
Raster of the distance from each cell to nearest downstream channel it flows 
into I RASPRO 

DISTOUT.OUT 
Raster of the distance from each cell to the outlet upon entering the nearest 
downstream channel it flows into I RASPRO 

ELDCHA.OUT 
Raster of the elevation drop from each cell to the nearest downstream channel it 
flows into I RASPRO 

ELDOUT.OUT 
Raster of the elevation drop from each cell to outlet upon entering the nearest 
downstream channel it flows into I RASPRO 

NETWB.TAB 
Table of binary-channel link information;# of channels and channel length I 
RASBIN 

NETWT.EVL 
Network and channel statistics of the raster and binary networks; strahler orders 
and bifurcation ratio INS STAT 

Applying the RASBIN module transforms the raster drainage network into a binary 
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network with only two inflows per junction. Output from RASBIN includes 

NETWB. TAB (Table 4.1 ). The use of RASBIN allows for the tabulation of channel and 

sub-watershed properties to be computed by the NSSTAT module. The NSSTAT 

(Network and Subcatchment Statistics) module allows the user to compute statistics for 

the raster and binary networks, which are stored in tabular form. This includes 

NETWT.EVL (Table 4.1) used for this study. 

The final module applied is RASFOR, which allows the raster output produced by the 

programs DEDNM and RASPRO to be easily imported into most GIS for further 

processing. Reformatting may be into four available file formats: either one or two

dimensional ASCII files, or the GIS formats ofiDRISI and ARCVIEW/ARCINFO. 

4.4.4 Basin Outlet Selection 

A unique feature of the DEDNM module is the ability to interactively verify the location 

of a basin outlet, which is specified in the control file. During DEM processing, the user 

is able to view the row and column position of the outlet via a window interface at 

which time the user can verify the specified outlet location or select a new outlet 

location. TOPAZ does not allow the placement of an outlet to be at a cell with two or 

more inflows Gunction cell). 

For this research project, several basin outlets were selected for evaluation by program 

DEDNM. The outlets drain the Mackenzie and Missouri basins as well as several major 

sub-basins of the Mackenzie (Liard, Peace and Athabasca) and Missouri (Yellowstone, 

Platte and Kansas) River systems. The outlets were placed as close as possible to the 

location of known gauging stations. 

One of the problems associated with placement of the basin outlets at known gauging 

station locations is that the station itself may be near the confluence of two channels. As 

mentioned previously, the outlet cannot be placed at such a location. Thus, it may be 
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necessary to move the outlet upstream or downstream of the gauging station. An 

example of this is the Arctic Red station that gauges drainage for the Mackenzie basin. 

This station is reported to be at the junction of the Artie Red River and Mackenzie 

River. Therefore, the outlet of the Mackenzie basin was moved one cell (1 km) upstream 

of the actual location for analysis by TOPAZ. 

Placement of the basin outlets also took into consideration the scale or grid size of the 

DEM to ensure that all relevant tributaries would be included in the calculation of the 

basin drainage area. For coarser resolution DEMs, basin outlets are defined by the 

aggregated cells containing the outlet cell at 1 km resolution for each basin. 

4.5 Impacts of Increasing Grid Size 

The effects of varying DEM resolution are examined by considering changes in the 

basin, network and derived topographic variables. This is accomplished by a comparison 

of the basin and network properties, and topographic variables derived at coarser DEM 

resolutions with those derived from the 1 km resolution DEMs. The analysis involves 

the use of both qualitative and quantitative techniques. Although TOPAZ does not have 

visual display or map algebra capabilities, the reformatted raster output provided by 

RASFOR and derived tabular data can be easily imported into a GIS and statistical 

program for further analysis. For this study, IDRISI, ARCVIEW, and EXCEL were 

used for further processing and analysis ofTOPAZ output. 

Qualitative analysis used in this study includes: (1) Raster maps showing variations in 

the spatial distribution of basin boundaries and drainage networks for all basins at each 

scale. (2) Raster maps showing variations in regional terrain slope (based on a grid size 

of 64 x 64 km) for the Mackenzie and Missouri basins at each scale; these maps are 

produced by aggregating terrain slope output, from the 1 km to 32 km resolution DEMs, 

to 64 km resolution, and (3) Raster maps showing variations in the spatial distribution of 
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the topographic index (In( a/tanB) for the Mackenzie and Missouri basins at each scale; 

produced from rasters of upstream area and hydraulic slope output. 

Quantitative analysis in this study includes: ( 1) comparison of the distribution of relief 

and relief statistics for all basins at each scale, (2) comparison of terrain and hydraulic 

slope variations at each scale, and (3) comparison of variations in the values of 

topographic variables with varying grid size; changes in variable values with varying 

grid size are expressed as the deviation (in %) from values obtained at 1 km resolution. 

The variables considered include: basin area; number of sub-basins; mean sub

watershed area; mean elevation; mean distance to nearest channel and outlet; mean drop 

to nearest channel and outlet; total channel length, mean channel link length. 

4.6 Basin Area Data and Blue Line Networks 

Independent topographic measurements (e.g. hydrometric data) with respect to basin 

drainage area were also obtained for a comparison of recorded and computed drainage 

areas for all basins at each DEM scale. Drainage area data for the Mackenzie, Liard, 

Peace, and Athabasca basins were obtained from Environment Canada (1999). Similar 

data for the Missouri, Yellowstone, Platte, and Kansas basins were obtained from the 

USGS (2000). 

Basin boundaries and blue line data were also obtained to compare the basin boundaries 

and drainage networks, derived from TOPAZ, for the Mackenzie and Missouri basins at 

1 km resolution. Blue line data at a scale of 1 :2,000,000 are used as a reference for 

comparing both the Mackenzie and Missouri networks. The boundary of the Mackenzie 

basin was obtained from the Mackenzie GEWEX study (MAGS, 2000), and the blue 

line data was obtained from GeoGratis Canada (1999), which is an initiative of the 

Canada Center for Remote Sensing (CCRS). Basin outline and blue line data for the 

Missouri basin was obtained from the USGS (1999; 2001), through the National Atlas 

of the United States. 
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CHAPTERS 

RESULTS AND DISCUSSION 

5.1 Basin and Channel Network Delineation at Each Scale 

The basins and channel networks generated by the CSA and MSCL parameters, at each 

DEM scale, are shown in Figure 5.1 and 5.2. Some descriptive statistics for the basins 

and networks are given in Table 5.1 and 5.2. The statistics are basin area, total channel 

length, highest Strahler order, drainage density, and bifurcation ratio. For the purpose of 

comparison, basin and network properties obtained from the 1 km resolution DEMs are 

used as a reference for comparing results of the basin and network properties from the 

aggregated DEMs. 

A common approach to describing drainage networks is the determination of Strahler 

stream orders and the bifurcation ratio (Strahler, 1964). Stream orders are given to all 

segments of the stream network beginning with 1st order channels, which have no 

tributaries; a 2nd order stream is formed by the joining of two 1st order streams, a 3rd 

order stream is formed by two 2nd order streams and so forth. The channel associated 

with the basin outlet is given the highest order, and thus the order of the basin itself. 

TOPAZ uses Strahler ordering to number each the channel segments in the network 

(Garbrecht and Martz, 2000a). 
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Table 5.1: Basin area and network statistics for the Mackenzie basin and selected sub
basins. 

Grid Size Basin area Total Highest Draingage 
Bifurcation 

Basin 
(km) (km2

) 
Channel Strahler Density 

Ratio 
Length (km) Order (1/km) 

1 1,667,185 17,826.5 4 0.011 3.7 
2 1,598,036 17,068.5 4 0.011 4.0 

Mackenzie 4 1,653,952 16,213.6 4 0.010 3.8 
8 1,658,048 15,286.8 4 0.009 3.7 
16 1,567,488 13,263.2 4 0.008 3.4 
32 1,560,576 11,171.8 3 0.007 5.6 
64 1,597,440 11,693.5 4 0.007 3.5 
1 276,063 2,631.3 2 0.010 8.0 
2 261,404 2,303.6 2 0.009 6.0 

Liard 4 255,184 2,425.1 3 0.010 2.8 
8 245,760 2,443.7 2 0.010 7.0 
16 240,128 2,032.9 3 0.008 2.5 
32 230,400 1,718.4 2 0.007 5.0 
64 176,128 1,247.1 2 0.007 5.0 
1 294,505 3,065.8 3 0.010 3.0 
2 290,920 3,260.2 3 0.011 3.0 

Peace 4 289,136 2,871.4 3 0.010 2.8 
8 331,136 3,063.9 2 0.009 7.0 

16 247,040 1,848.0 2 0.007 5.0 
32 242,688 1,723.8 2 0.007 5.0 
64 348,160 2,264.6 3 0.007 2.8 
1 161,033 1,889.9 3 0.012 2.3 
2 106,768 1,252.7 2 0.012 4.0 

Athabasca 4 129,632 1,307.2 2 0.010 4.0 
8 94,912 935.9 2 0.010 3.0 
16 75,008 603.6 2 0.008 2.0 
32 75,776 540.8 2 0.007 2.0 
64 94,208 810.0 2 0.009 2.0 
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Table 5.2: Basin area and network statistics for the Missouri basin and several sub
basins. 

Grid Size Area of Total Highest Draingage 
Bifurcation 

Basin 
(km) Basin (km2

) 
Channel Strahler Density 

Ratio 
Length (km) Order (1/km) 

1 1,350,810 15,391.8 4 0.011 3.3 
2 1,343,800 15,182.6 4 0.011 3.4 

Missouri 4 1 ,333,168 14,100.5 4 0.011 3.3 
8 1,318,592 13,332.6 4 0.010 3.3 
16 879,104 8,662.9 3 0.010 4.5 
32 564,224 4,881.3 4 0.009 2.3 
64 516,096 5,153.7 3 0.010 3.5 
1 182,132 1,962.8 2 0.011 4.0 
2 179,800 1,872.0 2 0.010 4.0 

Yellowstone 4 181,664 1,775.9 2 0.010 4.0 
8 182,272 1,715.6 2 0.009 4.0 
16 190,208 1,731.6 2 0.009 4.0 
32 265,216 1,982.1 2 0.007 3.0 
64 233,472 1,710.6 2 0.007 4.0 
1 229,927 2,923.6 3 0.013 2.5 
2 228,796 2,979.7 3 0.013 2.7 

Platte 4 230,352 2,832.3 3 0.012 2.5 
8 264,192 2,975.4 3 0.011 2.8 
16 45,056 440.9 1 0.010 na 
32 147,456 1,414.8 2 0.010 3.0 
64 24,576 346.5 1 0.014 na 
1 154,193 1,742.6 2 0.011 4.0 
2 154,128 1,667.9 2 0.011 4.0 

Kansas 4 150,096 1,630.4 2 0.011 4.0 
8 151,360 1,629.4 2 0.011 4.0 
16 356,352 3,814.1 3 0.011 2.8 
32 167,936 1,620.1 3 0.010 2.3 
64 258,048 2,686.1 3 0.010 2.5 

The bifurcation ratio is defined as the ratio of stream segments for a given order to the 

number of segments of the next highest order. The mean bifurcation ratio is generally 

used when 3 or more stream orders are present. Bifurcation ratios typically fall between 

3 and 5 for basins where drainage patterns are not dominated by geologic structure 

(Strahler, 1964; Gregory and Walling, 1973). 

Drainage density is an important factor in controlling the generation of run-off (Smith 

and Stopp, 1978). Basins with greater drainage densities concentrate run-off much more 
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rapidly, and are therefore more susceptible to flooding than basins with low drainage 

densities. The drainage density is calculated as the total channel length divided by the 

basin area. Strahler (1964) indicates that low drainage densities (values of 5 to 6.5 km-1
) 

are generally found in regions of highly permeable subsurface materials and areas of 

low relief, whereas higher values are found in regions with impermeable subsurface 

materials and higher relief. The drainage density (Table 5.1) for the Mackenzie basin is 

shown to be extremely low because of the large CSA and MSCL values used. 

5.1.1 Mackenzie River Basin 

Figure 5.1 shows variations in the spatial distribution of the basin extent and network at 

each scale for the Mackenzie River basin and three major sub-basins. Relative to the 

basin and network for the Mackenzie basin at 1 km resolution, there is less variation 

between the basin extents, and the channel networks from 2 to 8 km resolution. With 

increased grid size, there is a general decline in: basin area, total channel length 

(calculated as the length of all channel segments) and drainage density (Table 5.1). At 8 

km resolution, the total channel length is less by nearly 1 ,600 km or -- 14%. The CSA 

and MSCL parameters used for this study produce a maximum channel order of 4 

(Table 5.1) for the Mackenzie basin. The highest Strahler order and bifurcation ratios at 

each scale are fairly constant. 

A couple of notable changes to the basin and network configurations are observed at 

resolutions of 2, 4, and 8 km in the Peace and Athabasca basins (Figure 3.2). Elevation 

aggregation and smoothing results in the loss of the upper portion of the Peace channel 

network, along with a large area of high elevations. This is because averaging has 

produced a band of higher elevation within a narrow valley region, blocking the 

drainage path. At the same time, a large part of the channel network and drainage area 

of the Athabasca basin (Figure 5.1) is redirected to the north and joins with network of 

the Peace basin. 
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There are two reasons for this: (1) the inability of the DEM to resolve a very narrow 

valley (only 1 km wide) thus blocking the drainage path of the Athabasca network at 

coarser resolutions; and (2) as a result of the blockage, a depression forms within the 

Athabasca basin which is adjacent to an area of lower elevation within the Peace basin 

(at the Peace/ Athabasca drainage divide). After breaching/filling of the depression by 

TOPAZ, flow from the Athabasca basin is redirected to the north towards the lowest 

available outlet. 

The considerable changes in basin and network configurations that result for the Peace 

basin (Figure 5.1) are generally not reflected in the basin and network statistics at 2 and 

4 km resolution (Table 5.1) and only slightly reflected at 8 km resolution; the area 

increases by 12%, whereas the total channel length is reduced by only 2 km. The basin 

order is reduced from 3 to 2 and the bifurcation ratio increases from 3.0 to 7.0 because 

there is one less 2nd order channel in the network. Changes in basin and network 

configurations for the Athabasca basin (Figure 5.1) are considerably greater (Table 5.1), 

with large reductions in both basin area and total channel length (of- 34%). Basin 

order, drainage density and bifurcation ratio are generally remain similar from 2 to 8 km 

resolution (Table 5.1 ). 

Compared to the 1 km DEM, changes in basin and network configuration (Figure 5.1) 

develop at 16 to 64 km resolution for the Mackenzie basin; the total channel length is 

reduced by more than 4,000 and 6,000 km (26% to 34%) but the basin area is reduced 

by only 4% and 6% (Table 5.1 ). This also results in considerable reductions in basin 

area (13% to 36%) and total channel length (23% to 53%) for the Liard basin as well. 

Due to further variation in basin and network configurations, fluctuations in basin area 

(of- 20%) and reductions in total channel length (23% to 53%) result for the Peace 

basin as well (Table 5.1). The Athabasca basin continues to be poorly reproduced at 

coarser resolutions, and shows even greater reductions in basin area (53%) and total 

channel length (57% to 71 %) at 16 and 32 km. 
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More importantly, averaging of the 1 km DEM to resolutions of 16 to 64 km produces a 

large depression in the eastern part of the Mackenzie basin. This is a region of relatively 

low relief at 1 km resolution, and is occupied by Great Slave Lake. After pre-processing 

(breaching/filling and relief imposition), the flow paths of several main channels of the 

upper Mackenzie basin are directed into the region (Figure 5.1 ). This is along the paths 

of steepest descent leading towards an available outlet to the north (a region occupied by 

Great Bear Lake). Thus, a considerable shift in the spatial distribution of the Mackenzie 

network is observed at 16 to 64 km resolution, and a network that differs greatly from 

the network at 1 km resolution results. 

As the grid size is increased, there is also more generalization of the basin and network, 

with individual channels becoming increasingly straighter and shorter overall. The 

network statistics (basin order, drainage density and bifurcation ratio) are shown to be 

generally poor indicators of variations in basin and network configurations for the 

Mackenzie basin, remaining relatively constant with increased grid size. This may be 

explained, in part, by the initial coarseness of the drainage network at 1 km resolution. 

5.1.2 Missouri River Basin 

Figure 5.2 show variations in the spatial distribution of the basin extent and network at 

each scale, for the Missouri River basin and three major sub-basins. Overall, there is 

even less variation (compared to the Mackenzie basin) between the basin and network 

configurations of the 1 km DEM for the Missouri basin, and those at 2 to 8 km 

resolution, although at 8 km resolution the basin area is reduced by 32,000 km2 (a 

change of only 2%) and total channel length is reduced by 13% (-- 2000 km) overall. 

There is also very little change in the network statistics {Table 5.2) at 2 to 8 km 

resolution. The Yellowstone, Platte and Kansas sub-basins (Figure 3.4) show little 

variation in basin and network configuration, with the exception of the Platte basin at 8 

km resolution (Figure 5.2). The total channel length of Platte basin increases by only 50 
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km or 2%, even though the area of the Platte basin increases by 15% (-- 35,000 km2
). 

This is because of the addition of flow from a large flat area in the headwater region of 

the Platte basin, which results from aggregation and smoothing. The network statistics 

for the Platte basin, however, show little change. The area of the Yellowstone basin 

(Table 5.2) is shown to be the most consistent (of any basin in this study) at 4 and 8 km 

resolution with variations in basin area of only +/- 1,000 km2
, yet the total channel 

length of the Yellowstone basin is reduced by 13% or- 2,000 km at 8 km resolution. 

At 16 to 64 km resolution, there are huge changes in basin and network configuration 

for the Missouri basin as a result of averaging. The entire northern portion of the 

Missouri basin and channel network (which includes the Yellowstone basin) has been 

removed completely at 16 km resolution, resulting in huge reductions in basin area (--

500,000 km2 or 35%), and total channel length(-- 5,000 km or 44%). 

Again, basin area is reduced because averaging results in blockages (band of higher 

elevation) within the valley bottom. Unfortunately, the blockage cannot be removed by 

TOPAZ because there is a lower available outlet to the north. Although it is not shown 

here, the entire upper portion of the Missouri network (at 16 to 64 km resolution) is 

redirected towards lower elevations to the north and joins with the Red River near the 

Canada/U.S border; which ultimately contributes flow to Hudson Bay in central Canada. 

At 32 and 64 km resolution (Table 5.2), even greater reductions in basin area (58% and 

68%) and total channel length(- 68% and 67%) are observed. The network statistics 

(Table 5.2), however, are generally unaffected by these changes. 

The Platte and Kansas basins (Figure 5.2) also show considerable variation in basin and 

network configuration at 16 and 64 km resolution. This is due to the capture of most of 

the network and basin area of the Platte by the Kansas basin at these scales. This may be 

attributed to the coarseness of the DEM because the DEM is unable to resolve between 

the channel cells and drainage divide at these scales. Huge increases in basin area ( 131% 

and 67%) and total channel length (119% and 54%) for the Kansas basin result. Due to 

the joining of 2nd order networks, the order of the Kansas basin increases from 2 to 3 
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and the bifurcation ratio is reduced (Table 5.2). For the Platte basin, the result is a huge 

reduction in basin area (80% and 89%) and total channel length (85% and 88%), while 

the basin order is reduced from 3 to 1 (Table 5.2). This is because only small part of the 

channel leading to the outlet remains. As was the case with the Peace and Athabasca 

basins, capture of the Platte network by the Kansas network occurs where a segment of 

the Platte channel network is very close to the drainage divide (at 1 km resolution) 

separating the basins. 

Even though the Yellowstone basin is no longer a part of the Missouri basin at 16 km 

resolution, the drainage area of the Yellowstone basin remains relatively constant, 

increasing by about 4% (Table 5.2). At 32 and 64 km resolution, the drainage area of the 

Yellowstone basin increases considerably ( 46% and 28% ). The total channel length is 

constant (increase of only 20 km) at 32 km but is reduced by 12% and 13% at 16 km 

and 64 km respectively. 

5.2 Relief Distributions at Each Scale 

Relief distributions (z distributions) for the basins, at each scale, are shown in Figure 5.3 

through 5.10. The same horizontal and vertical scales are used for the z distributions, at 

each scale, allowing for direct comparisons. The distributions show the total area (%) of 

the basin within each elevation class. The class interval is 100 m, and begins with a 

lower limit of 1 m. Also included in the figures, are descriptive statistics of elevation 

(minimum, maximum, mean, median, modal class, and standard deviation), and 

distribution shape (skewness and kurtosis). 

The values for minimum, maximum, mean and standard deviation were calculated from 

actual basin elevations. Median, modal class, skewness and kurtosis values were 

calculated from the elevation classes. The median and modal class, show the middle 

elevation of the classes and the class with the most values respectively (Ebdon, 1985). 
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Figure 5.3: Relief distributions for the Mackenzie basin at each scale. 

58 



40 40 

35 Liard 
Min: 126 35 Liard 

Min: 134 
30 

1km Max: 2763 2km Max: 2549 30 
Mean: 987.9 Mean: 995.6 

25 Median: 1401 25 Median: 1401 

20 Modal cl: 401-501 20 Modal cl: 401-501 
';!! St. Dev: 477.6 ';!! St. Dev: 475.4 

15 Skew: 0.4 15 Skew: 0.1 

10 Kurtosis: -1.1 10 Kurtosis: -1.3 

5 5 

0 0 
0 501 1,0011,501 2,001 2,501 3,001 3,501 4,001 0 501 1,001 1,501 2,001 2,501 3,001 3,501 4,001 

Elevation (m) Elevation (m) 

40 40 

35 Liard Liard 
Min: 171 35 Min: 211 

30 
4km Max: 2484 8km Max: 2315 30 

Mean: 984.6 Mean: 1008.1 
25 Median: 1251 25 Median: 1251 

';!! 20 Modal cl: 401-501 
';!! 20 Modal cl: 401-501 

St. Dev: 465.2 St. Dev: 455.0 
15 Skew: 0.1 15 Skew: -0.3 

10 Kurtosis: -1.2 10 Kurtosis: -1.1 

5 5 

0 0 
0 501 1,0011,501 2,001 2,501 3,001 3,501 4,001 0 501 1,0011,501 2,0012,501 3,001 3,501 4,001 

Elevation (m) Elevation (m) 

40 40 

35 Liard Min: 261 35 Liard Min: 243 
16km Max: 2027 32 km Max: 1895 30 30 

Mean: 976.4 Mean: 958.9 
25 Median: 1101 25 Median: 1001 

20 Modal cl: 201-301 20 Modal cl: 401-501 
';!! ~ St. Dev: 429.4 0 St. Dev: 412.4 

15 Skew: -0.1 15 Skew: 0.4 

10 Kurtosis: -0.3 10 Kurtosis: -0.1 

5 5 

0 0 
0 501 1,001 1,501 2,001 2,501 3,001 3,501 4,001 0 501 1,001 1,501 2,001 2,501 3,001 3,501 4,001 

Elevation (m) Elevation (m) 

40 

35 Liard 
64km Min: 276 

30 Max: 1791 

25 Mean: 991.5 
Median: 951 

';!! 20 Modal cl: 801-901 

15 St. Dev: 377.3 
Skew: 0.2 

10 Kurtosis: -1.0 

5 

0 
0 501 1,001 1,501 2,001 2,501 3,001 3,501 4,001 

Elevation (m) 

Figure 5.4: Relief distributions for the Liard basin at each scale. 
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Figure 5.5: Relief distributions of the Peace basin for each scale. 
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Figure 5.6: Relief distributions of the Athabasca basin for each scale. 
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Figure 5. 7: Relief distributions of the Missouri basin for each scale. 
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Figure 5.8: Relief distributions of the Yellowstone basin for each scale. 
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Figure 5.9: Relief distributions of the Platte basin for each scale. 
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Figure 5.10: Relief distributions of the Kansas basin for each scale. 

Skewness and kurtosis are used to describe the general shape of a distribution (Ebdon, 

1985). Skewness indicates where the majority of values are located (left or right) with 

respect to the mean. The kurtosis indicates whether the classes have similar proportions 

of values or a few classes have a larger proportion of values. A skewness value of 0.0 

describes the general shape of a normal distribution (no skew). Positive skewness 

indicates that the majority of values are less than the mean (skewed left), while negative 
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skewness indicates that a majority of values are greater than the mean (skewed right). A 

kurtosis value of 3.0 describes the normal distribution. Values lower than 3.0 indicate a 

similar proportion of values in each class and the distribution will be flatter in 

appearance or platykurtic. Kurtosis values of greater than 3.0 indicate that relatively few 

classes contain the majority of values, making the distribution appear more spiked or 

leptokurtic. 

5.2.1 Mackenzie River Basin 

Relief (z) distributions and descriptive statistics for the Mackenzie basin (and sub

basins) are given in Figure 5.3 to 5.6. Overall, the z distributions for the basins show 

two general trends as a result of (1) smoothing, and (2) changes in basin configuration 

or basin extent. 

Aggregation and smoothing of the DEM increases the minimum elevation of the basins 

and reduces the maximum, mean, median, modal class and standard deviation of 

elevation for the basins (Figure 5.3 to 5.6), with some fluctuation as a result of changes 

in basin configuration. Lower mean and standard deviation of elevation, with increased 

gird size, would indicate that averaging of the DEM reduces extreme values of 

elevation, and has a greater impact on high extreme values. 

For example, a comparison of elevation statistics for the Mackenzie basin at 1 km and 

64 km resolution (Figure 5.3) shows the minimum elevation increases from 11 to 81 m, 

and the maximum and mean elevations are reduced by 1,500 m and -- 50 m respectively. 

The reduction in extreme low and high elevation values result in elevation values that 

are not as widely spread, thus mean and standard deviation are reduced considerably. 

This simply means that the digital representation of the topography gets smoother with 

aggregation. 
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Changes in basin configuration, also has an impact on the distribution of elevation with 

increased grid size. Basin configurations that remain relatively similar, such as the 

Mackenzie basin to 4 km resolution (Figure 5.3), and the Liard basin to 8 km resolution 

(Figure 5.4), show a more systematic smoothing of the topography and a reduction in 

most of the elevation statistics. The mean elevation of the Liard basin increases at 2 and 

8 km resolution (Figure 5.4) because of small variations in the basin extent and its 

location within a region of high relief. The basins tend to have much more erratic z 

distributions with greater changes in basin configuration. For example: the Liard basin 

at 16 to 64 km resolution (Figure 5.4) and the Peace and Athabasca basins at 2 to 64 km 

resolution (Figure 5.5 and 5.6). 

5.2.2 Missouri River Basin 

Relief (z) distributions and descriptive statistics for the Missouri basin and sub-basins 

are shown in Figures 5.7 to 5.10. Results for the Missouri basin are similar to those for 

the Mackenzie basin. Basin configurations that remain similar show systematic 

smoothing of the topography. The Missouri basin shows this trend to 8 km resolution 

(Figure 5. 7) but from 16 to 64 km resolution, the considerable reduction in basin area 

the z distribution appears to more erratic; the distribution is more positively skewed and 

becomes more peaked (kurtosis increases). At 64 km resolution, some elevation classes 

are removed altogether as result of averaging. These trends are even more apparent from 

observing the distributions at each scale for the sub-basins. 

The z distribution for the Yellowstone basin is fairly similar from 1 to 16 km resolution 

and changes considerably at 32 and 64 km resolution (Figure 5.8). At 32 km resolution 

there is considerable increase in basin area within several higher elevation classes as a 

result of the change in basin configuration. At 64 km resolution three elevation classes 

have an equal number of observed values or three modal classes, whereas other classes 

have been removed. 
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The trend for the Platte basin is even more striking (Figure 5.9). The elevation statistics 

are fairly constant to 4 km resolution. At 8 km resolution, values of mean, standard 

deviation, skewness and kurtosis all increase because of the addition of higher 

elevations in the western region of the basin. Reductions in basin area at 16 to 64 km 

resolution results in considerable changes in basin configuration for the Platte basin 

(Figure 5.2) and also results in very erratic z distributions (Figure 5.9), with large 

reductions in mean and standard deviation observed. At 64 km resolution, the basin area 

is evenly distributed between six classes because the Platte basin is composed of only 

six cells (Figure 5.2). 

Relief distributions for the Kansas basin are also relatively consistent to 8 km resolution 

(Figure 5.10) with very little observed change in the elevation statistics. Even at 32 km 

resolution, the change is relatively small with an observed increase in mean elevation of 

about 15 m, and a reduction in standard deviation of about 22 m. The observed changes 

at 16 and 64 km (Figure 5.10), are much more considerable (almost 100% are observed 

for mean, median and standard deviation of elevation) as a result of the increased basin 

area shown in Figure 5.2. This is in contrast to the kurtosis, which is reduced 

considerably, as shown by the flatter distribution. 

5.2.3 Chi-Square Analysis of Distributions 

The chi-square test can be used to test whether two or more distributions are different 

(Ebdon, 1985; Press et al., 1992). For this study, a chi-square analysis is used to 

measure the degree of similarity or dissimilarity between two distributions, namely the 

relief distributions at 1 km resolution and the relief distributions of the aggregated 

DEMs. The calculation of the chi-square statistic (used in this study) is the same one 

~ed by Press et al., (1992, p. 622) for comparing two binned (data put into classes) data 

sets, and is given by: 

2 "" (R.- S.)
2 

X=~ , , 
; R; + S; 

(1) 
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In this case, Ri is the proportion of values in bin i for the 1 km DEM and Si is the 

proportion of values in the same bini for the aggregated DEM. The proportions are used 

here (as opposed to frequencies) because of the considerable difference in total number 

of data values at each grid resolution. 

Table 5.3 shows results of the chi-square analysis between relief distributions for the 1 

km resolution DEMs and relief distributions for the aggregated DEMs. Larger values 

indicate a greater degree of dissimilarity between the distributions at 1 km and the 

distributions at coarser grid sizes. Overall, the chi-square values tend to increase with 

grid size, which is to be expected. It would also be expected that chi-square values 

should be larger for those basins with inconsistent extents or configurations, because of 

the incorporation of areas outside of the basin or simply loss of basin area, which is also 

the case. For example, the Peace and Athabasca basins show the most change in 

configuration (at 2 km resolution) from the 1 km resolution DEMs, and also have the 

largest chi-square values at 2 km resolution (Table 5.3). 

Also of note are the chi-square values of the distributions for the Platte and Kansas 

basins at 16 and 64 km resolution. The addition of a large area of higher elevations for 

the Kansas basin, and the loss of a large proportion of the Platte basin (along with higher 

elevations) results in considerable increases in the chi-square statistic (Table 5.3). This 

simply means that the distributions at 16 and 64 km resolution are very different than 

the distributions at 1 km resolution. 

Table 5.3: Chi-square analysis of relief distributions at 1 km resolution vs. coarser 
resolution DEMs. 

Basin X 2 Statistic At Each Grid Resolution 
2 4 8 16 32 64 

Mackenzie 0.5 1.1 4.2 5.8 7.0 12.5 
Liard 0.7 1.4 6.7 13.4 13.9 32.5 
Peace 4.1 4.4 5.6 7.5 11.2 17.6 
Athabasca 35.2 38.0 34.5 36.4 38.9 29.7 
Missouri 0.1 0.4 1.1 4.9 14.9 15.4 
Yellowstone 0.4 4.3 1.5 1.7 18.8 31.4 
Platte 0.1 0.3 3.4 88.3 13.5 114.5 
Kansas 0.0 0.1 0.3 53.0 2.4 34.6 
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5.3 Slope Measures at Each Scale 

Slope, the first derivative of altitude (Mark, 1975) or elevation, is a widely used 

topographic measurement that describes the nature of the land surface, and more 

importantly, influences the flow rates of water (Zevenbergen and Throne, 1987). The 

measurement of slope across the land surface is influenced by several factors (Chang 

and Tsai, 1991) including: topography, the method of calculation, and the DEM 

resolution or grid cell size. The latter factor is important because the calculation of slope 

is biased with scale or the increase in distance between cells at coarser resolutions. 

TOPAZ provides several measures of slope (Garbrecht and Martz, 2000a), two of which 

are used in this study, namely terrain slope and hydraulic slope. In TOPAZ, terrain slope 

is calculated as the maximum slope computed at each cell on a mathematical surface 

interpolation of the current cell and its eight adjacent neighbors (Garbrecht and Martz, 

2000a). The hydraulic slope is calculated by TOPAZ as the upstream or flow weighted 

mean slope of all flow vectors entering and leaving each cell, therefore cells with greater 

upstream areas are given greater weight (Garbrecht and Martz, 2000a). 

For analysis purposes, two methods were used to show changes in slope with varying 

grid size. The first (section 5.3.1) was to show changes in mean terrain and hydraulic 

slope graphically for the basins at each scale. The second (section 5.3.2) was to 

eliminate the bias of scale for direct comparisons. This was accomplished by 

aggregating raster maps of terrain slope (for the 1 to 32 km grids) to a grid size of 64 

km; the largest grid scale used in this study. This allows for a comparison of varying 

slope values at one scale (i.e., 64 km x 64 km) across the basin. Regional hydraulic 

slope maps were not included in the analysis simply to reduce output redundancy. 
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5.3.1 Mean Terrain and Hydraulic Slope 

Results of the mean terrain slope (which will be referred to as TSLOPE for simplicity) 

comparisons at each scale are shown in Figure 5.11. As expected, mean TSLOPE values 

are shown to decline with increased grid size as a result of aggregation and smoothing. 

At 1 km resolution the Mackenzie basin and sub-basins have different mean TSLOPE 

values. At 2 km resolution (one aggregation) the mean TSLOPE of the Mackenzie basin 

is reduced by--- 1% and the Liard, Peace, and Athabasca basins (Figure 3.2) are reduced 

by an average of'"" 2%. This results in similar mean TSLOPE values for the Mackenzie 

and Peace basins at 2 km resolution. Interestingly, the mean TSLOPE values for the 

Mackenzie and Peace basins decline at similar rates and with similar values to 64 km 

resolution. 

At 2 km resolution the Athabasca basin is shown to have much gentler slopes (mean 

TSLOPE of--- 0.6%) due to the loss of the upper elevations of the basin but shows 

relatively little change from 2 to 16 km resolution. The mean TSLOPE of the Liard 

basin continues to decline systematically (Figure 5.11) at each scale from 2 km to 64 km 

resolution by approximately 2, 1, 0.6, 0.2 and 0.2%. At 16 km resolution the Mackenzie 

and its sub-basins have fairly similar the mean TSLOPE values (below 1%) and decline 

at similar rates to 64 km resolution. 

Similar results can be seen for the Missouri basin and sub-basins (Figure 5.11) as well. 

The Missouri and Platte basins have similar mean TSLOPE values at 1 km resolution, 

which are reduced at similar rates to 8 km resolution. The loss of 35% of the Missouri 

basin at 16 km resolution appears to have little effect on the mean TSLOPE of the basin. 

This may be due to the similarity between mean TSLOPE values (well below 1 %) at 16 

km resolution for all basins, with the exception of the Yellowstone basin ( ro.J 0.9% ). 

There is, however, a noticeable drop in mean TSLOPE for the Platte basin at 16 km 

resolution (Figure 5.11 ). 
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Figure 5.11: Mean terrain slope for all basins at each scale. 

This may be explained by the considerable reduction in basin area and loss of most of 

the higher elevations with the joining of the Platte and Kansas networks at 16 km 

resolution. The addition of the higher elevations in the Kansas basin is at 16 km 

resolution (Figure 5.11) is reflected by an increase in mean TSLOPE for the Kansas 

basin. Aggregation has a greater effect on higher values of Mean TSLOPE, for example 

the Yellowstone basin, which are reduced at a greater rate from 2 to 8 km resolution 

than at 16 to 64 km resolution (Figure 5.11 ). At 16 km resolution the mean TSLOPE 

values for the Missouri basin and sub-basins are below 1 %. 

Results for the mean hydraulic slope or HSLOPE (Figure 5.12) are similar to the results 

for mean TSLOPE. As grid size increases, mean HSLOPE values decline with the 

greatest impact on mean values from 2 to 8 km resolution. Due to the difference in 

calculation, the values of mean HSLOPE {Figure 5.4) are higher than mean TSLOPE 

values (Figure 5.11) in general to 8 km resolution. This is likely because of the overall 

effect of several flow vectors (with a flow weighting) entering each cell, which are 

included in the calculation of HSLOPE. Values of mean TSLOPE and HSLOPE are 

similar from 32 to 64 km resolution, which is likely a result of the very coarse grid size. 
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Figure 5.12: Mean hydraulic slope of all basins at each scale. 

Interestingly, mean HSLOPE values for the Mackenzie, Peace, Missouri and Platte 

basins fall to about -- 1% at 8 km resolution, and are well below 1% from 16 to 64 km 

resolution. The Liard and Yellowstone basins (two of the steepest sloped basins in this 

study) have mean HSLOPE values of-- 1% at 16 km resolution and are much less than 

1% at 32 and 64 km. Results for the standard deviation or root mean square (RMS) of 

the hydraulic slope (Figure 5.13) for these basins is essentially the same. 
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Figure 5.13: RMS hydraulic slope of all basins at each scale. 

This is of interest because the largest overall variations in basin extent, network patterns, 

and relief distributions are observed at 16 km resolution (e.g., Mackenzie, Peace, 

Missouri and Platte basins) and 32 km resolution (e.g., Yellowstone basin). The Peace 

basin is considered here because the basin and network configuration, and relief 

distribution are similar from 2 to 8 km resolution. The overall differences between the 
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basin and network configurations, and variable values of the 1 km DEMs and those at 

16 and 32 km resolution, appear to manifest when the mean HSLOPE and RMS 

HSLOPE for the basin is reduced to about 1% or is less than 1% (Figure 5.12 and 5.13). 

5.3.2 Regional Terrain Slope Maps 

A comparison of aggregated terrain slope maps (at 64 km resolution) for each basin is 

shown in Figure 5.14 and 5.15. No aggregation was required for the TSLOPE rasters at 

64 km resolution. For this procedure simple averaging was used; raster maps of 

TSLOPE at 1, 2, 4, 8, 16 and 32 km resolution for the Mackenzie and Missouri DEMs 

were aggregated to a grid cell size of 64 km x 64 km. This procedure allows for the 

comparison of slope variations on a regional basis. Drainage boundaries for each of the 

sub-basins are also indicated on the maps to show variations within each basin. 

The maps of regional TSLOPE slope (as a%) for the Mackenzie basin (Figure 5.14) 

show systematic smoothing (shift towards gentler slopes) of the basin with increasing 

cell size. At 1 km resolution, values of TSLOPE range from > 10% to less than 1% in 

low relief areas. As can be seen by comparing the averaged TSLOPE maps for each 

scale (Figure 5.14), the regions with higher TSLOPE values are affected the most by 

smoothing. By 8 km resolution the regional TSLOPE across the basin is less than 5% 

and less than 1% at 64 km resolution. There is also a noticeable division between 

regional slopes of > 1% (along most of the western edge of the Mackenzie) and slopes 

of< 1% towards the east. 

It is also interesting to note the area with virtually no slope in the central region of the 

Mackenzie basin at 8 km resolution, which is the region occupied by Great Slave Lake. 

At 16 km resolution the area continues to increase in size but decreases in size again at 

32 and 64 km resolution. This may be attributed to the incorporation of high relief at the 

edges of the flat area with the larger grids. This flat area would also explain the 

convergence of flow towards the central region of the Mackenzie basin at 16 to 64 km 

resolution. 
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Results for the Missouri basin (Figure 5.15) also show steady reductions in regional 

TSLOPE across the basin. At 1 km resolution the Missouri basin has a much smaller 

proportion of high TSLOPE values. At 8 km resolution there is a clear division between 

regional slopes to the west (> 1 %) and east (< 1 %). At 16 and 32 km resolution 

TSLOPE values are essentially the same (Figure 5.15). At 64 km resolution the northern 

part of the Missouri basin becomes a large relatively flat region. 

5.4 Impact on Variables at Each Scale 

The following section shows results of derived topographic variables with varying grid 

cell size. Tables of the variables and values at each scale are given in Appendix. The 

variables provided by TOPAZ are commonly used in support of hydrologic analysis. 

These variables include basin area; mean elevation; total number of sub-basins; mean 

sub-basin area; mean distance to nearest channel and outlet; mean drop to nearest 

channel and outlet; total channel length; and mean channel link length. For comparative 

purposes, the summarized values obtained for individual variables at 1 km resolution are 

assumed to be the most accurate. Variations in values with increased grid size are 

measured as the deviation (%) from values obtained at 1 km resolution or the reference 

values. 

5.4.1 Basin and Sub-Basin Properties 

Variations in basin area, mean elevation, total number of sub-basins, and mean sub

basin area for the Mackenzie, Liard, Peace, and Athabasca basins are shown in Figure 

5 .16. The total number of sub-basins is simply a measure of the number of channel links 

in the network, which are a product of the CSA and MSCL values used. That is, each 

link in the network has a specific drainage area associated with it. 
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The total area of the Mackenzie basin remains fairly constant (within +/- 6%) to 64 km 

resolution. Relative to the basin area at 1 km resolution, the area of the Liard basin is 

within +/- 10% at 2 and 4 km resolution and +/- 11% at 8 km resolution but deviates 

further at grid sizes of 16 to 64 km. The total area of the Peace basin is within +/- 10% 

at 4 km and+/- 12% at 8 km resolution as well but also shows larger deviations after 8 

km. The basin area of the Athabasca basin deviates considerably from the 1 km value 

due to the joining of the Athabasca network with the Peace network. The mean elevation 

(Figure 5.16) of the Mackenzie and Liard are within+/- 10% up to 64 km resolution, 

and for the Peace basin within +/- 10% to 8 km resolution. A large drop in mean 

elevation is consistently observed for the Athabasca basin from 2 to 64 km resolution, 

again due to the considerable change in basin extent. 

The total number of sub-basins and mean sub-basin area variables are generally more 

sensitive to changes in grid size (Figure 5.16) than the basin area and mean elevation 

variables. 
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Figure 5.16: Basin properties for the Mackenzie, Liard, Peace and Athabasca basins at 
each scale. 
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Figure 5.16 shows the Mackenzie basin as having the same number of sub-basins at 2 

km resolution as there were at 1 km. However the number of sub-basins is shown to 

decrease (Figure 5 .16) rapidly with further aggregations. This is also the result, in 

general, for the Liard, Peace and Athabasca basins. As the total number of sub-basins 

decreases, the mean sub-basin area is generally shown to increase (Figure 5.16) It 

should be noted that due to the coarseness of the network, the Liard and Peace basins 

each have only 15 sub-basins at 1 km resolution, and the Athabasca 9 sub-basins. 

Therefore an increase or decrease of even two sub-basins produces large deviations 

from number of sub-basins at 1 km resolution. 

Results of the analysis of basin area, mean elevation, total number of sub-basins, and 

mean sub-basin area for the Missouri basin and sub-basins (Figure 5.17) show an even 

more striking trend. That is, variable values tend to be within +/- 10% of the reference 

values (at 1 km resolution) to 8 km resolution, with the exception of number of sub

basins and mean sub-basin area for the Platte basin. At 16 km resolution the values 

deviate considerably (Figure 5.17) from those at 1 km resolution. 
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Figure 5.17: Basin properties for the Missouri, Yellowstone, Platte, and Kansas basins 
at each scale. 
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For the Missouri basin a reduction in basin area of 35% to 65% at 16 to 64 km 

resolution results in lower mean elevation and considerable reductions in total number 

of sub-basins and mean sub-basin area. Large increases in variable values for the Kansas 

and decreases for the Platte at 16 and 64 km resolution are observed due to the capture 

of the Platte network by the Kansas. The result is an increase in basin area for the 

Kansas basin of more than 131% and a reduction in area of the Platte basin by 80%. 

5.4.2 Channel Network Properties 

Results for selected channel properties including total channel length and mean link 

length for the Mackenzie, Liard, Peace, and Athabasca basins at each scale are presented 

in Figure 5.18. 

The total channel length is calculated as the sum of all channel link lengths in the 

network. The mean link length is calculated as sum of all link lengths divided by the 

total number of channel links. The total channel length tends to decrease with increasing 

grid size as result of network generalization. Total channel lengths for the Mackenzie, 

Liard, and Peace basins are generally within+/- 10% of the values at 1 km resolution 

with a few individuals slightly outside+/- 10%. 
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Figure 5.18: Channel network properties for the Mackenzie, Liard, Peace, and 
Athabasca basins at each scale. 

At 16 to 64 km resolution the total channel length of these basins deviates considerably 

from the 1 km values. Due to the reduction in basin area for the Athabasca basin, the 
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total channel is reduced by more than 30% at 2 km resolution and continues to decrease 

further with increased grid size. The mean link length for the Mackenzie, Liard, and 

Peace basins remains fairly constant (within+/- lOo/o) to 32 km with a couple of values 

outside+/- 10%. The Athabasca basin gives the poorest results for mean link length at 2 

to 64 km with most values outside+/- lOo/o. 

Results for the Missouri basin and its sub-basins (Figure 5.19) continue to show this 

general trend. Even though the total channel length declines with increased grid size, the 

values are within+/- 10% of the reference values to 8 km resolution with a couple of 

values falling slightly outside. At 16 km resolution the total channel length of the 

Missouri, Platte, and Kansas basins show large deviations from the values at 1 km 

resolutions due to considerable changes in basin area. 
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Figure 5.19: Channel network properties for the Missouri, Yellowstone, Platte, and 
Kansas basins at each scale. 

Mean link lengths for the Missouri, Yellowstone, Platte, and Kansas basins (Figure 

5.19) tend to decline for grid sizes of2 to 8 km. Most values tend to be within+/- 10% 

of the reference values with a few individuals slightly outside+/- 10%. 

5.4.3 Overland Flow Length and Elevation Change Properties 

Results for mean distance to nearest channel and outlet, and mean drop to nearest 

channel and outlet are given for the Mackenzie, Liard, Peace, and Athabasca basins in 
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Figure 5.20. The distance to nearest channel is calculated as the overland distance from 

each cell to the nearest channel it flows into. The distance to the outlet is calculated 

from each cell to the nearest channel it flows into, and the continuation down the 

channel network to the basin outlet. The change in elevation is calculated in similar way 

only the drop in elevation from each cell is used. These values are then averaged over 

the entire basin. 

As shown in Figure 5.20, these variable values also tend to decline with increasing grid 

size. Values of mean distance to nearest channel, for the Mackenzie and Peace basins, 

are generally within+/- 10% ofthe reference values to a grid size of64 km, and to 4 km 

resolution for the Liard basin. Results for mean distance to nearest outlet for the 

Mackenzie, Liard, and Peace basins are also fairly constant (within+/- 10%) to 8 km 

resolution when compared with the values at 1 km resolution. 
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Figure 5.20: Flow length and elevation drop properties for the Mackenzie, Liard, Peace, 
and Athabasca basins at each scale. 
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Smoothing of the DEM appears to have a greater impact on values of mean drop to 

nearest channel (Figure 5.20), as values deviate more than+/- 10% for grid sizes larger 

than 2 km for the Mackenzie and Peace basins, and 4 km for the Liard basin. The 

greatest impact is on values for the Athabasca basin because of the dramatic change in 

basin and network configurations. The mean drop to nearest outlet is fairly constant 

(within +/- 10% of the reference values) to 8 km resolution for the Liard and Peace 

basins, with values for the Mackenzie basins within+/- 11%. For grid sizes larger than 8 

km, the variable values deviate further from the reference values. 

Results for the mean distance to nearest channel and outlet, and mean drop to nearest 

channel for the Missouri, Yellowstone, Platte, and Kansas basins also tend to decline 

with increased grid size. For the Missouri and Kansas basins the mean distance to 

nearest channel is within+/- 10o/o to 4 km resolution {Figure 5.21) and deviates more 

from the 1 km values for larger grid sizes. Values for mean distance to nearest channel 

for the Platte basin are within+/- 12% of the reference values to 4 km resolution and for 

the Yellowstone basin are within+/- 10% of the reference values to 32 km. The mean 

distance to nearest channel for the Platte is nearly reduced to zero (Figure 5.21) at 64 km 

resolution, which is because the basin consists of only six cells. 

The mean distance to outlet for the Missouri, Yellowstone, Platte, and Kansas basins is 

consistently within+/- 10% of the reference values to 8 km resolution. Large reductions 

at 16 km resolution are observed for Missouri and Platte basins due to considerable 

losses in basin area. The mean distance to outlet for the Kansas basin shows a large 

increase because of the increase in basin area at 16 km resolution. The mean distance to 

outlet for the Yellowstone basin is within +/- 10% of the reference values to 16 km as 

well. 

Values of mean drop to nearest channel for the Missouri, Yellowstone, Platte, and 

Kansas basins decline at similar rates to 8 km resolution. Values for the individual 

basins tend to be within +/- 10% to 4 km resolution, and within +/- 15% at 8 km 

resolution with greater variations generally observed for larger grid sizes. The mean 
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drop to outlet for the Missouri, Yellowstone, Platte, and Kansas basins is consistent to 8 

km resolution (within +/- 10% of the reference values). For grids larger than 8 km 

resolution, large fluctuations are observed (Figure 5.21 ), with the exception of the 

Yellowstone basin (within+/- 10% of the values at 1 km for all scales). 

Values of mean drop to outlet for the Missouri decline further from 16 to 64 km as a 

result of the losses in higher elevations with basin area. Large increases in mean drop to 

outlet are seen for the Kansas basin at 16 and 64 km resolution (a result of adding higher 

elevations with increased basin area). The Platte basin shows large reductions in mean 

drop to outlet because the loss of the higher elevations at 16 and 64 km resolution. 

Mean Distance to Nearest Channel Mean Distance to Outlet 

150 150 
~ --Missouri 
f: 100 ----Yellowstone 

~ 

f: 100 
c ·······Platte cu 

~ 50 -----Kansas 

E 0 ··-···-·- ----::-:::::--~~~ g 

~ 
-50 

..... 

-100 

c cu ,, 
~ 50 ,· ,_ 

.... ·"· ~---.... ..,·;· 
E 0 ..,.=--~!7 _ _,_.. "';· ............. 
g ' 

...... --
~ 

-50 ., -..- .. "":, 

-100 . 
1 2 4 8 16 32 64 1 2 4 8 16 32 64 

Grid cell size (km) Grid cell size (km) 

Mean Drop to Nearest Channel Mean Drop to Outlet 

150 150 
~ ~ 0 ,, 
f: 100 ~ 100 , ' . ' Iii 

i 50 

E 0 ··- -.;:.::~-~:.....:~"..:~ e .... 
-50 

·., 
~ ~ 

-.. 

I 
I \ ·' / 50 ; \ ·' \ , 

E 0 
-..... ---:.r...·---

g - -' ' ... ·-···- ',,_ > -50 

! . 
-100 . -100 . 

1 2 4 8 16 32 64 1 2 4 8 16 32 64 

Grid cell size (km) Grid cell size (km) 

Figure 5.21: Flow length and elevation drop properties for the Missouri, Yellowstone, 
Platte, and Kansas basins at each scale. 

5.5 Topographic Index 

Topographic indices (TI) are increasingly being used to examine the effects of 

topography on the distribution and extent of saturated source areas of run-off generation 

84 



(Wilson and Gallant, 2000). TI are more commonly used to model smaller scale 

watersheds where run-off generation is more likely to occur. For this study, it is felt that 

the topographic index may be used to approximate the zones of flow accumulation 

within the basins (e.g., channels and lowland areas). Distribution of the water table 

(Quinn et al., 1994; Ambroise et al., 1996) and likely zones of run-off accumulation 

( 0 'Loughlin, 1981; 1986) may be approximated using the expression 

TI = ln( a/tanB) (2) 

Where TI is the value of the topographic index, a is the upslope contributing area per 

unit contour length, and tanB is the local slope gradient. The expression ln(a/tanB) 

(Quinn et al., 1994; Hornberger et al., 1998) is the most commonly used form of the 

wetness index in hydrologic modeling. 

The upslope contributing area (a) for each grid cell in the DEM was computed using a 

method similar to Wolock and Price (1994), where the contour length for a grid cell is 

equal to the grid cell length. The value of a is calculated for each grid cell in the DEM 

by the expression: 

a = (number of upslope cells + 1) x grid cell length (3) 

While the topographic index may vary depending on the method of calculation 

(Brasington and Richards, 1998), the value of B is commonly expressed as the local 

slope gradient in the steepest downslope direction. For the purpose of this research, the 

value of B is calculated using the hydraulic effective slope provided by TOPAZ. It is felt 

that the hydraulic slope may give a more reasonable approximation of the wetness index 

because it takes into consideration the direction and magnitude of flow. 

Results for mean values ofTI at each scale are shown graphically in Figure 5.22. Lower 

mean values ofTI represent a larger proportion of steeper slopes with relatively smaller 

contributing areas. Larger values indicate more gentle slopes, overall, with larger 

contributing areas. As expected, mean values of TI tend to increase (Figure 5.22) with 
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increased grid size due to increased smoothing of the landscape with aggregation. This 

means there is a shift towards gentler slopes and larger contributing areas. 

Mean values of TI for the Mackenzie, Liard, Peace, and Athabasca basins (Figure 5.22) 

increase on average by -- 3 to 64 km resolution. Overall, mean values of TI for the 

Mackenzie basin shown an increase of only 2 (17.7 to 19.7) at 64 km resolution, the 

least increase of any basin in the study. At 16 km resolution, the Mackenzie and Peace 

basins both show increases of-- 2.3. For the Mackenzie basin, this may be explained by 

the development of large flat areas (Figure 5.23), which result from the filling of 

depressions. One of these smaller flat areas can be seen at the mouth of the Peace basin 

at 16 km resolution (Figure 5.23). 
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--Mackenzie 
22 ----Liard 

-------Peace 
20 - · - ·-Athabasca - -

12+---~--~--~--~~.~~ 

2 4 8 16 32 64 

Grid cell size (km) Grid call size (km) 

Figure 5.22: Mean values of the topographic index for all basins at each scale. 

Mean values of TI for the Missouri, Yellowstone, Platte, and Kansas basins increase by 

an average of-- 7 from 2 to 64 km resolution. These basins tend to show larger increases 

in mean TI with increased grid size because they have a smaller proportion of higher 

relief areas than the Mackenzie basin. With increased smoothing and the reduction in 

basin area, the remaining area of the Missouri basin becomes relatively flat producing 

larger mean values of TI. 

Mapped distributions of TI are presented for the Mackenzie and Missouri basins at each 

scale in Figure 5.23 and 5.24. The mapped distributions for the Mackenzie basin (Figure 

5.23) clearly show a shift towards higher values ofTI with increased grid size. 
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Figure 5.23: Distribution of the topographic index for the Mackenzie basin at each scale. Major sub-basins are indicated by black 
outline. 
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This simply means that slopes are becoming much more gentle. The areas showing the 

greatest flow accumulation are within channels along valley bottoms, low relief areas, 

and flat areas (the largest of which are occupied by lakes: Athabasca, Great Slave, and 

Great Bear). At 16 km resolution, aggregation produces a depression in the center of the 

Mackenzie basin (Figure 5.23). After rectifying the depression and ensuing flat area, the 

flow path leads to the only outlet to the north. This is also observed at 16 to 32 km 

resolution as well (Figure 5.23). 

As expected, the mapped distributions ofTI for the Missouri basin (Figure 5.24) show a 

similar shift towards gentler slopes with increased grid size. Values of TI are higher at 

coarser resolutions, in general, than those of the Mackenzie basin as a result of the 

overall lower relief of the Missouri basin. This is clearly shown for the Missouri basin at 

8 km resolution (Figure 5.24) by a much larger proportion of intermediate TI values 

than for the Mackenzie basin (Figure 5.23). The difference is even more striking for grid 

sizes of 32 and 64 km, which is indicated by higher values of TI; this means that high 

relief areas with steeper slopes have been reduced considerably. 

5.6 Summary 

5.6.1 Impact of Changing Resolution on Basin Properties 

With increased grid size, basins and networks tend to show greater changes in 

configuration. The majority of the basin extents and networks at 2 to 8 km resolution 

(e.g., Mackenzie, Liard, Missouri, Yellowstone, Platte and Kansas) are fairly similar to 

the basins and networks delineated at 1 km resolution, with some variation. These basins 

also tend to show systematic smoothing indicated by declining values of mean elevation 

and standard deviation of elevation with increased grid size. Relative to the 1 km DEMs, 

there is more variation between the basin and network configurations at grid resolutions 

of 16 to 64 km. 
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Overall, increasing the grid size has a greater effect on regions of high relief, where 

slopes are steeper (e.g., the Liard and Yellowstone basins) and the variability in 

topography is greater. Measures of mean slope such as mean terrain and hydraulic slope 

are impacted more at 2, 4, and 8 km resolution (first 3 aggregations). Values of mean 

terrain and hydraulic slope tend to be fairly similar for grid sizes larger than 8 and 16 

km. Several basins have mean hydraulic slope values of about 1% at 8 km (e.g., 

Mackenzie, Peace, Missouri and Platte basins) and 16 km resolution (e.g., Liard and 

Yellowstone). For these basins, mean hydraulic slope values tend to be much less than 

1% with one more aggregation step. This appears to correspond to the development of 

general inconsistencies in basin and network configurations. 

The values of most variables are reduced with averaging and smoothing of the DEM. 

Variable values remain relatively consistent (within 10% of the values obtained at 1 km 

resolution) to grid resolutions of 8 km (3 aggregations). At grid sizes larger than or 

equal to 16 km, the variable values for most basins tend to deviate considerably from the 

values at 1 km resolution. This is likely due to a combination of the changes in basin 

and network configurations at these scales, and increased generalization caused by the 

coarser grid sizes. As expected, the topographic index indicates a shift from steeper 

slopes with smaller contributing areas to gentler slopes with larger contributing areas. It 

also shows the development (location and extent) of large flat areas, with further DEM 

aggregation, were flow accumulates. It is at the edges of these flat areas that some of the 

problems of basin and network reproducibility occur. 

5. 7 Comparison of Results to Previous Studies 

It was of interest to compare the results of other studies investigating appropriate grid 

sizes for hydrological modeling, to the findings of this research. The two studies that 

most closely resemble this research, is that of Zhang and Montgomery (1994) and 

Garbrecht and Martz (1994), even though these two involve much smaller scales. In 
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general, declining values of most variables found in this research correspond to the 

findings of these studies. 

Zhang and Montgomery ( 1994) examined the effects of grid size on the representation 

of landscape and derived topographic variables for watersheds of less than- 1.2 km2
, 

with slope angles that generally exceed 20 and 30 degrees. They suggest that aDEM 

grid size of 10 m should provide a "rational compromise between increasing resolution 

and data volume" (Zhang and Montgomery, 1994). The parameterization of drainage 

basins, however, requires the measurement of basin and network properties for each cell 

of the DEM. The Mackenzie and Missouri basins of this study consist of more than 1.6 

and 1.3 million, 1 km x 1 km grid cells respectively. The conclusion by Zhang and 

Montgomery ( 1994) does not take into consideration, basin size, terrain complexity, or 

the nature of the study. While finer resolution grids may be adequate for modeling 

small-scale watersheds, they would generally not be practical for studies involving 

region and continental scale hydrology. 

Garbrecht and Martz (1994) also examine grid scale effects for reproducing important 

drainage features (for a 84 km2 watershed) to within 10% of the values obtained from 

the blue line network. To achieve this, they suggest that a grid cell area of 5% or less of 

the mean sub-watershed area should be used. The universality of this general rule is 

applied to the Mackenzie and Missouri basins for this study. This is accomplished by 

determining the expected grid size (for this study) that should be able to reproduce 

drainage features to within 10% of those obtained from the 1 km resolution DEMs 

(Table 5.4). The expected grid size is then compared with the findings of this study. 

The first two columns of Table 5.4 show the grid sizes used in this study, and the 

corresponding grid cell areas. The next two columns give the expected mean sub

watershed area and number of sub-watersheds using the 5% rule. The rule simply 

suggests that given the area of one grid cell, a minimum of 20 grid cells should be 

adequate for representing the area of a sub-watershed. Thus, the expected mean sub

watershed areas are calculated simply, as the grid cell area multiplied by 20. The 
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expected of number of sub-watersheds is calculated as, the basin area divided by the 

expected mean sub-watershed area. The last two columns show the TOPAZ simulated 

mean sub-watershed area and number of sub-watersheds using constant CSA and MSCL 

values. 

Overall, the simulated mean sub-watershed areas (at each resolution) of the Mackenzie 

and Missouri basins are approximately similar to the expected mean sub-watershed area 

of 20,480 km2
, which corresponds to a grid size of 32 km. Therefore, according to the 

general rule of Garbrecht and Martz (1994), a grid size of up to 32 km should be 

adequate to reproduce drainage properties within +/- 10% of the properties at 1 km 

resolution. Results of this study, however, show that the basin and network properties 

for grid sizes larger than 8 km tend to deviate considerably from the values obtained 

from the 1 km resolution DEMs. 

Table 5.4: Comparison of results with Garbrecht and Martz (1994). 

Grid size 
Grid cell Expected mean sub Expected # of sub- Simulated mean Simulated# 

area watershed area watersheds (based sub-watershed of sub-
(km) 

(km2
) (km2

) on basin area) area (km2
) watersheds 

Mackenzie Based on 5 % Rule 
1 1 20 84000 17187.5 97 
2 4 80 21000 16474.6 97 
4 16 320 5250 19232.0 86 
8 64 1280 1313 21816.4 76 
16 256 5120 328 23395.3 67 
32 1024 20480 82 28374.1 55 
64 4096 81920 21 23491.8 68 

Missouri 
1 1 20 68505 22895.1 59 
2 4 80 17126 20673.8 65 
4 16 320 4282 22596.1 59 
8 64 1280 1070 22349.0 59 
16 256 5120 268 25117.3 35 
32 1024 20480 67 26867.8 21 
64 4096 81920 17 23458.9 22 

A comparison of this research with the studies of Zhang and Montgomery (1994) and 

Garbrecht and Martz (1994) suggests, that the applicability of rules for determining 

appropriate grid sizes for hydrologic modeling, is limited across various spatial scales. 
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5.8 Computed vs. Observed Drainage Areas 

It was also of interest to make a comparison of the drainage area (at the outlet of each 

basin) simulated by TOPAZ, and the drainage area reported at gauging stations located 

at or near each basin outlet {Table 5.5 and 5.6). Drainage area data was obtained for the 

Mackenzie basin stations from Environment Canada (1999), and the USGS (2000) for 

the Missouri basin stations. Variations in simulated and observed values are indicated as 

the deviation(+/-%) of the simulated drainage area from the observed drainage area. 

Comparison of the calculated to the observed drainage areas for the Mackenzie basin is 

given in Table 5.5. At 1 km resolution the Mackenzie simulated area is less than the 

observed by 13,000 km2 or -- 1%. The simulated area remains within -- 7% of the 

observed area at grid sizes of 2 to 64 km. Both the Liard and Peace basins have areas 

within 1,000 km2 or 1% of the observed areas at 1 km resolution. The simulated area of 

the Liard basin remains within - 10% to 4 km resolution and - 11% at 8 km resolution, 

deviating further from the observed at 16 to 64 km resolution. Despite the considerable 

change in basin configuration of the Peace basin at 2 and 4 km resolution, the simulated 

area is within -- -1% of the observed, and deviates by more than +/- 10% from 8 to 64 

km resolution. The Athabasca basin area is within 4% of the observed area at 1 km 

resolution and due to huge reductions in basin area, shows the largest deviations from 2 

to 64 km overall(- 16% to-- 52%). 

The simulated basin area of the Missouri basin {Table 5.6) is less than the observed at 1 

km resolution by -- -1% and remains within -4% to 8 km resolution but is considerably 

less at 16 to 64 km. The Kansas and Yellowstone basins also have simulated drainage 

areas similar to that of the observed at 1 km resolution (within a few hundred km2
), 

which remain fairly consistent to 8 km resolution. For the Platte basin, the simulated 

area is greater than the observed by about 4% at resolutions of 1, 2 and 4 km. At 8 km 

resolution, the simulated basin area is greater than the observed by -- 20% and is 

reduced by 30% to 89% at 16 to 64 km resolution. 
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Table 5.5: Computed vs. observed drainage area for the Mackenzie basin and sub
basins at each scale. 

Observed 
Simulated 

Basin 
Grid size Drainage Area 

Drainage Area Simulated vs. 
(km) at Gauging 

(km2) 
Observed% 

Station (km2) 
1 1,667,185 -0.8 
2 1,598,036 -4.9 
4 

Arctic Red 1,653,952 -1.6 
Mackenzie 8 1,680,000 1,658,048 -1.3 

16 1,567,488 -6.7 
32 1,560,576 -7.1 
64 1,597,440 -4.9 
1 276,063 0.4 
2 261,404 -4.9 
4 

Near Mouth 
255,184 -7.2 

Liard 8 275,000 245,760 -10.6 
16 240,128 -12.7 
32 230,400 -16.2 
64 176,128 -36.0 
1 161,033 3.9 
2 106,768 -31.1 
4 Near Embarras 129,632 -16.4 

Athabasca 8 Airport, Alberta 94,912 -38.8 
16 155,000 75,008 -51.6 
32 75,776 -51.1 
64 94,208 -39.2 
1 294,505 0.5 
2 290,920 -0.7 
4 Peace Point, 289,136 -1.3 

Peace 8 Alberta 331,136 13.0 
16 293,000 247,040 -15.7 
32 242,688 -17.2 
64 348,160 18.8 

Table 5.6: Computed vs. observed drainage area for the Missouri basin and selected 
sub-basins at each scale. 

Observed 
Simulated 

Basin 
Grid Size Drainage Area 

Drainage Area Simulated vs. 
(km) at Gauging 

(km2
) 

Observed% 
Station fkm2

) 

1 1,350,810 -1.4 
2 1,343,800 -1.9 
4 St. Charles, 1,333,168 -2.7 

Missouri 8 Missouri 1,318,592 -3.8 
16 1,370,103 879,104 -35.8 
32 564,224 -58.8 
64 516,096 -62.3 
1 154,193 -0.4 
2 154,128 -0.4 
4 

Desoto, Kansas 150,096 -3.0 
Kansas 8 154,767 151,360 -2.2 

16 356,352 130.3 
32 167,936 8.5 
64 258,048 66.7 
1 229,927 3.5 
2 228,796 3.0 
4 louisville, 230,352 3.7 

Platte 8 Nebraska 264,192 18.9 
16 222,220 45,056 -79.7 
32 147,456 -33.6 
64 24,576 -88.9 
1 182,132 0.5 
2 179,800 -0.8 
4 Neat Fairview, 181,664 0.2 

Yellowstone 8 Montana 182,272 0.5 
16 181,299 190,208 4.9 
32 265,216 46.3 
64 233,472 28.8 
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Overall, the simulated drainage area of most basins are within+/- 1% of the observed 

drainage areas at 1 km resolution, and within +/- 4% for the Athabasca and Platte 

basins. This would suggest that basin area computation at 1 km resolution or the 

reference DEMby TOPAZ is fairly good. 

5.9 Comparison of the TOPAZ Derived Networks and 'Blue line' Networks 

Comparison of the TOPAZ delineated basin boundaries and channel networks (at 1 km 

resolution) for the Mackenzie and Missouri basins with the basin boundaries and blue 

line stream networks are shown in Figures 5.25 and 5.26. The Mackenzie basin 

boundary used for comparison with the TOPAZ delineated boundary is from the 

Mackenzie GEWEX Study (MAGS, 2000). The hydrography for the Mackenzie basin 

was obtained from the National Atlas of Canada (GeoGratis, 1999) at a scale of 

1:2,000,000. Both the hydrography and boundary for the Missouri basin were obtained 

from the National Atlas of the United States (USGS, 1999; 2001) at a scale of 

1:2,000,000. The scale of the TOPAZ delineated networks for the Mackenzie and 

Missouri basins are approximately similar to the networks on 1 :7,500,000 scale maps; 

this is on a smaller scale (less detail) than the blue line networks, therefore only the 

main streams of the blue line network can be compared with channels of the TOPAZ 

networks. 

Figure 5.25 shows the results for the Mackenzie River Basin. It should be noted that the 

MAGS boundary extends further north than the TOPAZ delineated boundary because of 

the outlet location for this study. Overall, the similarity of the boundaries is fairly good 

and is generally much better in the mountainous regions along the western edge of the 

basin. Some discrepancies are seen in the lower relief areas to the south (Figure 5.25). 

Differences between the TOPAZ and blue line boundaries are greater in the shield 

region (east and southeast) where relief is very low and many large bodies of water are 

located. The channels of the TOPAZ network also follow the blue line network more 

closely in the mountainous regions where valleys are well defined. In general, there are 
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a few discrepancies between the simulated and blue line networks, most of which are 

observed in the eastern part of the basin around the Great Bear and Great Slave Lakes 

where relief is low and drainage is more complex. 

Figure 5.26 shows the results for the Missouri River Basin. Unfortunately, the boundary 

data for the Missouri basin (USGS, 2001) does not extend into Canada and, therefore, 

cannot be compared. The outlet location at St. Charles is several kilometers west of the 

mouth near St. Louis, Missouri. Overall, the agreement between the simulated boundary 

and network, and the USGS boundary and blue line are much better than shown for the 

Mackenzie basin. 
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Figure 5.25: Comparison of the TOPAZ boundary and network, and blue line data for 

the Mackenzie basin at 1 km resolution. Sources: MAGS, 2000; 
GeoGratis, 1999; USGS EROS Data Center, 1999. 
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Some very minor differences between the simulated boundary and USGS boundary exist 

along the eastern edge of the basin. The agreement of the boundaries along the southern 

and western edges of the basin is very good. A small part of the simulated boundary 

extends further to the west (into the continental divide) because of a closed depression 

that was filled during the pre-processing phase and subsequently contributes flow to the 

basin. With the overall agreement of along the western, southern, and eastern edges of 

the basin, it can be reasonably assumed that the similarity between the simulated 

boundary and USGS boundary in the north should also be fairly good. 

The main channels of the simulated network and the blue line network for the Missouri 

basin (Figure 5 .26) are also in very good agreement. The simulated channels appear to 

follow the blue line streams much more closely than the simulated network of the 

Mackenzie. As was the case with the basin boundary (Figure 2.26), the only real 

discrepancy between the simulated and blue line network appears to be in the west. The 

upstream contributing area for each cell is sufficiently large that the network is initiated 

much further to the west. It is interesting to note how well the basin and network is 

delineated by TOPAZ in regions of low relief (e.g., south and east) in the Missouri 

basin. This is in contrast to the difficulties in delineating the basin and network in low 

relief areas for the Mackenzie basin (Figure 5 .25). This may be attributed to the varying 

complexity of topography between the basins. 

In general, a comparison of the simulated basins and networks and the blue line basins 

and networks show that TOPAZ provides a sound and reliable means of extracting 

topographic information from a raster DEM. Regions of low relief occupied by large 

bodies of water can pose a problem for the D8 method of flow routing. This does not 

appear to be a major problem for basin and network delineation from the base DEMs at 

1 km resolution. This suggests that changes in basin and network configurations at 

coarser resolutions is more likely a result of errors caused by aggregation than a result of 

the model used for this study. 
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CHAPTER6 

CONCLUSIONS 

Automated methods for parameterizing drainage basins offer the advantages of speed, 

efficiency, and reproducibility (Tribe, 1992). TOPAZ provides a sound and reliable 

means of delineating a basin, extracting a drainage network, and deriving topographic 

variables from a raster digital elevation model (DEM) over a wide range of scales. 

Subsequently, this information may be used for various hydrologic applications. The 

viability of substituting coarse resolution DEMs for continental-scale hydrology is 

constrained by the redirection of flow across large flat areas, as seen with the Mackenzie 

basin at 16 to 64 km resolution. It is also constrained by elevation errors (a result of 

averaging) that block the path of flow within valleys. This becomes a problem as the 

valley width approaches the size of the grid cell, for example in the Peace and 

Athabasca basins at 2, 4 and 8 km resolution and in the Missouri basin at 16, 32 and 64 

km resolution. 

One of the most important factors affecting flow velocity and soil moisture storage is 

slope or gradient. Slope is also one of the variables most severely affected by averaging 

and smoothing with coarse resolution grids. Similar to many previous studies, this 

research has shown that changing the spatial scale has a greater effect on areas 

exhibiting more topographic variability. In order to preserve measures of slope 

(obtained from finer DEM grids) at coarser grid resolutions, obtaining slope values at 

the sub-grid scale should be considered. This is of particular importance in regions 

where topographic variability or discontinuity is most evident, such as in regions of high 

relief. 
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Compared to the basin and network properties at 1 km resolution, the overall 

reproducibility of the basin, network and topographic variable is generally good for grid 

sizes up to 8 km, but is considerably less for grid sizes larger than 8 km. Based on 

comparisons of the basins, networks, and derived variables for the aggregated DEMs, 

with those from the reference DEMs, it is recommended that a grid size of 

approximately 10 km or less be used for regional and continental-scale hydrologic 

applications. The results also suggest that a mean hydraulic slope of about 1% (p. 69) 

may be used to determine the largest grid size for hydrologic applications. This appears 

to be a threshold for reproducing similar basin, network properties, and variables values 

within 10% of those produced from the reference DEMs. 

Topographic indices have been widely used in small-scale watershed modeling to show 

likely zones of flow accumulation and run-off, changes in soil moisture, and areas that 

may behave hydrologically similar. In this study where regional and continental-scale 

hydrologic modeling is the focus, a modified topographic index has been used simply to 

show overall changes in the local topography of several regional and continental-scale 

basins as grid size increases. At this scale, the topographic index clearly shows that local 

slope (i.e., reduced slope) is the main factor in producing higher index values. Also 

indicated by the index is the development of relatively small flat areas and more 

importantly, extensive flat areas that pose a problem for routing overland flow using 

single flow algorithms. 

The general rules of thumb suggested by Zhang and Montgomery (1994) and Garbrecht 

and Martz (1994) for selecting appropriate grid sizes are generally not applicable to this 

study. Overall, this study has shown that simply aggregating the elevation data of an 

existing DEM to reduce the volume of data and increase computational efficiency, or to 

simply match the scale of other input data such as that required for present atmospheric 

general circulation models, is a dangerous practice. While utilizing coarser resolution 

DEMs in place of finer resolution DEMs may be viable to a point, this study has shown 

that there are serious shortcomings to using this method. For example, elevation 

anomalies resulting from the aggregation and smoothing I?rocedure can further result in 
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the delineation of drainage basins and networks that appear very different from those 

produced from the reference D EM. These changes are shown to have a severe effect on 

the derivation of hydrologically important variables. An alternative method of scaling

up important information, therefore, should be considered for matching the scale of 

hydrology at the land-surface and atmosphere, in order to model the complete 

hydrologic cycle. 

In the long term, this study has contributed to the knowledge of grid scale effects on the 

parameterization of drainage basins and some problems associated with using the 

aggregation method to scale DEMs. The study has also offered a possible range of 

scales (for future research) at which land surface hydrology at the continental-scale may 

be modeled more adequately, and may be useful for future studies involving the 

modeling of water and energy exchanges at the global level. 

6.1 Limitations 

The accuracy of the HYDROlk DEM is limited to that of the DTED, DCW and USGS 

DEM data used to generate the GTOP030 portion of North America. The vertical 

resolution of the data may also be seen by some as a limitation for this research due to 

elevations being in meter intervals, as opposed to centimeters or decimeters. A 

limitation of TOPAZ that is presently being addressed is the inability of TOPAZ to 

'force' drainage through specific points within the watershed and the placement of 

nodes along the drainage network. This will prove useful in manipulating the drainage 

network to suit user needs. 

6.2 Future Research Considerations 

Further examination of scale issues involving regional and continental scale hydrologic 

applications should continue to focus on basins of varying size and topographic 
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complexity in a variety of geographic areas. It may be of interest to compare the results 

of this study to results obtained from other data sets with 1 km resolution. This could be 

used to determine the relative accuracy of various data sets for continental hydrology. 

Other potential research could use other reference resolutions and compare the results to 

this research. For example by beginning with a high resolution DEM (15 m) of Wolf 

Creek and generating coarser grid resolutions of 30, 60, 120, 240 m etc. Other research 

may also examine the possibility of a threshold hydraulic slope for reproducing basin 

and network statistics for various large and small-scale basins with varying relief. 
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........ 

Basin 

Mackenzie 

Liard 

Athabasca 

Peace 

Grid Size 
(km) 

1 
2 
4 
8 

16 
32 
64 

1 
2 
4 
8 
16 
32 
64 

1 
2 
4 
8 
16 
32 
64 

1 
2 
4 
8 
16 
32 
64 

Basin Area 

Value /1 
(knt) kmValue 

1 ,667,185 1.00 
1,598,036 0.96 
1,653,952 0.99 
1,658,048 0.99 
1,567,488 0.94 
1,560,576 0.94 
1,597,440 0.96 

276,063 1.00 
261,404 0.95 
255,184 0.92 
245,760 0.89 
240,128 0.87 
230,400 0.83 
176,128 0.64 

161,033 1.00 
106,768 0.66 
129,632 0.81 
94,912 0.59 
75,008 0.47 
75,776 0.47 
94,208 0.59 

294,505 1.00 
290,920 0.99 
289,136 0.98 
331,136 1.12 
247,040 0.84 
242,688 0.82 
348,160 1.18 

Number of Sub-basins 

Deviation 
Value/1 Deviation 

from 1 km Total 
kmValue 

from 1 km 
Value% Value% 

0.00 97 1.00 0.00 
-4.15 97 1.00 0.00 
-0.79 86 0.89 -11.34 
-0.55 76 0.78 -21.65 
-5.98 67 0.69 -30.93 
-6.39 55 0.57 -43.30 
-4.18 68 0.70 -29.90 

0.00 15 1.00 0.00 
-5.31 11 0.73 -26.67 
-7.56 13 0.87 -13.33 

-10.98 13 0.87 -13.33 
-13.02 11 0.73 -26.67 
-16.54 9 0.60 -40.00 
-36.20 9 0.60 -40.00 

0.00 9 1.00 0.00 
-33.70 7 0.78 -22.22 
-19.50 7 0.78 -22.22 
-41.06 5 0.56 -44.44 
-53.42 3 0.33 -66.67 
-52.94 3 0.33 -66.67 
-41.50 3 0.33 -66.67 

0.00 15 1.00 0.00 
-1.22 17 1.13 13.33 
-1.82 13 0.87 -13.33 
12.44 13 0.87 -13.33 
-16.12 9 0.60 -40.00 
-17.59 9 0.60 -40.00 
18.22 12 0.80 -20.00 

Mean Sub-basin Area Mean Elevation 

Value /1 Deviation 
Value /1 

Deviation 
(km2

) kmValue 
from 1 km (m) 

km Value 
from 1 km 

Value% Value% 
17,187 1.00 0.00 629 1.00 0.00 
16,475 0.96 -4.15 599 0.95 -0.05 
19,232 1.12 11.90 591 0.94 -0.06 
21,816 1.27 26.93 608 0.97 -0.03 
23,395 1.36 36.12 580 0.92 -0.08 
28,374 1.65 65.09 571 0.91 -0.09 
23,492 1.37 36.68 575 0.92 -0.08 

18,404 1.00 0.00 988 1.00 0.00 
23,764 1.29 29.12 996 1.01 0.01 
19,630 1.07 6.66 985 1.00 0.00 
18,905 1.03 2.72 1008 1.02 0.02 
21,830 1.19 18.61 976 0.99 -0.01 
25,600 1.39 39.10 959 0.97 -0.03 
19,570 1.06 6.33 991 1.00 0.00 

17,893 1.00 0.00 787 1.00 0.00 
15,253 0.85 -14.75 562 0.72 -0.28 
18,519 1.04 3.50 550 0.70 -0.30 
18,982 1.06 6.09 566 0.72 -0.28 
25,003 1.40 39.74 553 0.70 -0.30 
25,259 1.41 41.17 551 0.70 -0.30 
31,403 1.76 75.51 585 0.74 -0.26 

19,634 1.00 0.00 888 1.00 0.00 
17,113 0.87 -12.84 857 0.96 -0.04 
22,241 1.13 13.28 867 0.98 -0.02 
25,472 1.30 29.74 872 0.98 -0.02 
27,449 1.40 39.81 767 0.86 -0.14 
26,965 1.37 37.34 745 0.84 -0.16 
29,013 1.48 47.77 750 0.84 -0.16 



Basin Area Number of Sub-basins Mean Sub-basin Area Mean Elevation 

Grid Size Value/1 
Deviation 

Value /1 
Deviation 

Value /1 
Deviation 

Value/1 
Deviation 

Basin 
(km) (km2

) km Value 
from 1 km Total 

km Value 
from 1 km (km2

) kmValue 
from 1 km (m) 

km Value 
from 1 km 

Value% Value% Value% Value% 
1 1,350,810 1.00 0.00 59 1.00 0.00 22,895 1.00 0.00 1002 1.00 0.00 
2 1,343,800 0.99 -0.52 65 1.10 10.17 20,674 0.90 -9.70 1003 1.00 0.00 

Missouri 
4 1,333,168 0.99 -1.31 59 1.00 0.00 22,596 0.99 -1.31 998 1.00 0.00 
8 1,318,592 0.98 -2.39 59 1.00 0.00 22,349 0.98 -2.39 1046 1.04 0.04 

16 879,104 0.65 -34.92 35 0.59 -40.68 25,117 1.10 9.71 928 0.93 -0.07 
32 564,224 0.42 -58.23 21 0.36 -64.41 26,868 1.17 17.35 782 0.78 -0.22 
64 516,096 0.38 -61.79 22 0.37 -62.71 23,459 1.02 2.46 845 0.84 -0.16 

1 154,193 1.00 0.00 7 1.00 0.00 22,028 1.00 0.00 740 1.00 0.00 
2 154,128 1.00 -0.04 7 1.00 0.00 22,018 1.00 -0.04 740 1.00 0.00 

Kansas 
4 150,096 0.97 -2.66 7 1.00 0.00 21,442 0.97 -2.66 742 1.00 0.00 
8 151,360 0.98 -1.84 7 1.00 0.00 21,623 0.98 -1.84 744 1.01 0.01 

16 356,352 2.31 131.11 13 1.86 85.71 27,412 1.24 24.44 1375 1.86 0.86 - 32 167,936 1.09 8.91 9 1.29 28.57 18,660 0.85 -15.29 755 1.02 0.02 -N 
64 258,048 1.67 67.35 11 1.57 57.14 23,459 1.06 6.50 1188 1.61 0.61 

1 229,927 1.00 0.00 11 1.00 0.00 20,902 1.00 0.00 1460 1.00 0.00 
2 228,796 1.00 -0.49 13 1.18 18.18 17,600 0.84 -15.80 1461 1.00 0.00 

Platte 
4 230,352 1.00 0.18 11 1.00 0.00 20,941 1.00 0.18 1449 0.99 -0.01 
8 264,192 1.15 14.90 13 1.18 18.18 20,322 0.97 -2.77 1588 1.09 0.09 
16 45,056 0.20 -80.40 1 0.09 -90.91 45,056 2.16 115.55 735 0.50 -0.50 
32 147,456 0.64 -35.87 5 0.45 -54.55 29,491 1.41 41.09 1428 0.98 -0.02 
64 24,576 0.11 -89.31 1 0.09 -90.91 24,576 1.18 17.57 593 0.41 -0.59 

1 182,132 1.00 0.00 7 1.00 0.00 26,019 1.00 0.00 1515 1.00 0.00 
2 179,800 0.99 -1.28 7 1.00 0.00 25,686 0.99 -1.28 1500 0.99 -0.01 

Yellowstone 
4 181,664 1.00 -0.26 7 1.00 0.00 25,952 1.00 -0.26 1509 1.00 0.00 
8 182,272 1.00 0.08 7 1.00 0.00 26,039 1.00 0.08 1503 0.99 -0.01 
16 190,208 1.04 4.43 7 1.00 0.00 27,173 1.04 4.43 1509 1.00 0.00 
32 265,216 1.46 45.62 4 0.57 -42.86 66,304 2.55 154.83 1663 1.10 0.10 

----
64 233,472 1.28 28.19 7 1.00 Q.OQ__ L__:33,3~ 1.28 28.19 ··-· 1622 1.07 0.07 



~ 

~ 

w 

Basin 

Mackenzie 

Uard 

Athabasca 

Peace 

Grid Size 
(lcm) 

1 
2 
4 
8 
16 
32 
64 

1 
2 
4 
8 
16 
32 
64 

1 
2 
4 
8 
16 
32 
64 

1 
2 
4 
8 
16 
32 
64 

Total Clannel Length 

Value/1 
Deviation 

(IerrO 
lcmValue 

from1 km 
Value% 

17,826.5 1.00 0.00 
17,038.5 0.96 -4.25 
16,2136 0.91 -9.a5 
15,283.8 0.86 -14.25 
13,E.2 0.74 -25.00 
11,171.8 0.63 -37.33 
11,aB5 0.66 -34.40 

2,631.3 1.00 0.00 
2,3)3.6 0.88 -1245 
2,425.1 0.92 -7.84 
2,443.7 0.93 -7.13 
2,0329 0.77 -22.74 
1,718.4 0.65 -34.70 
1,247.1 0.47 -52.61 

1,889.9 1.00 0.00 
1,2527 0.66 -33.72 
1,'.D72 0.69 -3.183 
935.9 0.50 .al.48 
003.6 0.32 -t8.06 
540.8 0.29 -71.38 
810.0 0.43 -57.14 

3,005.8 1.00 0.00 
3,230.2 1.06 6.34 
2,871.4 0.94 -6.34 
3,003.9 1.00 -0.06 
1,848.0 0.00 -3:l.72 
1,723.8 0.56 -43.77 
2,:a34.6 0.74 -23.13 

Mean Clannel Unk Length 

Value/1 
Deviation 

(km) 
kmValue 

from1 km 
Value% 

183.8 1.00 0.00 
176.0 0.96 -4.25 
186.4 1.01 1.41 
198.5 1.00 8.03 
198.0 1.00 7.72 
196.0 1.07 6.65 
160.2 0.87 -1284 

175.4 1.00 0.00 
a>9.4 1.19 19.38 
186.5 1.06 6.34 
188.0 1.07 7.16 
184.8 1.a5 5.35 
190.9 1.00 8.84 
138.6 0.79 -21.01 

210.0 1.00 0.00 
179.0 0.85 -14.78 
186.7 O.a;) -11.07 
187.2 O.a;) -10.00 
2)1.2 0.96 -4.18 
1803 0.00 -14.15 
270.0 1.29 28.3:) 

2)4.4 1.00 0.00 
191.8 0.94 -6.17 
220.9 1.00 8.07 
Z35.7 1.15 15.31 
2J5.3 1.00 0.46 
191.5 0.94 -6.29 
174.2 0.85 -14.77 

Tdal 01CI'Inel Length Mea1 Chamel Unk Length 

Grid Size Value/1 
Deviation 

Value/1 
Deviation 

Basin 
(krrf 

(IerrO kmValue 
from1 km (IerrO kmValue 

l'an1km 
Value% Value% 

1 15,391.8 1.00 0.00 E.9 1.00 0.00 
2 15,182.6 0.99 -1.~ 233.6 0.00 -10.46 

IVIssouri 
4 14,100.5 0.92 -8.33 239.0 0.92 -8.33 
8 13,332.6 0.87 -13.38 226.0 0.87 -13.38 
16 8,662.9 0.56 -43.72 247.5 0.95 -5.12 I 

32 4,881.3 0.32 -68.29 232.4 0.83 -10.00 
64 5,153.7 0.33 -66.52 224.1 0.00 -14.11 

1 1,7426 1.00 0.00 248.9 1.00 0.00 
2 1,667.9 0.96 -4.29 238.3 0.96 -4.29 

Kansas 4 1,63:>.4 0.94 -6.44 232.9 0.94 -6.44 
8 1,629.4 0.94 -6.49 232.8 0.94 -6.49 
16 3,814.1 219 118.87 293.4 1.18 17.00 
32 1,6al.1 0.93 -7.03 180.0 0.72 -27.63 
64 2,600.1 1.54 54.15 244.2 0.93 -1.91 

1 2,923.6 1.00 0.00 235.8 1.00 0.00 
2 2,'J79.7 1.02 1.92 229.2 0.85 -13.76 

Ratte 4 2,832.3 0.97 -3.12 257.5 0.97 -312 
8 2,975.4 1.02 1.77 228.9 0.00 -13.83 
16 440.9 0.15 -84.92 440.9 1.ffi 65.83 
32 1,414.8 0.48 -51.61 :m.o 1.03 6.46 
64 346.5 0.12 . -88.15 346.5 1.'.D '.D.'31 

1 1,$2.8 1.00 0.00 E.4 1.00 0.00 
2 1,872.0 0.95 -4.63 237.4 0.95 -4.63 

Yell01115ble 
4 1,775.9 0.90 -9.52 253.7 0.00 -9.52 
8 1,715.6 0.87 -12fB 245.1 0.87 -12fB 
16 1,731.6 0.88 -11.78 247.4 0.88 -11.78 
32 1.~1 1.01 0.93 336.4 1.41 41.38 
64 1,710.6 0.87 -1285 244.4 0.87 -1285 



Mean Distance to Nearest Channel Mean Distance to Outlet 
Mean Change in Elevation to Mean Change in Elevation to 

Nearest Channel Outlet 

Grid Size Value/1 
Deviation 

Value/1 
Deviation 

Value /1 
Deviation 

Value /1 
Deviation 

Basin 
(km) 

(km) 
kmValue 

from 1 km (km) 
kmValue 

from 1 km (m) km Value 
from 1 km (m) 

kmValue 
from 1 km 

Value% Value% Value% Value% 
1 64.7 1.00 0.00 1,930.3 1.00 0.00 265 1.00 0.00 618 1.00 0.00 
2 59.7 0.92 -7.65 1,847.0 0.96 -4.32 242 0.92 -8.50 576 0.93 -6.78 

Mackenzie 
4 61.4 0.95 -5.10 1,774.2 0.92 -8.09 220 0.83 -16.83 550 0.89 -10.94 
8 59.7 0.92 -7.76 1,731.6 0.90 -10.29 201 0.76 -24.03 550 0.89 -11.00 
16 60.4 0.93 -6.70 1,625.8 0.84 -15.78 187 0.71 -29.45 524 0.85 -15.12 
32 62.3 0.96 -3.71 1,599.3 0.83 -17.15 187 0.71 -29.27 510 0.83 -17.48 
64 57.9 0.90 -10.44 1,599.5 0.83 -17.14 139 0.53 -47.48 494 0.80 -19.96 

1 69.7 1.00 0.00 647.8 1.00 0.00 494 1.00 0.00 862 1.00 0.00 
2 70.6 1.01 1.22 617.5 0.95 -4.68 498 1.01 0.76 862 1.00 -0.04 

Liard 4 63.1 0.91 -9.44 590.1 0.91 -8.90 445 0.90 -9.94 814 0.94 -5.60 
8 56.4 0.81 -19.12 575.0 0.89 -11.24 365 0.74 -26.20 797 0.92 -7.52 
16 56.3 0.81 -19.17 518.6 0.80 -19.95 327 0.66 -33.80 715 0.83 -16.99 - 32 55.7 0.80 -20.07 500.2 0.77 -22.79 316 0.64 -36.09 716 0.83 -16.94 -~ 64 56.0 0.80 -19.71 444.0 0.69 -31.46 240 0.48 -51.50 715 0.83 -16.99 

1 58.2 1.00 0.00 609.5 1.00 0.00 218 1.00 0.00 564 1.00 0.00 
2 48.1 0.83 -17.34 359.7 0.59 -40.99 103 0.47 -52.57 338 0.60 -39.94 

Athabasca 
4 47.2 0.81 -18.91 376.1 0.62 -38.30 93 0.43 -57.48 320 0.57 -43.29 
8 42.1 0.72 -27.63 327.6 0.54 -46.25 94 0.43 -56.75 324 0.57 -42.54 
16 58.7 1.01 0.88 269.8 0.44 -55.73 133 0.61 -38.68 292 0.52 -48.19 
32 56.5 0.97 -2.89 254.9 0.42 -58.19 123 0.56 -43.54 296 0.52 -47.50 
64 39.6 0.68 -31.92 327.9 0.54 -46.20 73 0.34 -66.41 308 0.55 -45.32 

1 64.9 1.00 0.00 906.4 1.00 0.00 337 1.00 0.00 671 1.00 0.00 

2 57.6 0.89 -11.30 855.9 0.94 -5.58 282 0.84 -16.26 640 0.95 -4.69 

Peace 
4 61.3 0.95 -5.49 808.7 0.89 -10.78 273 0.81 -18.99 649 0.97 -3.32 
8 58.4 0.90 -9.97 845.6 0.93 -6.70 243 0.72 -27.90 649 0.97 -3.22 
16 63.3 0.98 -2.47 606.7 0.67 -33.07 232 0.69 -31.09 506 0.75 -24.56 
32 59.2 0.91 -8.81 622.6 0.69 -31.31 198 0.59 -41.31 502 0.75 -25.13 
64 63.6 - 0.98 -2.00 610.6 o.6L~ '-----=~2.64 189 0.56 -43.90 481 0.7_L_ L__:~~-~ 



Mean Distance to Channel Mean Distance to Outlet 
Mean Change in Elevation to Mean Change in Elevation to 

Channel Outlet 

Grid Size Value /1 
Deviation 

Value /1 
Deviation 

Value /1 
Deviation 

Value /1 
Deviation 

Basin 
(km) 

(km) 
km Value 

from 1 km (km) 
km Value 

from 1 km (m) 
km Value 

from 1 km (m) 
km Value 

from 1 km 
Value% Value% Value% Value% 

1 63.2 1.00 0.00 1,909.1 1.00 0.00 216 1.00 0.00 873 1.00 0.00 
2 59.2 0.94 -6.34 1,831.0 0.96 -4.09 205 0.95 -5.12 872 1.00 -0.16 

Missouri 
4 57.1 0.90 -9.73 1,756.8 0.92 -7.98 196 0.91 -9.03 863 0.99 -1.16 
8 54.1 0.86 -14.45 1,726.6 0.90 -9.56 189 0.87 -12.59 882 1.01 1.10 
16 53.6 0.85 -15.20 1,242.0 0.65 -34.94 142 0.66 -34.07 774 0.89 -H.30 
32 60.6 0.96 -4.12 936.2 0.49 -50.96 135 0.63 -37.42 586 0.67 -32.90 
64 49.4 0.78 -21.80 888.9 0.47 -53.44 98 0.46 -54.40 653 0.75 -25.15 

1 77.9 1.00 0.00 526.9 1.00 0.00 170 1.00 0.00 501 1.00 0.00 
2 74.5 0.96 -4.35 502.7 0.95 -4.60 167 0.98 -1.73 500 1.00 -0.14 

Kansas 4 71.9 0.92 -7.66 495.2 0.94 -6.01 161 0.95 -5.31 490 0.98 -2.08 
8 65.9 0.85 :15.37 483.4 0.92 -8.26 144 0.85 -14.91 484 0.97 -3.28 
16 51.0 0.66 -34.44 869.8 1.65 65.09 200 1.18 17.93 1,109 2.21 121.42 
32 60.4 0.78 -22.39 466.2 0.88 -11.51 119 0.70 -30.17 477 0.95 -4.75 --Ul 

0.00 0.00 0.00 0.00 
1 59.8 1.00 0.00 804.3 1.00 0.00 252 1.00 0.00 1,146 1.00 0.00 
2 53.0 0.89 -11.48 792.2 0.99 -1.50 233 0.92 -7.89 1,139 0.99 -0.64 

Platte 
4 52.6 0.88 -12.01 774.5 0.96 -3.70 224 0.89 -11.44 1,121 0.98 -2.21 
8 49.8 0.83 -16.76 870.9 1.08 8.29 218 0.86 -13.60 1,260 1.10 9.94 
16 61.2 1.02 2.34 306.0 0.38 -61.95 114 0.45 -54.79 373 0.33 -67.49 
32 54.3 0.91 -9.28 628.8 0.78 -21.82 260 1.03 2.82 1,049 0.91 -8.51 
64 0.0 0.00 -99.97 205.3 0.26 -74.48 22 0.09 -91.48 228 0.20 -80.15 

1 52.1 1.00 0.00 560.3 1.00 0.00 382 1.00 0.00 945 1.00 0.00 
2 51.4 0.99 -1.21 543.6 0.97 -2.98 377 0.99 -1.21 924 0.98 -2.25 

Yellowstone 
4 48.5 0.93 -6.79 550.3 0.98 -1.79 357 0.93 -6.59 930 0.98 -1.63 

8 48.6 0.93 -6.62 550.7 0.98 -1.73 341 0.89 -10.84 908 0.96 -4.00 
16 48.1 0.92 -7.53 524.2 0.94 -6.44 318 0.83 -16.71 876 0.93 -7.31 

32 56.0 1.08 7.53 643.9 1.15 14.92 282 0.74 -26.08 990 1.05 4.72 
64 59.6 1.14 14.44 502.9 0.90 -10.24 294 0.77 -22.97 897 0.95 -5.12 I 
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