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GIS-Based Hydrological Modelling in the Toronto Region

ABSTRACT

The urbanization changes a watershed’s response to precipitation. The most common
effects include the reduced infiltration and the decreased travel time, which significantly
increase runoff and peak discharges. This study attempts to analyze the impact of land
use on runoff in the Toronto Region. In this report, the focus is on two aspects: (1)
generating watershed boundaries using digital elevation model (DEM) data with the help
of HEC-HMS, and (2) calculating runoff in the the study area using the United States Soil

Conservation Service (SCS) curve number method for the early 1990s and 2003.

The study is based on the watershed boundaries generated from DEM data with 10 m
resolution. Because of the flat surface in the south of the Toronto Region, the areas of the
watersheds generated in this study are slightly less than the real ones, but the difference is

within acceptable range.

As a crucial parameter in the SCS method for runoff calculation, curve number is
difficult to obtain. In this project, the curve numbers for each watershed are calculated by
using the land cover and soil data of the early 1990s and 2003 respectively. According to
the theory, the higher the curve number is, the higher the potential of runoff generation in
the area is. Unlike what is expected, the curve numbers have changed little from the early
1990s to 2003, although the impervious surface has increased. This is because the

variation of the land cover is too little to increase the curve numbers. The curve number

v



for each watershed is a weighted one. If the area of a specific lot which has changed from
pervious to impervious surface is émall, the weight variation of such area is also small.
The other reason for the little change of curve numbers is that the land cover data sets of
the early 1990s and 2003 used different classification systems. To eliminate the
discrepancy resulting from those land cover classification systems, the curve numbers in
2003 were calculated by referring both classification schemes of the early 1990s and
2003. Because the land cover classification in this study is reasonable, the curve number

of the Toronto Region in 2003, 80.4 can be used in the future research.
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"‘Chapter 1 LIRSt SO B Lo e

INTRODUCTION

1.1 Motivations

Under the urbanization trend, land cover in urban watersheds has been changing from
pervious to impervious surface little by little. The change results in the variation of the
watershed storage characteristics and the hydrological response. It also reduces the nature
interception, depression storages and the potential for water to infiltrate. Because of the
reduced potential for infiltration, the volume of surface runoff will also increase as a
watershed becomes urbanized (Marshall, 1990). As a result, urbanization increases the
risk of flood. Furthermore, the urbanization causes more pollution. Some of the pollutants
can dissolve in the runoff. As the polluted water flows downhill or seeps into
groundwater, the pollutants discharged to the upstream segments worsen the quality of
the water in the downstream segments of the same river system. Polluted water
discharged from the downstream sources combines with municipal wastewater and the

effects are cumulative.

The hydrological studies to determine runoff of an area should be based on long-term
stationary streamflow records. Such records are seldom available for small drainage areas.
Even when they are available, accurate statistical analysis of the data is usually

impossible because of the urbanization during the period when the data were recorded.



Therefore it is necessary to estimate peak discharges and runoff with hydrological models

based on measurable parameters.

Hydrologic data analysis and modeling using Geographic Information Systems (GIS) are
now rapidly growing. Firstly, considering the spatial feature of watershed parameters and
precipitation controlling the hydrological processes, it is not surprising that GIS has
become an integral part of hydrological studies. Vieux (2001) noted that the GIS maps
describing topography, land use and land cover, soils, and meteorological variables may

become model parameters or inputs in the simulation of hydrological processes.

Secondly, for ground water management, watersheds are considered to be the most
practical unit since impacts are felt at the watershed level, rather than at the level of
administrative boundaries, such as municipalities (Environment Ontario, 2004). The
development of computer techniques, manual survey of watershed boundary has been
gradually replaced by the GIS based watershed. Grid and Triangulated Irregular Network
(TIN) DEMs (Digital Elevation Models) are the most suitable data structures used in the

delineation of watershed boundaries.

1.2 Problem Statement

As one of the fastest growing large urban regions in Canada, the Greater Toronto Area
(GTA) has extended by 10% in average and the population has increased more than
450,000 since 1996. Over the next 30 years, the GTA is projected to grow by more than

2.6 million people, reaching 7.45 million by 2031. With the dream of owning a single



family home, young families are drawn to the communities springing up throughout the

outer regions of the GTA (Urban Development Services Department, Toronto, 2003).

In such an urban setting, population increase has a direct influence on the land use, then
on the hydrological parameters. In a natural condition where there is a lot of grass or
vegetation, the stormwater is usually not a problem, because the rain filters into the
ground. However, for a modemn city like Toronto, where much land is covered by
concrete, asphalt, brick, and the ways by which water picks up and travels to the sewer
have changed, a lot of stormwater runs off roofs, roads and parking lots, trickles down
through drain pipes, and empties into stormwater grates. Once the water enters the grates
(having collected dirt, oil, grease and a lot of other pollutants along the way), it travels
through the extensive storm sewer system - 4,500 km in all in the city of Toronto - to
some 2,600 outfalls or outlet pipes. In some cases, stormwater mixes with wastewater in
the combined sewers or infiltrates into sanitary sewers. This causes the wastewater
system and the City’s sewage treatment plants overloaded, and untreated water enters the
rivers, streams and Lake Ontario (City of Toronto website, 2004). As a result, water
quality will be degraded in those water bodies from the environmental and physical
perspectives, and the environment around those water bodies will also be affected, for

example the beaches.

The purpose of this report is to extract the hydrological characteristics of watersheds in
the Toronto Region from the DEM data. Combined with other spatial data, those

hydrological parameters are used to calculate the runoffs for different years. The basic



idea behind obtaining the runoffs is that the changes of the runoffs can reflect the impact

of land use change on urban hydrology.
1.3 Structure of the Report

The overall scope of this study is to apply spatial data and GIS tools to hydrological
modeling in the Toronto Region. The main work focuses on the watershed generation and
runoff calculation. This study does not attempt to examine the reliability of GIS-based

hydrological models, but rather employs a common accepted spatial hydrological model.
This report consists of six chapters. It is delineated as follows.

Chapter 1 addresses the necessity and the importance of using spatial data for
hydrological modelling. It gives a brief description of the problem and overall objectives

followed by a summary of the report structure.

Chapter 2 summarizes the status of DEM application in hydrological analysis and the
integration of GIS with hydrological modelling. It also provides a review of the United
States Soil Conservation Service (SCS) curve number method for urban runoff

calculation.



Chapter 3 describes the methodology applied in this study. Topics reviewed in this

chapter include the data sources, process of watershed boundaries generation, the CSC

method and the TR-55 guide.

Chapter 4 presents how the data were processed. It also provides a comprehensive

discussion of the results and their accuracy. The finial watershed boundaries and curve

numbers of 2003, which are the key factors for runoff calculation, are presented.

Chapter 5 draws conclusions and makes recommendations according to the results of the

study.



Chapter 2

LITERATURE REVIEW

The influence of surface morphology on catchment hydrology and the impact of slope,
aspect and horizon shading on insolation probably represent the most important operating
controls at toposcales (Wilson and Gallant, 2000). Many popular topographic attributes
can be derived from DEM. In the first part of this chapter, the DEM application in the
hydrology, its principles and the limitations are described. The second part of this chapter
is about how GIS, an efficient tool, couples spatial data with hydrological models. Then

SCS curve number method, one hydrological model commonly used in GIS, is introduced.

2.1 DEM Application in Hydrological Analysis

Although the hydrological models are once sufficient to model catchment outflow, it is
now necessary to estimate distributed surface and subsurface flow characteristics, such as
flow depth and flow velocity (Moore et al.,1991). Numerous studies have shown that the
shape of the land surface can affect the lateral migration and accumulation of water,
sediments, and other constituents (e.g., Moore et al., 1998). Reliable estimation of
topographical parameters reflecting terrain geometry is necessary for geomorphological,
hydrological and ecological studies, because terrain controls runoff, erosion, and
sedimentation (Vieux, 2001). As mentioned above, DEMs are commonly used data

sources for topographic attributes extraction.




. A DEM consists of an ordered array of numbers representing the spatial distribution of
elevation above some arbitrary datum in a landscape (Moore et al., 1993). Attributes that
are computed directly from the DEM are called primary attributes. While secondary or
compound attributes involve combinations of primary attributes and constitute physically
based or empirically derived indices that can characterize the spatial variability of
specific processes occurring on the landscape. Primary attributes include slope, aspect,
plan and profile curvature, flow-path length, and upslope contributing area. Most of these
topographic attributes can be calculated from the directional derivatives of a topographic

surface (Wilson and Gallant, 2000).

Slope of the ground surface is a key factor in the overland flow process and
_ hydrologically very important in small basins where it may be the dominant factor in
determining hydrograph shape. The influence of the slope is most relevant to indices of
peak flow and hydrograph shape. Furthermore, for any soil map, slope information is a
must. The shape of the basin also affects the characteristics of lag time in the hydrograph,
the time of rise, and the peak flow rate. Given the pear like shape of the watershed, the
time of rise in a hydrograph will be later than normal allowing for a longer lag time.

Channel network patterns express the shape of a hydrograph as well (Brady, et al., 2001).

2.1.1 Hydrological Applications

There have been many applications of DEM and its derivatives in hydrological practice

(Meijerink et al., 1994). Some hydrological models use DEM derivatives, such as



answers model (Beasley et al., 1982), agricultural non point simulation model (Young,

1987) and the model used by Chairat and Delleur (1993).

The availability of DEM also offers new opportunities to estimate spatial
evapotranspiration (Romanovicz et al., 1993), to yield the spatial distribution of
unsaturated thickness by substracting the topographic surface and the groundwater
surface, and to generate a map showing effective duration of sunshine in shadowed

terrain (Meijerink et al., 1994), etc.

While DEMs provide the benefit of computer-based analysis, they also offer the equally
important ability to view 3D perspective (Maune, 2001). Sight is an important sense for
human beings because people generally derive a great deal of information through the
vision and the uncanny ability to “see” relationships and patterns. DEMs make it easy to
focus on a particular aspect of the terrain and do not hide the patterns which people are
searching for behind unrelated noises. Moreover, certain applications benefit from a high
degree of realism. People who are not trained to read maps may easily understanding
them if terrain information is included. Alternatively, a 3D perspective with data overlain

on top of a terrain model can improve the understanding of the problem.

2.1.2 Two Types of DEM in Delineation of Watershed Boundaries

Watersheds have been utilized as a basic unit in water resource analysis because they
contain components that are interrelated and can be viewed as a single interactive

ecological system. A watershed is defined as a catchment basin, which is delineated




“‘topographically and drained by a stream system; it is a hydrological unit used for

‘planning and management of water resources.

When choosing a method to present a surface, it is important to consider its end use. The
ideal structure for a DEM may be different when it is used for a distributed hydrological
model or to determine the topographic attributes of the landscape. Grid DEMs and TIN

are the primary data structures used in the delineation of watershed boundaries.

Grid is commonly used to represent the hydrological data because DEMs are often stored
in this format. This is an important data source also because of the vast amounts of data
available. Gird is one of the most widely used data structures because it can be easily
treated by computer algorithms. However, grid has several disadvantages when used in
the hydrological modelling (Vieux, 2001):

e Grid can not easily handle abrupt changes in elevation.

e The size of grid mesh affects the results and the computation efficiency.

e The computed upslope flow paths used in hydrological analysis tend to zig-zag

and are therefore somewhat unrealistic.

e The definition of specific catchment areas may be imprecise in flat areas.

A triangular irregular network (TIN) is an irregular network of triangles which represents
a surface as a set of non-overlapping contiguous triangular facets of irregular sizes and
shapes. TINs are more efficient when representing the surface than the uniformly dense

grid representation.



TINs have become increasingly popular because of their efﬁciency in storing data and
their simple data structure for accommodating irregularly spaced elevation data.

Advantages have also been found when TIN models are used in inter-visibility analysis

on topographic surfaces, extraction of hydrological terrain features and other applications.

A TIN has several distinct advantages over the contour and raster representations of
surfaces. The primary advantage is that the size of each triangle may be varied so that
broad flat areas are covered with a few large triangles, while highly variable or steeply
sloping areas are covered with many smaller triangles. It makes the TIN more efficient
than the grid structure since the elements in a TIN may vary in size according to the

variability of the surface.

Further comparision between grid and TIN is shown in the Table 2.1 (ET Spatial

Techniques,2004; Goodchild, 2001;).

Table 2.1 The main advantages and disadvantages of TIN and grid

TIN Grid

Advantages e Ability to describe the surface at More data exist
different level of resolution Easy to store and manipulate
« Efficiency in storing data Smoother, more natural
e Triangles can be rendered quickly appearance of derived terrain
by graphics processors features
Many applications require
uniform-sized spatial objects

Disadvantages | » In many cases require visual e Inability to use various grid
inspection and manual control of sizes to reflect areas of
the network different complexity of relief.

10



" “Hydrologic Modeling System (HMS), the commercial software used in this study only
accepts grid type DEM as input. Then grid DEM is used in this study to generate the
watershed boundaries. As will be discussed in the Chapter 4, the data size of the grid

DEM is pretty big and it will take a long time to finish the watershed boundary

calculations.

2.1.3 Algorithms for Watershed Delineation

Three main methods were examined by Skidmore (1990) for calculating ridge and gully

position in the terrain. They are summarized as follows:

(1) Peucker and Douglas algorithm

Peucker and Douglas (1975) mapped ridges and valleys using a simple moving-window
algorithm. The cell with the lowest elevation in a 2x2 moving window is flagged. After
the algorithm has passed over the DEM, the unflagged cells remained present ridges.

Similarly the cell with the highest elevation in the window is flagged, and unflagged cells

in the DEM correspond to valley lines.
(2) O’Callaghan and Mark algorithm

O’Callaghan and Mark (1984) described an algorithm for extracting stream and ridge
networks from a DEM. This algorithm quantifies the drainage accumulation at each cell

in the DEM. Cells which have a drainage accumulation above a user-specific threshold

11



are considered to be on a drainage channel. Ridges are defined as cells with no drainage

accumulation.

(3) Band algorithm

Band (1986) proposed a method for identifying streamlines from a DEM, which enhances
the Peucker and Douglas algorithm by joining ‘broken’ stream lines. Ridges and
streamlines were thinned to one cell wide using the Rosenfeld and Kak (1982) thinning
algorithm. The upstream and downstream nodes on each stream fragment are then
flagged. Each downstream node is “drained” along the line of maximum descent until it
is connected with another streamline. The streams are again thinned to the final, one-cell

wide, line representation of the stream work.

Recently, many researches have been done to improve these algorithms, and many GIS
modules are availabe for processing DEMs and delineating watersheds. Skidmore (1990)
compared these three methods for mapping streams and ridges from the DEM with a new
algorithm that utilizes basic map delineation. The new algorithm generated a satisfactory

image of streams and ridges.

The Peucker and Douglas algorithm and O’Callaghan and Mark algorithm produced

images with broken streams in flat areas. The delineation produced by the Band

algorithm caused a larger number of streams to appear in the flatter parts of the study area.

The HEC-HMS used in this project to generate the watershed employes a procedure
differs somewhat from the O’Callaghan and Mark algorithm, but is similar to the one

recommended by Mark (1988).
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- In the following two sections, the limitations of the DEM in watershed delineation are

discussed.

2.1.4 Effect of DEM Resolution on the Watershed Delineation

Generally, the resolution of a given DEM plays a critical role in hydrologic simulation.

Numerous studies have examined the sensitivity of terrain attributes to DEM data source
and grid resolution, and several works have explored what resolution is needed to
accurately represent the key hydrological and geomorphical processes operating in
selected landscapes (Quinn et al.,1991; Wolock and Prices 1994; Quinn et al., 1995;
Moore,1996). Choosing a coarse resolution DEM to derive the slope, and using this in a
surface runoff model has two principal effects. One is to shorten the drainage length,
because many of the nature meanders or crookedness of the drainage network is short-
circuited by connecting grid cells together by way of the principal slope. The other effect
is a flattening of the slope due to a sampling of hills and valleys at a coarse resolution
(Wilson et al, 2000; Vieux, 2001). Zhang and Montgomery (1994) recommended using
DEMs with 10m resolution for geomorphical and hydrological applications because such
DEM performed much better than the ones with 30m and 90m resolutions and only
slightly worse than the DEMs with 2m and 4m resolution. Grid sizes of 50m or more tend
to ignore the existence of the lower order streams and they artificially smooth landforms
in complex landscapes so that the terrain features that modulate key hydrological

processes are lost (Dikau, 1989; Quinn et al., 1991; Quinn et al., 1995).
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The current high resolution satellite imaging capabilities allow us to get 2m DEM's from
stereo IKONOS Satellite data or 15 m DEM’s from widely available Stereo ASTER
satellite sensors. The DEM data used in this study were generated by interpolating .

contour map by Ontario Ministry of Natural Resources, with a resolution of 10m.

2.1.5 Problems with Flat Areas

Purely flat landscapes, or zero slope, seldom occur in nature. When a landscape is
represented by a DEM, the areas of low relief can be viewed as flat surfaces. This flatness
may also be a result of the quantization of the elevation data. Flat surfaces typically are
the result of inadequate vertical DEM resolution, which can be further worsened by a
lack of horizontal resolution. Such surfaces are also generated when depressions in the
digital landscape are removed by raising the elevations within the depressions to the level

of their lowest flow (Vieux, 2001).

A variety of methods have been proposed to address the problem of drainage analysis
over flat surfaces. Those methods range from simple DEM smoothing to arbitrary flow
direction assignment. However, they have limitations. DEM smoothing introduces the
loss of information to the already approximate digital elevations, while arbitrary flow
direction assignment can produce patterns that reflect the underlying assignment scheme,

which are not necessarily realistic or topographically consistent (Vieux, 2001).

Garbrecht and Martz (1997) presented a new approach to address this problem. The new
numerical algorithm modifies flat surfaces to produce more realistic and topographically

consistent drainage patterns than those provided by earlier methods. The algorithm
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" ‘increases cell elevation of the flat surface to include information on the terrain
configuration surrounding the flat surface. As a result, two independent gradients are
imposed on the flat surfaces: one is away from the higher terrain into the flat surface, and
the other is out of the flat surface towards lower terrain. The linear combination of both
gradients, with localized corrections, is sufficient to identify the drainage pattern while at

the same time satisfying all boundary conditions of the flat surface.

One of the most satisfactory methods for assigning drainage directions on flat areas was
developed by Jenson and Donminique (1988). The algorithm is useful over most of the
DEM but does not produce satisfactory results in areas of drainage lines because it causes
these lines to be parallel. The algorithm assigns drainage directions to flat areas in valleys
and drainage lines so that flow is concentrated into single lines, and it uses this method

over the rest of the DEM where less convergent flow becomes more realistic.

Now automatically produced drainage network is likely to be very accurate in flat areas,
because drainage directions across these areas are not assigned using information directly

held in the DEM (Vieux, 2001).

2.2 Integration of GIS with Hydrological Modelling

Original attempts to link GIS to hydrologic modelling began in the mid 1970s (Correia et
al., 1998). Not until the early 1990s when GIS increased its functionality did hydrology
really take advantage of this new technology. GIS expanded the possibilities of

hydrological modelling since it can handle a large amount of data. The main function of
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GIS in hydrology is to assist in the management of land and water resources (Meijerink et
al., 1994). For example, the parameters of the hydrological models are related to soil
characteristics and land use. Soil characteristics can be derived from the existing

hydrogeological and soil maps. Land use maps can be generated by aerial photography.
2.2.1 GIS and Hydrological Model Coupling Method

Most current hydrological models that take advantage of GIS link to other programs to
perform the hydrological analysis. The coupling of hydrological and hydraulic models
with GIS is a very fruitful way of studying different scenarios. This coupling still raises
difficulties because relations seem weak in GIS compared with hydrological models. GIS
is not capable of handling the complex physical laws that control hydrological processes.
However, this limitation can be circumvented by doing part of the hydrological and

hydraulic calculations in a different system that is linked to GIS.

The way that hydrological analysis is done using GIS is often referred to as either
loosely or tightly coupled with any variation in between. Four different approaches have
been developed to integrate the GIS: GIS embedded within a hydrological model, a
hydrological model embedded within GIS, loose coupling and tight couplings between a
hydrological model and GIS (Manson, 2003). Those four approaches have their own

advantages and disadvantages. -

GIS embedded with a hydrological model has the advantage of giving developers more

freedom to design their own system in which the coupling strategy and the use of the
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~ hydrological component is not dependent or limited by the GIS data structure. The
limitation, however, is that the visualization and data management capabilities are not
enough comparing with the stand-alone GIS. Furthermore, programming efforts required
to achieve this coupling strategy are seen as intensive and occasionally redundant. Some
examples of this approach include a variety of the HEC (Hydrological Engineering
Centre) series of models developed by the US Army Corps of Engineers, the LDMS
(Low-Dimensional Modeling System) as well as the MODFLOW ( 3D finite-difference

ground-water Flow Model) (Sui and Maggio, 1999).

The approach in which hydrological models are embedded with a GIS takes advantage of
the suite of collection, storage, analysis and visualization capabilities of commercial
stand alone GIS packages. In this approach, the hydrological functionality is often
criticized and does not often conform to the conventional hydrological modelling. This is
especially true in the case of issues relating to model calibration and validation where
often models of this type must be calibrated outside by the existing model (Sui and
Maggio, 1999). One example of this includes the Environmental Systems Research

Institute’s (ESRI’s) ArcHydro.

In the loose coupling approach, GIS is primarily used to organize data. Loose coupling is
commonly done by performing initial analysis in GIS, converting this information into a
useable form for hydrological modelling, performing the hydrological analysis, and
finally transferring the information back to GIS for display (Hellwegger and Maidment,

1999). Comparing with the tightly coupled analysis, loosely coupled analysis is more
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common because the former needs complex interface. In the tight coupling approach,
data analysis is integrated in one program, either the hydrological model or GIS, which

has a link to the other program to perform limited operations (VerWest, 2002).

Attempts to couple GIS with hydrological and hydraulic models started in 1975, when the
HEC worked on the integration of HEC-1 in GIS using a grid based method. The result of
this effort was HEC-SAM (Spatial Analysis Methodology). In this approach, GIS served
simply as a database to feed the hydrological model (Males and Grayman, 1992).

Windows program HEC-GeoHMS has been developed, which is used in this project.

Because the loose coupling approach is the most popular method for the above mentioned
reasons, there exist numerous examples based on it. For example, the GRASS GIS
package was linked with TOPMODEL to examine the effects of soil heterogeneity in a
small watershed. @ TOPMODEL is a topographically based surface water model
developed in 1979 (Beven and Kirkby, 1979). This semi-distributed model makes

directly use of detailed DTM data.

Some popular GIS based hydrological models can be found in Singh (1995) and Shamsi

(2002).

2.2.2 Limitations of GIS in Hydrological Modelling

Several differences between GIS and hydrological models limit the effectiveness of the

coupling between them (Frey, 2004).
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e GIS is made for processing a vast amount of data, while hydrological models are
rather concerned by very precise and detailed analysis of a small area. This
difference makes that GIS is insufficient to process hydrological data.

e Hydrological models are time varying, particularly for surface water flow, and
GIS has no explicit representation of time in its data structure. This is why GIS is
mainly used for data input and output.

e GIS and hydrological models do not use the same idea on relationship among data.
In GIS, a relation is a simple association between two sets of data using a key
item common to them. In hydrological models, a relation is usually expressed as a

complex mathematical function.

Romanowicz et al. (1993) pointed that the limitations of this coupling attempt from a
hydrological point of view. DeVautier and Feldman (1993) presented a complete review
of GIS-based hydrological modelling approaches. Correia et al. (1997) also addressed

this topic.

The major weakness of GIS is that the time based processes are not easily accommodated.
To circumvent this limitation, it is possible to couple the GIS with a peripheral computer
in which the hydrological and hydraulic models are run. Results from these models can
be transferred back to the GIS and then the space based operations can proceed in this
system. This approach has been proved to be a suitable approach for the hydrological
models being used (XSRAIN and OMEGA) and the hydraulic model used for flood
mapping (HEC 2) (Correia et al., 1998). There is also a trend among commercial GIS

towards a better interface with a wider range of data types and a closer integration within
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a single software system of what were once separated and disparate software capabilities,

such as hydrological modelling in ArcView.

2.3 Calculation of Runoff in Urban Areas

Accurate estimation of runoff from either rainfall or irrigation is critical for water
resource management. In the recent years, the use of remote sensing and GIS
technologies in runoff estimation from watersheds has gained increasing attention (Tan et
al., 2002). The SCS (Soil Conservation Service) curve number method is a simple,
widely used and efficient method for determining the approximate amount of runoff from
a rainfall event in a particular area. Although the method is designed for a single storm
event, it can be scaled to find average annual runoff values (Purdue Research Foundation,

2004).

2.3.1 Characteristics of Runoff in Urban Afeas

Urban areas can pose significant threat to the health of local water bodies and can
jeopardize the beneficial use of these water bodies. These areas usually include
metropolitan regions that consist of a heavily developed urban core surrounded by a
residential, suburban zone. The urban core, or the city, is characterized by a dense
concentration of commercial and industrial land uses interwoven by a complex system of
streets, parkways, and highways. Developed urban areas play a crucial role in the

hydrological regime since they create large impervious surface areas.
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- Generally, the effects of urbanization on runoff from a basin include higher volume,
" higher peak discharge, and shorter time of concentration. These changes are associated

with the increased imperviousness and more efficient drainage that are characteristic of

constructed drainage systems.

2.3.2 SCS Curve Number Method

In 1972, the U. S. Soil Conservation Service suggested an empirical model for rainfall
abstractions, namely the SCS curve number method, which is based on the potential for
soil to absorb a certain amount of moisture. On the basis of field observations, the
potential storage S (in millimetres or inches) is related to the curve number (CN) which is
a characteristic of soil type, land use and initial degree of saturation known as the
antecedent moisture condition. During the sub-basin runoff simulation, the selected
basins are assumed to be independent from one to another. The simulation of a storm

event over a watershed is then realized one basin at a time (Vieux, 2001).

There are many hydrological/water quality models such as CREAMS (Knisel, 1980),
GLEAMS (Leonard et al., 1986), and AGNPS (Young et al., 1985). All of the these
models use the SCS curve number method to estimate the surface runoff volume. Some
famous hydrological modelling softwares, such as L-THIA (Purdue Research Foundation,
2004), and HEC-HMS by Hydrological Engineering Center, use the SCS curve number
method to estimate the runoff within a watershed. Even in the waste management, the

SCS method is used to calculate the volume of leachate (Oweis, 1998).
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The SCS technique is now commonly used because (a) it is reliable and has being used
for many years in the United States; (b) it is computationally efficient; (c) its inputs are
generally available ; and (d) it relates runoff to soil type, land use and management

practices (Shamsi, 2002).

The main advantage of the SCS curve number method is its simplicity. In the SCS
method, the decisive factors of the runoff volume are land cover and soil type. For a
given area, the change of its soil takes usually a very long time under the nature
background, especially in urban areas. However land cover types can change in a few
months. So the SCS method is a good method to evaluate the effect of urbanization on
the runoff. This method has been used to assess the hydrological impacts of land use
change by some researchers (Chou et al., 1988; McClintock et al., 1995; Bhaduri et al.,
1997; Fomney et al., 2001; Weng, 2001). In this study, the SCS method is employed to

quantify increases in the runoff associated with urbanization in the Toronto Region.

Technical Release 55 (TR-55), “Urban Hydrology for Small Watersheds”, presents
simplified procedures to calculate the storm runoff volume based on the SCS method
under the urbanizing setting. This study will follow the instruction in TR-55 to calculate
the runoff in the selected area. More details of the methodology are presented in Chapter

3.
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METHODOLOGY

DEM and GIS have been testified to be efficient tools for urban hydrological modelling,
As a useful tool for hydrological analysis, DEM data are widely applied to delineate
watershed boundaries and stream networks. GIS provides a flexible environment for
entering, analyzing, and displaying digital data from various sources necessary for urban
feature identification, change detection, and database development. In this study, GIS

will be employed to organize and process elevation data.

3.1 Study Area

The Toronto watershed is selected as the study area in this study. Toronto watershed is a
tertiary watershed, managed by the Toronto Region (see Figure 3.1). From Figure 3.1 it
can be seen that the selected Toronto Region is bigger than the City of Toronto, but

within the Greater Toronto Area (GTA).

The Toronto Region was originally listed as an Area of Concern (AOC) because of many
complex problems (Environment Canada, 2001). One reason was that the contaminants
associated with rapid stormwater runoff and melting from these watersheds create serious

impacts on the rivers and streams as well as the waterfront itself.
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Figure 3.1 Conservation authority of the Toronto Region (Environment Ontario, 2004)

3.2 Data Sources

It is important to identify the data to meet project needs. Spatial data.come in different
formats, such as resolutions, intended uses and the prices etc. Before collecting data, the
project specifications should be reviewed. When there are no specifications for one
project, the goals of the project can help define acceptable data in terms of data storage,

resolution, and accuracy.

Based on the objectives and methodology of this project, the main data required are

DEMs, soil and land cover data.
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3.2.1 DEM Data

As mentioned in Chapter 2, DEMs with 10m resolution are recommended for
hydrological application. In this study, the DEM data with this resolution were used,
which were available in the Ryerson Library. The DEMs were created through the Water
Resources Information Project (WRIP), Ontario Ministry of Natural Resources,
Peterborough. They were interpolated using ANUDEM 4.6.3 software with NRVIS
(Natural Resources & Values Information System) contour and water virtual flow as
inputs, which were collected and updated over the specified time period from 1976 to
2002. The DEMs were created during the time period from January 8, 2001 to December

20, 2002. Table 3.1 lists the mapping information of the DEM data.

Table 3.1 Mapping Information of DEM data

Grid Coordinate System Used Universal Transverse Mercator

Map Projection Transverse Mercator

Horizontal Geodetic Datum North American Datum of 1983
Vertical Geodetic Datum Canadian Geodetic (height) Datum of

1928 — Canadian

Position Accuracy of Features Horizontal | +/-10m
Vertical +/-5m

3.2.2 Soil Data

The soil data were obtained from the National Soil DataBase (NSDB). The data were
transferred from copies of paper maps based on field observations in 1950s by
Agriculture and Agri-food Canada (AAFC). Although reliability studies have not been
conducted, soils were sampled on representative landscapes and model profiles were
chosen for field description, sampling and analyses by the producer. The data are in the
Arc/Info format, published in 2000. The projection is geographic, with the datum North
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American Datum of 1927. Each soil file covers one county. In this study, four counties,
Simeoe, York, Dufferin, and Peel were included (see Figure 3.2). In Figure 3.2, the
number 31 represents Simcoe; 32 represents York; 35 and 36 represent Dufferin and Peel

respectively.

Figure 3.2 Counties in Ontario (Ontario Genweb, 2004)

3.2.3 Land Use Data

To compare the effect of land use changes upon the runoff, two sets of land cover data

were used.

CanMap RouteLogistics 7.2 (Ontario). The data cover the whole Ontario. The land use
data were created by DMTI Spatial Inc. (2003). Then the data set was used to represent
the land cover in 2003. The file is displayed as unprojected Longitude-Latitude and in

NADB83 datum. The land cover in 2003 covering GTA is shown in Figure 3.3.
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National-Scale Ontario Land Cover. The Ontario Land Cover database was produced
by the Ontario Ministry of Natural Resources from satellite image data. The land cover
mapping classification was derived from digital, multispectral Landsat Thematic Mapper
(TM) image data recorded on a range of dates between 1986 and 1997, the majority in the
early 1990s. This data set is regarded as the land cover situation in the early 1990s. Three

tiles covering the study area were obtained from GeoGratis (2004).

The Ontario land cover classification reflects the nature of the land surface rather than
land use. For example, provincial parks were mapped as areas of recreational land use,
but they are mosaic of water bodies, forest, wetlands, and other cover classes. The details

of the land cover in the early 1990s are shown in Figure 3.4.
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Figure 3.3 Land cover of the Toronto Region in 2003
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Figure 3.4 Land cover of the Toronto Region in the early 1990s

GIS software and tools used in this study include ArcView and its extension HEC-HMS,

XTools, as well as ERDAS Imagine.

3.3 Watershed Generation

The functions for hydrological analysis available in different software packages are very
similar. The Geospatial Hydrologic Modelling (HEC-GeoHMS) extension of Arcview
GIS is a relatively popular software package. It was developed by HEC. GeoHMS uses
ArcView and its Spatial Analyst extension to input a number of data for hydrological
modelling. The HEC-GeoHMS analyzes the digital terrain information and transforms
the drainage paths and watershed boundaries into a hydrological data structure that
represents the watershed response to precipitation. The HEC-GeoHMS can also
transform the drainage paths and watershed responding to precipitation. In addition to the

hydrological data structure, it can develop grid-based data for linear quasi-distributed
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runoff, transformation, HEC-HMS basin model, physical watershed, stream

characteristics, and background map file (The Hydrologic Engineering Center, 2003).

The main function of HEC-GeoHMS, terrain processing, is to modify, process and
analyze the terrain. After the terrain processing, the physical characteristics of the streams
and subbasins can be extracted, such as the length and slope of the stream, the longest
flow lengths, etc. In this process, a terrain model is used as an input to derive eight
additional data sets that collectively describe the drainage patterns of the watershed and

can delineate stream and subbasin. The steps in terrain processing and their purposes are

shown in Table 3.2.

Table 3.2 Function of each step in terrain processing

Step Function

Fill Sinks Filling the depression or the pit to determine flow directions

Flow Directions Defining the steepest descent for each terrain cell

Flow Accumulation Determining the number of upstream cells draining to each
cell

Stream Definition Classifying all cell which greater than certain threshold as
stream network

Stream Segmentation Dividing the stream into segments

Watershed Delineation | Delineating a watershed for every stream segment

Watershed Polygon Converting subbasins from grid representation to vector

Stream segment Converting stream segment from grid presentation to vector

processing

Watershed Aggregation | Aggregating the upstream subbasins at every stream
confluence

The depressionless DEM is created by filling the depressions or pits by increasing the
elevation of the pit cells to the level of the surrounding terrain in order to determine flow

directions.
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The pits are often considered as errors in the DEM due to re-sampling and interpolating
the grid. For example, in a group of 3x3 cells, if the center cell has the lowest elevation
compared with its eight neighboring cells, then the center cell’s elevation will be
increased equaling the next lowest cell. Filling the depressions allows water to flow
across the landscape. This assumption is generally valid when a large event storm fills up
the small depressions and any incremental amount of water that flows into the depression
will displace the same amount of water from the depression (The Hydrologic Engineering

Center, 2003).

Flow direction matrix is formed by selecting the cell with the maximum downward slope
of the eight directions. Similar to a compass, the eight-point pour algorithm specifies the
eight possible directions (see Figure 3.5).

64
37 128

16 1

8
4

Figure 3.5 The flow directions defined in the HEC-HMS

Flow accumulation calculates the number of upstream cells draining to a given cell is
determined Stream Definition step. Upstream drainage area at a given cell can be

calculated by multiplying the flow accumulation value by the cell area.
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Cells with the flow accumulation that is greater than the threshold defined by users are
classified as stream. Typically, cells with high flow accumulation are considered as part
of a stream network. The user-specified threshold may be specified as an area in distance
units squared, e.g., square miles, or as the number of cells. The flow accumulation for a
particular cell must exceed the user defined threshold for a stream to be initiated. Thé
default is one percent of the largest drainage area in the entire basin. The smaller the

chosen threshold is, the greater the number of subbasins delineated by the Geo-HMS is.

3.4 Runoff Calculation using SCS Method

Runoff calculation is referred to Technical Release 55 (TR-55). TR-55 presents
simplified procedures to calculate storm runoff volume, peak rate of discharge,
hydrographs, and storage volumes required for floodwater reservoirs. These procedures
are applicable in small watersheds, especially urbanizing watersheds, which match the
research objective very well. The basic calculations in TR-55 are coming from the SCS
curve number method. The model described in TR-55 begins with a rainfall amount

uniformly imposed on the watershed over a specified time distribution.

Let P be the total rainfall and 7, an initial abstraction, and the effective rainfall P.=P-I,.
After allowing for the initial abstraction, the amount of infiltration and surface retention
is F, and the potential or maximum retention is S. Storm runoff, Q, can be related to the
effective rainfall and actual retention through water balance.

Q=P.*F (3.1)
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The critical assumption of the SCS method is that the ratio of runoff to effective rainfall

is the same as the ratio of actual retention to potential retention, 1.e.

Q_F 3.2
P S G2
Combine Equation (3.1) and (3.2) yields the SCS runoff equation
P2
= 33
g P +S G-

To obtain volumes, P and Q (in inches) must be multiplied by the basin area.

The Equation (3.3 ) for the storm runoff is at the core of the SCS method.

The initial abstraction I, was found to be approximately 0.25 (SCS, 1969, 1972, 1985),

and the potential retention S becomes the only parameter for the runoff calculation.

0= (P-0.25)?
(P+0.85)
The potential retention S is commonly expressed in terms of a runoff curve number (CN)

(3.4)

through the relationship
S=1000/CN-10 (3.5
where S, 1,000 and 10 are given in inches (U.S. Department of Agriculture, 1972). Then

runoff is only related with rainfall and curve number.

To save time, the procedures in TR-55 are simplified by assumptions about some
parameters. These simplifications, however, limit the use of the procedures and can

provide results that are less accurate than ones obtained from more detailed methods.
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3.5 Curve Number

The CN provides a simple and robust means of estimating excess rainfall (King et al.,
2004), which is a dimensionless watershed parameter ranging from 0 to 100. A CN of
100 represents a limiting condition of a perfectly impermeable watershed with zero
retention and thus all the rainfall becoming runoff. A CN of zero conceptually represents
the other extreme, with the watershed abstracting all rainfall with no runoff regardless of
the rainfall amount (Gumbo et al., 2001). Curve numbers have been calibrated, evaluated,
and assigned for many sets of measured runoff data and are known to be generally

reliable over a wide range of geographic, soil, and land management conditions.

CN is based on soils, plant cover, amount of impervious areas, interception, and surface

storage.

3.5.1 Hydrological Soil Groups

Infiltration rates of soils vary widely and are affected by subsurface permeability as well
as surface intake rates. Soils are classified into four Hydrologic Soil Groups (HSGs) (A,

B, C, and D) according to their minimum infiltration rate, which is obtained for bare soil

after prolonged wetting.

The four groups are defined by the SCS as follows.
Group A soils have low runoff potential and high infiltration rates even when thoroughly

wetted. They consist chiefly of deep, well to excessively drained sand or gravel and have

a high rate of water transmission (greater than 0.30 in/hr).
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Group B soils have moderate infiltration rates when thoroughly wetted and consist
chiefly of moderately deep to deep, moderately well to well drained soils with moderately
fine to moderately coarse textures. These soils have a moderate rate of water transmission
(0.15- 0.30 in/hr).

Group C soils have low infiltration rates when thoroughly wetted and consist chiefly of
soils with a layer that impedes downward movement of water and soils with moderately
fine to fine texture. These soils have a low rate of water transmission (0.05-0.15 in/hr).
Group D soils have high runoff potential. They have very low infiltration rates when
thoroughly wetted and consist chiefly of clay soils with a high swelling potential, soils
with a permanent high water table, soils with a claypan or clay layer at or near the surface,
and shallow soils over nearly impervious material. These soils have a very low rate of

water transmission (0-0.05 in/hr).

As a result of urbanization, the soil profile may be considerably altered and the listed
group classification may no longer apply. In these circumstances, the following method
can be used to determine HSG according to the texture of the new surface soil, provided
that significant compaction has not occurred (Brakensiek and Rawls, 1983). Table 3.3

lists the soil textures responding to each HSG soil group.

Table 3.3 HSG soil textures

HSG soil group Soil textures

‘Sand, loamy sand, or sandy loam

Silt loam or loam

Sandy clay loam

Clay loam, silty clay loam, sandy clay, silty clay, or clay

|wif@]leclg
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3.5.2 Land Cover -

Table 3.4 addresses most land cover types, such as vegetation, bare soil, and impervious

surfaces. The curve number is decided by land covers and hydrologic soil groups together. |

Table 3.4 Curve number definitions in the TR-55

Land Use .. Curve Number for
Description Cover Description HSG
on Input . 1%
C
Screen over Type and Hydrologic Impervious | A B C D
Condition
Areas
Row Crops - Staight Rows +
Agricultural | Crop Residue Cover- Good 64 75 82 85
Condition
Commercial | V00 Districts: Commerical | o 89 |92 |94 |05
and Business
Forest Woods - Good Condition 30 55 70 77
Pasture, Grassland, or Range -
Grass/Pasture Good Condition 39 61 74 80
High Density | Residential districts by average
Residential lot size: 1/8 acre or less 65 77 85 20 22
Industrial Urban district: Industrial 72 81 88 91 93
Open Space (lawns, parks, golf
courses, cemeteries, etc.) Fair
> ’ 4
Open Spaces Condition (grass cover 50% to 49 69 7 8
70%)
Parki 4 Impervious  areas:  Paved
Par 1(?% an parking lots, roofs, drivesways, [ 100 98 98 98 |98
aved Spaces | e, (excluding right-of-way)
Water/
0 0 0 0 0
Wetlands

The hydraulic condition is based on combination factors that affect infiltration and runoff,
including (a) density and canopy of vegetative areas, (b) amount of year-round cover, (c)
amount of grass or close-seeded legumes, (d) percent of residue on the land surface

(good>=20%), and (€) degree of surface roughness.
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In Table 3.4, the land cover Forest in good condition means that the woods are protected
form grazing, and litter and brush adequately cover the soil. The Grass/Pasture is in good
condition when more than 75% ground is covered by grass and lightly or only

occasionally grazed.

For a watershed with sub-areas of different soil types and land cover types, a composite
curve number CN, is determined by weighting the CN's for the different sub-areas in
proportion to the total land area associated with each 4; (i=1 ,2,...... n).

CN. = CN}(A1/Asoar) + CN2(Ar/Asotar) + ... + CNo(Ar/Avtotal) (3.6)
3.5.3 Limitations of Curve Number

The major limitation with CN is the inability to account for rainfall intensity/duration

(King et al., 2004).

Curve numbers describe average conditions that are useful for design purposes. If the

rainfall event used is a historical storm, the modelling accuracy decreases.

At the same time, the user should understand the assumption reflected in the initial
abstraction term (/) and should ascertain that the assumption applies to the situation. I,
which consists of interception, initial infiltration, surface depression storage,
evapotranspiration, and other factors, was generalized as 0.2S based on data from

agricultural watersheds (S is the potential maximum retention after runoff begins). This
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approximation can be especially important in urban applications because the combination
‘of impervious surface areas with pervious surface areas can imply a significant initial loss
that may not take place. The opposite effect, a greater initial loss, can occur if the
impervious surface areas have surface depressions that store some runof'f. Furthermore,

runoff from snowmelt or rain on frozen ground cannot be estimated using these

procedures.
3.6 Flow Chart of the Research

The overall flowchart of the research process is shown in Figure 3.6. First the data have
to be integrated into the study area in the format of .shp file. Then the DEM data are used
to generate watersheds. The area of each watershed is needed in the later calculation. The
soil and land cover data should be coded first according to the instruction of TR-55. By
intersecting the soil layer with the land cover layers, each polygon will have both the soil
and the land cover information. Then the curve number for each polygon can be obtained.
The curve number of each watershed is a weighed one. The weight is defined as the ratio
of each polygon area to each watershed area. Similarly, the curve number of the whole
watershed is the weighted curve number, with the weight defined as the ratio of the each

sub-watershed area to the whole watershed area.

In Figure 3.6, the rectangle represents the data or the results, the triangle represents

manipulation, and the rounded rectangle represents software used.
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Chapter 4

RESULTS AND DISCUSSION

In this chapter, the process of data manipulation and the results were presented, including
the watershed boundaries in the Toronto Region, the comparison of curve numbers in the

early 1990s and 2003, and the revised curve numbers and runoff of Toronto Region in

2003.
4.1 Data Processing

4.1.1 Mosaic of DEM Data

There are a total of 142 tiles in the Ontario DEM data set. Five tiles, the 86‘*‘, the 87“‘, the
90%, the 91, and the 92™, cover the Toronto watershed. Figure 4.1 illustrates the location
of the tiles used in this research in the DEM tile index. 2HC in the insert is the Toronto

watershed.
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Figure 4.1 DEM tile index in Toronto watershed
There 1s overlap between each two adjacent tiles to avoid gap. In Figure 4.2 (a), it can be
observed that the terrain along the edges between each two tiles does not match. For
watershed generation, the DEM data should change continuously. To smooth the data
values along the overlap areas, the file tiles are mosaiced using ERDAS Imagine software.

The result from mosaicing is shown in Figure 4.2 (b). It shows that the DEM data change

continuously.

Blevation ()
67.259 - 114.301

114.301- 161343
181.343- 208 385
208.385 - 255 426

E_-] 255.426- 302468

Bl 202.468 - 34951
34851 . 396 552

396.552- 443.593
443593 . 490,635
No Data

(2) (b)
Figure 4.2 DEM data (a): 5 original tiles; (b): after mosaic
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Figure 4.3 is the 3D visualization of the study area, generated from the TIN. It can be
noticed that the elevation decreases gradually from north to south. The south part of the

Toronto Region is relatively flat. The valleys are obvious in Figure 4.3. Those valleys are

the main streams in the Toronto Region.

Elevation (m)
[ ]443.593 - 450.635
7] 396.552 - 443.593
[l 349.510 - 396.552
il 302.468 - 349.510
S5.426 - 302.468
8.385 - 255.426
[l 161.343 - 208.385
[1114.301 - 161.343
[ 67.259 - 114.301

Figure 4.3 3D visualization generated from the TIN

4.1.2 Watershed Generation

Since data size is too big, it took several days to finish the first step, Fill sink, of the
terrain processing using the HEC-GeoHMS. Then only the DEM containing the study
area was clipped (see Figure 4.2 (b)) to generate the watershed. It took almost one week

to finish all the calculation of watershed boundaries.

4.1.3 Coding Soil Data According to HSG Scheme

The original soil map units are identified by unique symbols on the Soils of Canada map.

The key field in the soil attribute table is ‘MAPUNIT’, generated for each polygon by
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appending the PROVINCE and NSDB-ID codes with the map unit symbol that identified
the polygon on the original printed soil map (see Figure 4.4 (a)). In any survey, a group
of polygons with similar properties may be coded with the same MAPUNIT. For example,

Peel has 35 types of soil, while York has 57 types.

(a) (b)
Figure 4.4 Original soil data

So the original printed soil maps are referred to identify what kind of soil the MAPUNIT
represents. Such as for York county, MAPUNIT of ON D012 Gsl represents the sandy
loam. According to Table 3.3, sandy loam is A type HSG. Each MAPUNIT was the
converted to the HSG soil group (see Figure 4.5), with a total of 328 types of soil being
converted. In the Toronto Region, there is no C type HSG. The soil in the downtown area
of Toronto was not classified, since most areas are covered by impervious surface (e.g.

sidewalks or roads). This area is treated as D type HSG, which has a very poor drainage

ability.
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In Figure 4.5, it is obvious that Peel and York counties have high potential of generating

runoff , where larger areas are covered by D type of HSG soil.

HSG soil type

Figure 4.5 Soil (in HSG) distribution

4.1.4 Coding Land Cover Data According to TRS5

The classification standards of the land cover data employed in this study are different
from those in the TR55. For example, in the early 1990s land cover classification scheme,
the forest is classified into three kinds, dense coniferous forest, dense deciduous forest
and mixed forest. Furthermore, the classification schemes are different between early

1990s and 2003 land cover data. This may cause error in the further analysis.
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Based on the description of land cover classification coming with the data and of TRS5,
the land cover data in the early 1990s and 2003 were reclassified according to the
standard of TR55 (see Tables 4.1 and 4.2). Some unavoid errors still exist. For example,
most agriculture land in 2003 was classified as Open Area. When zooming in the data in
the Toronto downtown area, it is found that the roads are viewed as Open Area t0o. As
the area of road is very unsignificant comparing to the area of agriculture land, the Open
Area was classified into agriculture. Unclassified Areas (outside the province) is in USA
and Unclassified Areas (within the province) is outside of the study area (Toronto

Region). So these areas will have no effect on the result.

Table 4.1 Conversion of land cover (early 1990s) according to the TR55 standard

Land use (early 1990s) . TR-55
Agriculture Agricultural
Dense Coniferous Forest
Dense Deciduous Forest Forest
Mixed Forest
Mine Tailings, Quarries, Bedrock Outcrop, Mud Flats Open S
Early Successional Forest pen Spaces
Sparse Forest
Settlement and Developed Land High Density Residential
Marshes
Treed Wetlands
Open Wetlands Water
Water
Unclassified Areas (outside the province) Unclassified

Unclassified Areas (within the province)

Table 4.2 Conversion of land cover (2003) according to the TR55 standard

Land Use (2003) TRSS
Commercial Commercial
Open Area Agriculture
Parks and Recreational Open spaces
Residential High density residential
Government and Institutional
Resource and Industrial Industrial
waterbody Water
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The reclassification results are shown in Figures 4.6 and 4.7.

Land Cover

B Agriculture

Bl Forest

I High Density Residential
" Open Spaces

Land Cover
- Agriculture
Commercial
Il High density residential
B8 Industrial
Il Open spaces
M Water .y

Figure 4.7 Land cover (2003) classified according to the TR55

4.2 Watershed boundaries in the Toronto Region

Following the steps of terrain processing in the HEC-GeoHMS, the watershed boundaries
within the Toronto Region are generated. To guarantee the integrity of the results,

defining suitable “the largest drainage area” is critical. If the threshold is set too small,
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the number of watersheds generated will be more than the reality and vise verse.
Furthermore, because the integration ways of sub-watersheds vary with threshold value,
the shapes of the final watershed are different responding to each threshold value. In this
study, by trial and error method, the largest drainage area is set to 40,000 cells (a total of
56,093,680 cells in the study area). As the resolution is 10m, the largest drainage area is

equal to 4 km®.

The main hydrological characteristics of the watersheds in the Toronto Region are shown

in the following.

4.2.1 Flow Direction

The flow direction has been emphasized by Marks et al.(1984), and Jenson and
Dominique (1988). The flow direction for a cell is the direction in which water flows out

of the cell.

Flow direction

1 (East)
[ ]2(Southeast)
BE 4 (South)
B 8 (Southwest)
B 16 (West)
B 32 (Northwest)
Il 64 (North)
I 128 (Northeast)

| NoData

Figure 4.8 Flow direction

The streams in Etobicoke and the west part of the Humber River flow mainly to northeast,

whereas the main flow direction in the west part of the Humber River is southwest. The
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streams in the Mimico Creek, as well as the south part of the Don River and Highland
Creek flow to the southeast. Comparing the flow direction map with the stream map, the

outline of the main streams can be figured out in the flow direction map.

4.2.2 Flow Accumulation

A flow accumulation is defined by O’Callaghan and Mark (1984) as an operator which
gives the drainage direction matrix and a weight matrix, and determines a resulting
matrix such that each element represents the sum of the weights of all elements in the
matrix which drain to that element. A cell with the flow accumulation which is higher
than a certain threshold will form a connected drainage network, provided that the DEM
has no pots or depressions without outlet (Meijerink, et al., 1994). Figure 4.9 shows the
flow accumulation within the study area. The accompanying block diagram shows the

streams formed by the cells having accumulation more than 8,664,913 cells.

Accumulation cells
[:] 0-8664913
I 8664913 - 8674370

I No Data

Figure 4.9 Flow accumulation in each cell
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4.2.3 Watershed Boundaries and Streams within Toronto Region LA

The final results of the watershed boundaries and the stream network are shown in Figure

4.10.

E Watershed

Figure 4.10 Watersheds in the Toronto Region
Since the elevation in the south part changed little, parts of the watershed boundaries are

presented in straight lines, as well as some streams.

4.2.4 Accuracy Analysis

Comparing the watersheds generated in this project with the data from TRCA (see Figure
4.11), the shapes of the corresponding watershed are very similar. To evaluate the result

numerically, the area of each watershed is calculated using Xtool extension of ArcView

(see Table 4.3).
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Figure 4.11 Watersheds in Toronto (From TRCA, 2004 )

Table 4.3 The areas of the watersheds

Data from TRCA Calculation in this study
Area (km?) Area (km®)

Etobicoke Creek 211.65 207.51 :
Mimico Creek 77.09 64.33

Humber River 910.77 879.99

Don River 358.06 326.61
-Highland Creek 101.58 85.6

Rouge River 332.88 335.29
Petticoat Creek 26.82 25.65

Duffins Creek 286.53 289.87
‘Carruthers Creek 38.13 38.91

The area calculated by Xtool is in the unit of acres. To compare with the data obtained
from TRCA, the unit has been converted to square kilometers. Only the three watersheds
in the west, Carruthers Creek, Duffins Creek and Rouge River, have a bigger area than
those from TRCA. The DEM (see Figure 4.2) shows that except for those three

watersheds the south parts of other watersheds are very flat. Those flat parts are not
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included into the watersheds when generating watershed boundaries. This is the main
reason for the difference between the data from TRCA and the results obtained in this
study. This is also a general problem when delineating the boundaries of watershed from

the DEM data as mention in Chapter 2.

To test if the two data sets are from the same population, SPSS software is employed to

make a paired-samples t test.

Table 4.4 Correlations between the paired area samples

N Correlation Sig.
Pair 1 TRCA & Project 9 0.999 0.000

Table 4.5 t-test of the paired area samples

Sig.
Paired Differences t df | (2-tailed)
95% Confidence
Mean Std. Std. Error Interval of the
(km?) Deviation Mean Difference
Lower | Upper
TRCA -Project |  9.97 13.67 4.56 -54 | 20.48 2.188 | 8 |0.060

In this study, the null hypothesis is that there is NO DIFFERENCE between the data from
TRCA and generated in this project, so Ho: firrcs = Uprojec. The alternative hypothesis is

Hi: prrca # Uproject:

From Table 4.4, the correlation between the two data sets is 0.999. So there is association
between those two data sets. Table 4.5 is the t test results, noticing that ¢ is 2.188 with 8
df, and the significance is listed as 0.06. So the null hypothesis can not be rejected at the

level of 0.05. That suggests that the area for each watershed calculated from this project
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is same with the data from TRCA. It is obvious tﬁat GIS is an efficient tool for

hydrological modelling. In another word, the results generated from this study are good

and can be used for further watershed research.

4.3 Comparing the Land Cover Effect on Runoff in the early 1990s with 2003

Forsythe (2002) found there is 9.15 km® per year average new developed land when
comparing growth in the Toronto Region from 1974 to 2001, and 10.6 km? per year from

1999 to 2002. To evaluate if the urban development affects the volume of runoff, the

curve numbers and runoff were calculated for early 1990s and 2003.

Curve number was set to each polygon according to Table 3.4. The curve number for

each watershed is calculated according to Equation (3.6).

Following the steps shown in Figure 3.6, the curve number of each watershed is
calculated in both early 1990s and 2003. The results are shown in Figure 4.12. In Figure
4.12 (a), the biggest curve number in the early 1990s is 92, while in 2003 (see Figure
4.12 (b)) it is 95. For both years, the soil is the same. So the bigger the curve number is,
the bigger the area of impervious surface and the volume of runoff are. The polygons in
which the colors get darker from the early 1990s to 2003 are the region where the land

cover has changed from pervious to impervious surface.
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Figure 4.13 Curve numbers of each watershed ((a) in the early 1990s, (b) in 2003)
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In this study, the curve number of each watershed is more useful, since hydrological
management is carried out on the watershed basis. The curve numbers in the early 1990s
and 2003 are shown in Figure 4.13. It seems that there is little change of each watershed.
With the help of the SPSS software, the curve numbers in two years are testified to be the

same (see Tables 4.6 and 4.7), with a big significance of 22.2%.

Table 4.6 Correlations between the paired curve number samples

< Std. Error

Pair Mean N Std. Deviation Mean

Curve number early 1990s 80.42 9 6.51 2.17

Curve number 2003 80.91 o 5.6 1.87

Table 4.7 t-test of the paired curve number samples
Sig. (2-
Pair Paired Differences t df | tailed)
Std. 95% Confidence
Std. Error Interval of the
Mean Deviation Mean Difference
Lower Upper

Curve number
early 1990s- -0.49 1.11 37 -1.34 .36 -1.32 | 8 0.22
2003

Based on the results above, it can be concluded that the land cover change has little effect
on the curve numbers of watershed. It is because:

1. The variation of land cover is too little to make the curve numbers different. The
curve number for each watershed is weighted curve number. If the area of a
polygon which has changed from pervious to impervious surface is very small,
the weight for this polygon is also very small. Then the weighted curve number of
watershed can not reflect the effect of land cover change very well.

2. The data sets of land cover for early 1990s and 2003 have different classification

systems.
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But the little variation of the curve numbers dose not mean the land cover change has no
effect on the change of runoff. Especially when the rainfall is increasing, little change of
curve number will increase runoff a lot (see Figure 4.14). So from the aspect of long term

effect, the land cover change has significant influence on the volume of runoff.

8
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Figure 4.14 The relationship among rainfall, runoff and curve number (Technical Release,

1986)

Further comparison of curve numbers and runoff of each watershed is shown in Table 4.8.
The runoff is calculated by Equations (3.4) and (3.5). During the sub-basin runoff
simulation, the selected basins are assumed to be independent from each other. The
simulation of a storm event over a watershed is then realized one basin at a time (Vieux,

2001). Annual rainfall in 2000, 25.04 inches (Environment Canada, 2000), was used to

calculate the runoff in each watershed.
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Table 4.8 Comparison of the curve numbers and runoffs between early 1990s and 2003

Curve Runoff Difference
Number (rainfall=25.04 inches) (03°-90)
Watershed | early | 2003 early 2003 Curve Runoff ~
-1990s 1990s (m®) number m®

- (m3) o
Don River | 86.89 | 86.82 | 193,710,645 | 193,627.685 20.07 -82,960
Etobicoke e
Cronk 87.7 | 87.58 | 12,365,2287 | 123,599,579 0.12 52,708
Highland
Crock 81.78 | 81.26 | 49,081,734 | 48,907,840 -0.52 -173,894
Mimico
Croek 89.45 | 88.51 | 38,658,752 | 38,446,699 -0.94 212,053
Humb
Rl?f;‘r er 79.03 | 79.81 | 494,729,643 | 497,409,894 0.78 2,680,251
Carruthers 1
Croek 75.49 | 75.65 | 21,027,586 | 21,254,112 0.16 226,526
glf;ms 70.40 | 73.08 | 150,093,108 | 153,581,955 2.68 3,488,847
coticoat | 75.06 | 76.45 | 13,629,325 | 13,768,853 139 139,528
Rouge River | 78 | 79.05 | 186,858,269 | 188,303,487 1.05 1,445,218
Average 141,271,261 | 142,100,012 0.49 828,751

Five out of eight watersheds experienced the increase of the curve numbers and the
volume of runoff. The Duffins River has the biggest increase in curve number and the
volume of runoff. While the curve number and runoff for the Mimico Creek decrease
most. The runoff of the whole Toronto Region increased 828,751 m’ in 2003 comparing

the runoff in the early 1990s.

According to the TRCA (2005), the Duffins Creek and Carruthers Creek watersheds are
among the healthiest in the Greater Toronto Area, and the Etobicoke and Mimico Creek
watersheds are two of the most highly developed ones, and therefore degraded

watersheds in the Toronto area. The citation is consistent with the results of this study.
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Figure 4.15 Land cover of each watershed in 2003

Figure 4.15 shows that Duffins River has the smallest impervious area, whereas almost
the whole Mimico Creek is coved by residential and industrial land. There is little space
to develop for the Mimico Creek watershed. So the results of this research are reasonable
that the curve numbers in developed watershed have little change from the early 1990s to

2003.

4.4 Curve Number in the Study Area

As mentioned before, the curve number is mainly influenced by land cover. Because of
the ambiguous classification of specific land use classes in the SCS method, in theory a
given user could associate any number from a range of curve numbers that would loosely
correspond to a particular local land use classification scheme (Manson, 2003). Then land
cover classification is vital to the accuracy of the curve number calculation. Based on two

year land cover data, the classification results will approach the reality. So the curve
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numbers of 2003 were calculated again based on the both land cover information of early

1990s and 2003.

Since the curve numbers of 2003 will be calculated, the land cover data in 2003 are the

main reference. By intersecting the two land cover layers in the early 1990s and 2003, the

new layer is generated in which each polygon includes the land cover information in both

years. The following principles are used when reclassifying land cover:

Classification based mainly on the 2003 land cover information: commercial,
government and institutional, residential. Because those land cover types represent
the newly urbanized area.

Refer to the early 1990s land cover information: Open Area. In 2003, Open Area
land cover includes several kinds of the TR-55 land cover types. Agriculture, forest,
sometimes even water were viewed as open areas in 2003 land cover data.

Refer to the location and shape of polygons. Some waterbodies in the early 1990s
were classified into almost any types of land covers. By checking the shape of the
polygon, waterbodies or streams can be identified easily. Location can be a very
useful reference too. For example, some polygons which are classified as Open
Area in 2003 land cover data are Settlement and Developed Land in the early 1990s
data. By examining those polygons’ locations, it was found that those polygons are
either roads or parking lots, which are located adjacent to the industrial, commercial

and residential land. So those polygons are classified as Parking and paved spaces.

Based on the classification principle mentioned above, the land cover data in 2003 were

classified again. The classification result is shown in Table 4.9.
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Table 4.9 Classification of the land cover based on the TR-55

Land cover in the early Land cover in 2003 TR-55 Polygon Area
1990s count (Acres)
~Agriculture Commercial Commercial 145 1241.674
i Government and Institutional | Residential 61 89.9614 .
Open Area Agriculture 468 299973.959
Parks and Recreational Open spaces 382 14363.066
Residential Residential 303 24956.853
Resource and Industrial Industrial 219 14059.269
C Waterbody Water 2100 3215.228
Dense Coniferous Open Area Forest 5 5861.323
Forest Parks and Recreational Open spaces 1 214.115
Residential Residential 3 7.2470
Waterbody Water 66 71.004
Dense Deciduous Government and Institutional | Residential 4 327.704
Forest Open Area Forest 8 13107.619
- Parks and Recreational Open spaces 10 546.09
Residential Residential 19 260.408
Resource and Industrial Industrial 5 84.265
Waterbody Water 102 209.6
Marshes Open Area Open spaces 5 203.4920
Parks and Recreational Open spaces 1 10.447
Residential Residential 2 14,521
Waterbody Water 6 110.161
' Mine Tailings, Open Area Open spaces 1 374.159
- Quarries, Bedrock Residential Residential 1 0.317 .
Outcrop, Mud Flats Resource and Industrial Industrial 3 21.582
L waterbody Water 5 19.693 -
Mixed Forest Open Area Forest 2 1303.242
Parks and Recreational Open spaces 1 48.806
Residential Residential 2 12.813
Waterbody Water 5 4388
‘Settlement and Commercial Commercial 1262 4124.764
Developed Land Government and Institutional | Residential 444 11317.446
£ Open Area Parking and paved 813 20395.277
spaces
_ Parks and Recreational Open spaces 826 11280.75
el Residential Residential 403 82738.63
: Resource and Industrial Industrial 668 38595.92
i Waterbody Water 133 520.6
Treed Wetlands Open Area Forest 4 136.364
Parks and Recreational Open spaces 5 236.695
Residential Residential 3 16.529
waterbody Water 1 14.188
‘| Open Area Water 8 {40.968 -
- | Parks and Recreational Open spaces 2 112239
*'| Residential -~ . ° | Residential 2 (108
Resource and Industrial Water 1 247
Waterbody Water 14 85.363
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Figure 4.16 Land cover classified based on the information of early 1990s and 2003
The final land cover is shown in Figure 4.16. Obviously, it is more accordant with the
reality. For example the open spaces distribute along the streams; residential, industry,
commercial and residential lands are concentrated together; the roads in the developed

area are presented in the shape of belt; and numerous waterbodies are distributed

randomly.

The curve numbers for 2003 are calculated again based on the land cover classification as
mentioned in Table 4.9. The results are shown in Figure 4.17. In the research of Manson
(2003), the curve number for the Duffins River is 71.5 after calibration, which is similar
with the result in this study (70.48). The curve number for the whole Toronto Region is

80.4.
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Figure 4.17 Curve numbers in the Toronto Region (2003)
After eliminating the effect of the vagueness of the land cover classification, the curve
numbers are more reliable and can be used to estimate the runoff of the each watershed in

the Toronto Region.

The curve numbers of the watersheds in the Toronto Region are relatively high, changing

from 70.48 ( Duffines River) to 90.62 ( Mimico Creek).
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Chapter 5 2

CONCLUSIONS AND RECOMMENDATIONS

The goal of this study was to extract the hydrological characteristics of the Toronto
Region, Ontario, from the DEM data. Combining with other spatial data, those
hydrological parameters are used to calculate the runoff for two years. Results have

shown that watersheds generated from the DEM data are good enough for practical usage.

Comparing the curve numbers of each watershed in the early 1990s and 2003, there is
small variation. So it can be said the land cover change has little effect on the curve
number on the watershed level. One reason for this result is that the land cover in two
years varies too little to make the curve number weight different. The weight is a
necessary parameter to calculate the curve number for each watershed. At the same time,
the data sets of land cover for early 1990s and 2003 have different classification systems.
This may be another reason for the little change in curve numbers. But this does not mean
urbanization has little effect on the change of runoff since there was pervious surface
changing to the impervious surface. By referring the land cover in 2003 and early 1990s,
the curve numbers are calculated again for 2003. Since the uncertainty resulting from the
land cover classification is eliminated, the curve numbers in 2003 can be used to

calculate the runoff in the Toronto Region.

The watersheds in the Toronto Region have a relatively high curve numbers, which

means that more stormwater will become runoff. The City of Toronto should balance its
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development and the conservation of watersheds, especially for those healthier
watersheds. For example, the Duffins Creek is viewed as one of the healthiest
watersheds in the GTA (TRCA, 2004). But its curve number increased most from early
1990s to 2003. This is because it has more space to develop impervious surface, such as

residential or commercial lands.

The spatial data generated from this study can be applied to many other hydrological
models, such as calculating the peak discharge, sediment volume, hydrograph, etc. Future
study can use the data generated from this research to understand other hydrological

processes in the Toronto Region.

For a big watershed like in the Toronto Region, it takes a long time to generate watershed
boundaries from the DEM data. In this study, the raster DEM data used to generate
watershed boundary has 6553 rows and 8560 columns, with the resolution of 10m. It took
almost one week to finish all the calculations. In the future, some new algorithm can be

developed to speed up the calculations, such as using the TIN to generate watershed

“boundaries.
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