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Executive Summary

This report describes the procedure for automated watershed delineation and characterization in
an ArcGIS environment. The methodology is explained in two steps (i) watershed delineation
using digital elevation model (DEM) data and several tools from the Spatial Analyst toolbox in
ArcGIS; and (ii) the assignment of watershed attributes that influence regional flood response
including basin area, channel dimensions, climate statistics, among others. The methodology is
then applied to a case study where watersheds are delineated upstream of hydrometric stations in
Southern Ontario, Canada, and the spatial distribution of each attribute is mapped over the
resultant basins. The outcome can be employed in regional flood frequency analysis studies
where watersheds are grouped into homogeneous hydrologic regions based on the similarity of
their attributes. Then hydrometric records measured within the same homogeneous regions are
combined into regional probability distributions from which hydrologic design values are
estimated for specified exceedance probabilities. These values are used in planning and design

applications in the water resources management sector.



Table of Contents

L. INTRODUCTION L.ttt ettt sttt et st s bt et bt et e bt eat e besbeeabesbeest e besbeentesbeeaean 1
2. LITERATURE REVIEW ..ottt sttt ettt st st st et e be e sbe e st st st e nbeeas 3
3. METHDOLOGY ...ttt ettt ettt sttt et h e st st e st e bt e bt e s bt e s aeesateeateebeesaeesaeesatesabeebeenses 7
3.1 Watershed deliNBALION. .........ccverieieieieeeest ettt sttt neen 7
3.2 Assignment of watershed attribULES .........ccveveiiiieeceeee et 16
A, CASE STUDY .ttt ettt s h et b e e bt e bt e bt et e s bt e at et e she et e sbeeatenbesaeentesbeeaeas 23
AL DA .....eeeiieieeer e et r s a e sr e a e e e ne e 23
4.2 PTOCEAUIE ...c.entneeiieitete ettt sttt sttt h e eb e s bbb et et a e bt e bt e b e s b e b et et et eneeneebeebenaenen 27
4.3 RESUILS AN DISCUSSION......c.vetineenieiieiieiiniesteste ettt ettt sttt sb ettt ese bbb sbe st et e e et et eseesesaenes 30
5. CONGCLUSION ... .ottt st sttt et e s be e st e st e sabe et e ebeesbeesbeesanessteenteesbeesseesanesas 35
REFERENGCES ...ttt et h e st st st e b e bt e s bt e sat e sat e et e e abeesbeesatesabesabeebeens 36
APPENDIX: PREVIOUS REPORTS IN THE SERIES ......cooiiiiiiieeeeeeeeeeceee e 38



List of Tables

Table 1: Description of data used and their SOUICE. .........uuiiiiiii i 24

List of Figures

Figure 1: Mosaic function of the Data Management toolboX in ArCMap. .......ccceeerererenenieieieeeeeereenee 8
Figure 2: Fill function of the Spatial Analyst to0IDOX iN ArCMaP. ......ccceevvieieeviiiiceesee e 9
Figure 3: Flow direction function of the Spatial Analyst toolbox in ArcMap. .........ccceeevvevveieeneneneneene. 10
Figure 4: Flow direction function of the Spatial Analyst toolbox in ArcMap. .........cocceevveveeieenenencnene. 11
Figure 5: Setting the symbology of the Flow Accumulation layer. The layer is divided into two classes:
Flow accumulation and N0 FIOW aCCUMUIALION. .........ccevuieieriirieere e 12
Figure 6: Process for creating a new shape-file in ArcCatalogue. ..........cccvevveiieieiiieecececeee e 13
Figure 7: Setting properties such as the feature type and geographical coordinates of a new shape-file in

F AN (ol O -1 (oo [V 1TSS 14
Figure 8: Watershed function of the Spatial Analyst toolboX in ArCMap. .......cceeveveeceieseece e 15
Figure 9: Raster to Polygon function of the Conversion toolbox in ArcMap. .......cccceeveveriereeeneneneniennen 16
Figure 10: Calculate Areas function of the Spatial Statistics toolbox in ArcMap. .......ccccceeveceveeeecieenenne 17
Figure 11: Stream link function of the Spatial Analyst toolbox in ArcMap. ........ccceeeceveeeececeeeece e 18
Figure 12: Process for joining data to another layer's attribute table. ...........cccooveninenininenceen 19
Figure 13: The Display X-Y Data tool which display's features' locations given their latitude and
TONGITUDE. ..t bbbttt e bbbt b e bt e e st e st e bt e bt sb e b e e e b et ens et eneebesaeebenten 20
Figure 14: Process for converting a feature layer to a shape-file in ArcMap. .......cccocveeeviieecececcvecieeene, 21
Figure 15: Buffer function of the Analysis tooIboX iN ArCMaD. .......cccoieievieiieieeceees e 22
Figure 16: Spatial Join function of the Analysis toolboX in ArCMap. .....cccevvvvieceerereeeecee e 23
Figure 17: Map of the fluvial regions of Canada (Ashmore and Church, 2001).........cccccceeeeiiieeeeciiee e, 25

Figure 18: Four control points for georferencing procedure are shown as the red and green crosshairs....28
Figure 19: Watersheds are shown as blue polygons which are delineated upstream of yellow pour points.

.................................................................................................................................................................... 29
Figure 20: Stream links of the channel network are differentiated by colour...........ccccoceveveiininincnene. 29
Figure 21: Climate stations (green points) and their 15km area of influence (circle area) are shown here.

.................................................................................................................................................................... 30
Figure 22: Distribution of average annual precipitation over watersheds in Southern Ontario.................. 31
Figure 23: Distribution of maximum annual precipitation over watersheds in Southern Ontario. ............. 31
Figure 24: Distribution of average daily maximum temperature over watersheds in Southern Ontario. ...32
Figure 25: Distribution of main channel slope over watersheds in Southern Ontario. .........ccccoeceeeeerernene. 33
Figure 26: Attribute table showing the characteristics for each watershed............cccoceeeevinieiineeneneeene 34



Nomenclature

ArcGIS: A software package that is used for manipulating, presenting, analyzing geographically
referenced data.

ArcMap: The main component of the ArcGIS software package that is used for mapping and
analyzing geographically referenced data.

ArcCatalogue: A component of the ArcGIS software package that is used for managing and
organizing geographically referenced data.

Arc Hydro: An extension of ArcGIS that includes specialized tools for water resources
applications; for example it includes tools for the delineation and characterization of watersheds.

Raster: A file format where geographically referenced data is stored in cells of a two
dimensional grid; each cell is assigned an attribute value.

Vector: A file format where geographically referenced data is represented by points, lines or
polygons, and the features' critical points (vertices, end points) are assigned x-y coordinates.

CSV-file: A comma separated values (CSV) file contains numerical or text data that is structured
in the form of tables or lists; breaks in the data are indicated by commas.

DEM-file: A digital elevation model (DEM) file contains geographically referenced elevation
data in a raster format.

Shape-file: A file that contains geographically referenced data in a vector format; it is composed
of several individual files that provide information on feature geometry, position and attributes.

TIFF-file: A Tagged Image File Format (TIFF) file stores image data in a raster format.

Digitize: The process of converting analogue map features to a digital format.



1. INTRODUCTION

Flood frequency analysis is a probabilistic method used to estimate hydrologic design values
such as flood levels and flow rates which are used in infrastructure design and water resource
management applications. Using this procedure a structure is designed to withstand a hydrologic
event corresponding to a selected return period, where a return period is defined as a statistical
measurement typically based on historic data denoting the average recurrence interval of the
event over an extended period of time. The reciprocal of the return period is called the
exceedance probability; if a structure is designed to accommodate a 100 year return period, then
it must be able to withstand a hydrologic event corresponding to a 1 in 100 year probability of
exceedance every year. Exceedance probabilities and therefore, return periods and hydrologic
design values are determined from probability distributions that are developed from observed

hydrologic data (Chin, 2006).

In order to obtain reliable estimates of return periods and their associated hydrologic events, an
adequately long observed record is needed. It is recommended that the minimum observed record
should be five times greater than the return period selected for design (Reed et al., 1994). This is
difficult to achieve in many cases; for example by this standard a structure that is designed for a
100 year return period requires 500 years of observed hydrologic data measured at the site of
implementation. To address this issue regional flood frequency analysis is employed where data
measured at locations with similar hydrologic variables are combined to create a record of
sufficient length (Burn, 1990). The general procedure is described in two broad steps: (i) the
formation of regions with homogeneous flood responses; (ii) the combination of data measured

at flow gauge stations in the same region in order to develop a regionally averaged probability



distribution. From this distribution hydrologic design values are estimated more accurately for a

selected return period (Chebana and Ouarda, 2008).

This report explains how to prepare for step (i) which is the formation of homogeneous
hydrologic regions using Esri’s ArcGIS software package (Esri, 2014). Hydrologic regions are
formed by partitioning watersheds and their associated discharge data into groups based on the
similarity of their meteorological and physiographic attributes which drive flood generation
processes. These attributes include: basin area, channel slope, channel length, land use indices,
precipitation and temperature, among others. By using physiographic and meteorological
attributes that are independent of observed discharge data to form the regions, the latter can be

reserved to validate their hydrologic homogeneity (Srinivas, 2013).

The main objective of this report is to demonstrate how to delineate and characterize watersheds
using ArcGIS for regionalization studies. The watersheds are delineated such that hydrometric
stations are located at their outlets. This is important in order for the watershed characteristics to
be truly representative of the observed discharge data used to estimate hydrologic design values.
The watersheds are delineated using elevation data provided by digital elevation models (DEMs)
and subsequently, several flood generation characteristics are assigned to each watershed. The
outcome of this procedure can be directly applied in regionalization studies where multivariate
clustering algorithms are used to group watersheds into hydrologically homogeneous regions
based on the similarity of their attributes, and hydrologic variables are estimated from the

regions.



The organization of the report is as follows: a literature review is provided in section 2. Section 3
describes the methodology used. Section 4 applies the methodology to a case study in Southern

Ontario, Canada. Finally, concluding remarks are found in section 5.

2. LITERATURE REVIEW

Historically, watershed boundaries were delineated by hand with the aid of contour maps. Since
the 1980’s computer software has been more commonly employed to perform automated
watershed delineation; several algorithms are available in geographical information system (GIS)
software packages. Lindsay et al., (2008) have identified two main applications of automated
watershed delineation as (i) mapping or modeling spatial phenomena; and (ii) developing
statistical relationships between basin characteristics and outcome variables related to hydrology

or water quality for prediction purposes.

Several studies have been conducted to determine the relationship between basin characteristics
and water quality parameters measured at sampling sites located at watershed outlets. Jarvie et al
(2002) delineated sub-watersheds upstream of 60 sampling stations within the Humber
catchment in the United Kingdom using ArcGIS. The objective of the study was to determine
linkages between watershed attributes and chemical concentrations measured at the sampling
sites in order to observe trends in water quality across the basin. The watershed boundaries were
delineated using topographic data provided by the Institute of Hydrology Digital Terrain Models
and several functions from the Spatial Analyst toolbox in ArcGIS. Then they assigned attributes
to the watershed polygons including catchment area, average elevation, average slope, annual

rainfall, several geological characteristics and land use properties and explored the relationships



between the attributes and water quality parameters measured at the sampling sites. The

relationships were analyzed using a combination of scatter plots and regression analysis.

This methodology is also employed to predict hydrologic variables such as discharge measured
at the watershed outlets. Sarhadi et al (2012) delineated watersheds in ArcGIS using the Arc
Hydro extension for a regional flood frequency analysis application (ArcGIS Resources, 2013).
The objective of the study was to form groups of watersheds with homogeneous physiographic
and meteorological characteristics in order to obtain reliable estimates of flood quantiles for
different return periods. Regression equations were developed for each homogeneous region
which used watershed attributes as predictors to estimate flood quantiles. The resultant flood

quantiles were used in a flood mapping application in Southeastern Iran.

In these applications it is essential for watershed outlet positions to coincide with water quality
sampling or hydrometric stations as well as the stream network derived from digital elevation
model (DEM) data; as such, the stations represent outlet points from which watersheds are
delineated upstream. A shape-file showing the station locations is imported into a GIS
environment. The stations often require repositioning such that they are located on the stream
network derived within the DEM, otherwise substantial errors may ensue. The stations may be
located upstream or downstream of their true location, on the incorrect reach of the stream
network, or off of the stream network entirely. The error associated with stations located
upstream or downstream of their true location is fairly insignificant, as long as they are located
on the correct stream link; however, the other cases of inaccurate positioning can result in a

significant amount of error (Lindsay et al., 2008).



To ensure accurate positioning the stations can be placed manually. When done correctly,
manual repositioning provides the most accurate results as it allows the user to integrate their
knowledge of the study area; however it is inefficient when there are a large number of stations
and it also has a potential for human error (Lindsay et al., 2008). When there are a large number
of stations automated repositioning tools are often employed such as the Snap Pour Point
function of the Spatial Analyst toolbox in ArcMap (Esri, 2014). The Snap Pour Point function is
the most commonly used automated watershed outlet repositioning tool that relocates stations to
the raster cell with the highest magnitude of flow accumulation within a certain search radius. It
effectively reduces the number of outlets located off of the stream network and it is much more
efficient than manual repositioning, however it often moves stations onto the incorrect stream
links; for example, it is possible for stations to be initially located on the correct stream link of
the flow network, and then repositioned to a different stream link of higher flow accumulation

(Lindsay et al., 2008).

Jenson (1991) developed an alternative automated watershed outlet repositioning tool in which
stations are relocated to the closest raster cell with a flow accumulation magnitude that is greater
than or equal to a specified threshold value. The tool has an improved performance in terms of
locating stations on the correct stream link when compared to the Snap Pour Point function;
however the potential for inaccurate repositioning is not entirely eliminated. To address the issue
of repositioning stations onto the incorrect stream link, Lindsay (2008) developed the Advanced
Outlet Repositioning Approach (AORA) in which stream names are used to identify the reach

where the stations are located. The method ensures that stations with the same stream name are



located on the same flow path. It has been successfully employed in regional studies with

densely packed stations (Lindsay et al.,2008).

This report describes the watershed delineation process for an application similar to the study
conducted by Sarhadi et al (2012). Various physiographic and meteorological attributes are
assigned to the delineated watersheds, which can be clustered into homogeneous regions in
future regionalization studies. Regions which exhibit homogeneous physiographic and
meteorological attributes also have homogeneous hydrologic parameters measured at the basin
outlets and therefore, the flood quantiles are estimated from probability distributions (or
alternatively regression equations) developed for these regions. Instruction is provided for
watershed delineation using functions of the Spatial Analyst toolbox of ArcGIS. Many studies
have used the Arc Hydro extension for a simplified watershed delineation procedure and
computation of watershed attributes; however the extension is not available for the latest
versions of ArcGIS. Instructions are also provided for the manual repositioning of hydrometric
stations. Although this method is considered inefficient with a large number of stations, it
provides the most accurate results when performed with care. Evidently the Snap Pour Points
function which is available in ArcGIS requires the user to review and adjust the output, and other
watershed outlet repositioning tools are not easily accessible for public use. Finally, similar to
other studies described in this section, this report provides instruction on the assignment of

common watershed attributes.



3. METHDOLOGY

Here the procedure for watershed delineation and characterization in an Esri ArcGIS
environment is described in two parts: (i) Watershed delineation from DEM data; and (ii) the

assignment of watershed attributes.

3.1 Watershed delineation

The first step in the procedure is to delineate watershed polygons using DEM tiles and several
tools from the Hydrology section of the Spatial Analyst toolbox. All of the tools or functions

used throughout the procedure can be found using the search function located on the ArcMap

toolbar (IE]). The first part of the watershed delineation procedure is to define the areas of flow
accumulation within the study area as described here:

1. Import several DEM files into ArcMap in order to cover the study area. Employ the
Mosaic function of the Raster section of the Data Management Tools toolbox to
combine all DEM tiles into one continuous raster layer. Alternatively, use the search
function to look up Mosaic (Data Management). Select any one of the DEM tile

layers to be the Target Raster that the other tile layers merge with.
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Figure 1: Mosaic function of the Data Management toolbox in ArcMap.

2. Remove all sinks from the DEM layer using the Fill function of the Hydrology
toolbox; search Fill (Spatial Analyst). Use the DEM layer as input to this function.
Also indicate the file directory where the resultant layer will be stored. A sink or
imperfection is defined as a raster cell which does not indicate the direction of flow

from that cell to another (ArcGIS Resources, 2013).
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Figure 2: Fill function of the Spatial Analyst toolbox in ArcMap.

3. Employ the Flow Direction function of the Hydrology toolbox to assign a value to
each raster cell indicating the direction of flow leaving that cell; search Flow
Direction (Spatial Analyst) (ArcGIS Resources, 2013). Use the output layer from the

Fill function as input.
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Figure 3: Flow direction function of the Spatial Analyst toolbox in ArcMap.

4. Compute the amount of flow accumulating into each raster cell using the Flow
Accumulation function of the Hydrology toolbox; search Flow Accumulation (Spatial
Analyst). Use the output layer from the Flow Direction function as input (ArcGIS

Resources, 2013).
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Figure 4: Flow direction function of the Spatial Analyst toolbox in ArcMap.

5. Display the raster cells in which water accumulates. Right click on the Flow
Accumulation layer in the Table of Contents and open the Layer Properties dialog
box. Under the Symbology tab select Classified and enter 2 as the number of classes.
Adjust the break line until the flow accumulation cells are visible; i.e. the locations of

water courses within the study area.
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Figure 5: Setting the symbology of the Flow Accumulation layer. The layer is divided into two classes: Flow
accumulation and no flow accumulation.

Once the water courses are defined in the DEM layer the watershed outlet points, referred to

herein as the pour points, are located. Watersheds are delineated upstream from these points.
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6. Create a new Pour Point shape-file layer. Open ArcCatalog, right click on the
working folder and select New and then Shape-file. Enter point as the feature type and

assign an appropriate geographical coordinate system.

Catalog Tree X | Contents |Pneview I Descriptionl
der Connections N T
C:\Users\Sarah Irwin\Desktop\3110-I2b4-data\ldzho ame ype
C\Users\Sarah Irwin\Documents\ ArcGI5 10.2 ##DEM _d0ge.if Raster Dataset
C:\Users\Sarah Irwin\DocumentshArcGIS_Project B DEM3DIe i Raster Dataset
C\Users\Sarah Inwin'\Documentaiaiomsted Miterhe DEM30 . tif Raster Dataset
C:\Usersh\Sarah Inwin\Decumen @ Copy Crl+C  hEvsomedtit Raster Dataset
C\Users\Sarah Irw!n\Documen DEM30ne.tif Raster Dataset
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C:\Users\Sarah IrwinDocumen #2] Disconnect Folder pEME1ce.tif Raster Dataset
C:\Users\Sarah Irwin\Documeni o  Refresh F5 DEMEI(W't_‘f Raster Dataset
C:\Users\Sarah Irwin\Documen | New N ”“1; I:;IF Raster Dataset
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C:\Users\Sarah Irwin'\DocumentsiWatershed_Delineation | B#| | Personal Geodatabase Raster Dataset
C:\UsershSarah Irwin\Documents\Watershed_Delineation | g 3 Databmse C . Raster Dataset
. - . L atabase Connection...
Ch\Users\Sarah Irwin Documents\\Watershed_Delineatiol | = ) Raster Dataset
Gty 27| ArcGIS Server Connection...

. 2 Raster Dataset
G:\Digitize_map Pk & Loyer R o
G:\Geog110_Labl < aster Dataset
6:\Geod110_Lab5 3 &4 Group Layer Raster Dataset
toolboxes 3 9 Python Toolbox Raster Dataset
Iboxes 2] |D Shapefil Raster Dataset

apefile...
abase Servers E P Raster Dataset
abase Connections E Raster Dataset
Servers ) 2] & Toolbox New Shapefile Raster Dataset
Hosted Services 2] dBASE Table Creates a new shapefile Raster Dataset
dy-Te-Use Services
8 [E] LAS Dataset Raster Dataset
@ @ Address Locator... Raster Dataset
@ @. Compaosite Address Locator... Raster Dataset
2 Raster Dataset
3 M Docament Raster Dataset
B DEMalie tif Raster Dataset
B DEMaLiw tif Raster Dataset
B Raster Dataset
##Flow_Direction.tif Raster Dataset
@ Methodology.mxd Map Document

Figure 6: Process for creating a new shape-file in ArcCatalogue.
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Create Mew Shapefile I&
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Description:

Unknown Coordinate System -
F [

[] Show Details

[ Coordinates will contain M values. Used to store route data.
[ Coordinates will contain Z values. Used to store 30 data.

OK | | Canesl

Figure 7: Setting properties such as the feature type and geographical coordinates of a new shape-file in
ArcCatalogue.

7. Upload the new Pour Point shape-file layer into ArcMap and overlay this layer with
the Flow Accumulation layer by ensuring both layers are selected under the Table of

Contents.

8. Digitize pour points (watershed outlet points) onto the new layer. Select Customize,
Toolbars, Editor to turn on the Editor toolbar. Select Start Editing under the
dropdown menu of the Editor toolbar and choose the Pour Point layer. Place or
digitize points onto the flow accumulation raster cells. The locations of the pour

points should coincide with existing flow gauge stations. One way to achieve this is
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to upload a shape-file showing the locations of the existing flow gauge stations and to
ensure that the digitized pour points and the stations overlap. It is also critical to

ensure that the pour points are located on the DEM-derived stream network.

Delineate watersheds using the Watershed function of the Hydrology toolbox; search
Watershed (Spatial Analyst). This function calculates the area contributing water to
each outlet point (ArcGIS Resources, 2013). Use the Flow Direction output layer and
the Pour Point layer as input. Also indicate the unique feature identification (FID)

number as the Pour Point field in order to create multiple watersheds at a time.

,ar\ Watershed [QJ [ =HCT iz-l
Input flow direction raster . Watershed
| Flow_Direction.tif j [.'—_'—';-
Input raster or feature pour point data Determines the contrlbutl_ng
- ] area above a set of cells in

|PUur_PU|r1t d B a raster.

Pour point field (optional)

FID -

Qutput raster o

C:YUsers\Sarah Irwin\Documents\ArcGIS \Default. gdb\Watersh_tif1 B‘

I Ok I I Cancel I IEnvironmenis... I I << Hide Help I I Tool Help I

Figure 8: Watershed function of the Spatial Analyst toolbox in ArcMap.
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10. Convert the Watershed layer from a raster to polygon (vector) format before
assigning their attributes in the next section of the methodology; search Raster to

Polygon (Conversion). Use the raster type Watershed layer as input to the function.

#, Raster to Polygon [<’:>J [ = @J—J&

Input raster - Raster to Polygon
| Watershed tif B
Field (optional) Converts a raster dataset

Value . to polygon features.
Qutput polygon features -

C:\Users\Sarah Irwin\Documents\Automated _Watershed_Delineation\Watershed_Palyg @l

| Simplify polygons {optional)

| OK | | Cancel | |Envir0nments... | | << Hide Help | | Tool Help |

Figure 9: Raster to Polygon function of the Conversion toolbox in ArcMap.

3.2 Assignment of watershed attributes

In this section the procedure for assigning physiographic and meteorological attributes, which
influence regional flood response, to each feature in the Watershed Polygon layer is described.

These attributes include: basin area, main channel length, main channel slope and climate
attributes.
11. Calculate basin area using the Calculate Areas function in the Utilities section of the

Spatial Statistics toolbox; search Calculate Areas (Spatial Statistics). Use the

16



Watershed Polygon layer as the input feature class. This function calculates the area
of each feature in the Watershed Polygon layer. The values are saved as a column in

the attribute table.

&' Calculate Areas l<’:>J l‘:' =] iz-l

Input Feature Class i Calculate Areas
|Watershed_Pongon j
Qutput Feature Class

C:\Users\Sarah Irwin\Documents\Automated _Watershed _Delineation\Watershed_Basin_

0

Calculates area values for
each feature in a polygon
feature class.

0

This tool will be deprecated

in a future release of

ArcGIS; there are better
methods for obtaining

polygon areas, including:
Calculate_Field and the E
Geometry Calculator.

 /

- |4 1 }

| oK | | Cancel | |Enviranmenis... | | << Hide Help | | Tool Help |

Figure 10: Calculate Areas function of the Spatial Statistics toolbox in ArcMap.

12. To determine the main channel lengths, overlay the Watershed Polygon layer with the
Flow Accumulation layer and count the number of raster cells which make up the
main channel in each watershed, and then multiply the number of raster cells by the
cell length. To reduce the effort required to count the individual cells, use the Stream
Link function of the Hydrology toolbox to define each section or link between
intersections in the stream network; search Stream Link (Spatial Analyst) (ArcGIS
Resources, 2013). Use the Flow Accumulation Layer and Flow Direction layer as

inputs to this function. To determine the number of raster cells which make up each
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stream link, activate the Identify tool and select a link, then the number of raster cells

in that link is displayed. The Identify tool is located on the main toolbar in ArcMap,

( @)_ Add the number of cells in each link together to obtain the total number of
cells in the main channel, and multiply the total number of cells by the cell length to

obtain the length of the main channel.

."\ Stream Link @J LI_I—J':' S X
Input stream raster ) Output raster i
|FIOw_AccumuIation.tif ﬂ
Input flow direction raster The output stream link
| Flow_Direction.tif | raster
Output raster It will be of integer type.

“i\Users\Sarah Irwin\Documents\Automated_Watershed_Delineation\Stream_Link. tif

[ OK. ] I Cancel I IEnvironmEnis‘.. I I << Hide Help I I Tool Help I

Figure 11: Stream link function of the Spatial Analyst toolbox in ArcMap.

13. The channel slopes are computed as the difference in elevation between the source
and mouth of the main channel, divided by the main channel length. Use the Identify
tool to determine the elevation of the source and mouth of the main channel from the

DEM layer.
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14. Record each watershed’s feature identification (FID) number, channel length and
channel slope in a Microsoft Excel spreadsheet. Upload the spreadsheet into ArcMap
and join the data to the Watershed Polygon layer’s attribute table. To add the data to
the attribute table right click on the Watershed Polygon layer and select Join and
Relate and Join, and join the data to the Watershed Polygon’s attribute table based on

the their FID numbers.
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Figure 12: Process for joining data to another layer's attribute table.

1" Properties...

15. Import a Microsoft Excel spreadsheet containing a list of the climate stations, their
geographical coordinates and meteorological attributes into ArcMap. Right click on
the new table in the Table of Contents and select Display X-Y Coordinates in order to

display the climate stations as points. Right click on the new Climate Stations layer
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and select Data, Export Data and save the layer as a shape-file in the working
directory. In ArcCatalog, right click on the new shape-file and assign an appropriate
geographical coordinate system; name the layer Climate Stations. Import the Climate

Stations shape-file into ArcMap; all climate attributes are stored in the new layer’s

attribute table.

Display XY Data [

A table containing X and ¥ coordinate data can be added to the
map as a layer

Choose a table fram the map or browse for another table:

| Sheetls |

Spedfy the fields for the X, ¥ and Z coordinates:

Pl .
¥ Field: LAT -

. |
E F|E|d: {NDFIE} -

Coordinate System of Input Coordinates
Description:

Geographic Coordinate System: p
Mame: GCS_Morth_American_19583

4 L

[] show Details

[] Warn me if the resulting layer will have restricted functionality

About adding XY data

OK ] [ Cancel ]

Figure 13: The Display X-Y Data tool which display's features' locations given their latitude and longitude.
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Figure 14: Process for converting a feature layer to a shape-file in ArcMap.

16. Employ the Buffer function of the Proximity section of the Analysis toolbox to create

a buffer around the points of the Climate Station layer in order to represent their

influence areas; search Buffer (Analysis). Use the Climate Station shape-file as input

to this function and specify an appropriate area of influence.
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Figure 15: Buffer function of the Analysis toolbox in ArcMap.

17. Assign meteorological attributes to the Watershed Polygon layer using the Spatial
Join function of the Overlay section of the Analysis toolbox; search Spatial Join
(Analysis). This function assigns the attributes of one feature layer to another based
on their spatial relationship. Select the Watershed Polygon layer as the Target Feature
layer and the Climate Station layer as the Join Feature layer. Select the
meteorological attributes of the Climate Station layer to be assigned to the Watershed
Polygon layer in the Field Map of Join Features dialog box. Right click on each of the
attributes listed in this field and select mean in order to assign the average values of

all climate stations intersecting each polygon (ArcGIS Resource, 2013).
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Figure 16: Spatial Join function of the Analysis toolbox in ArcMap.

4. CASE STUDY

For demonstration, the methodology presented in Section 3 is applied to a case study in Southern
Ontario, Canada. Watersheds are delineated and characterized with the following attributes:
basin area, channel length, channel slope, average annual precipitation, maximum annual
precipitation and average daily maximum temperature. This section includes a description of the

data used, a brief explanation of the procedure, a discussion of the results and a conclusion.

4.1 Data

This section provides information on the data used in the case study. Table 1 summarizes the

features, coordinate systems and sources of the data.
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Table 1: Description of data used and their source.

FILE SPATIAL

DATA TYPE FORMAT REFERENCE SOURCE

Fluvial

Regions of Raster

Canada band TIFF-file N/A Natural Resources Canada
https://www.nrcan.gc.ca/home

Canadian

Digital

Elevation USGSDEM-|  GCSNorth | 5e0Base

Data Raster file America 1983
http://www.geobase.ca/geobase/en/

HYDAT

Database GCS North Environment Canada

Canada Vector Shape-file America 1983
http://www.ec.gc.ca/rhc-
wsc/default.asp?lang=En&n=9018B5EC-
1

Canadian

Daily Climate Environment Canada

Data N/A CSV-file N/A

http://climate.weather.gc.ca/index_e.html

The Fluvial Regions of Canada map was created by Ashmore and Church (2001); see Figure 17.

It divides Canada into several fluvial regions based on their climate, topography, geology and

surficial materials. Each region has similar flood generation processes; although they are too

large to be considered hydrologically homogeneous. They do, however, provide practical study

area boundaries for the regionalization procedure and as such, the Great Lakes fluvial region

which covers Southern Ontario is used to define the study area in this investigation. The map is

available online from the Natural Resources Canada website as a PDF-file (see Table 1). It is

converted to a TIFF-file in order to be uploaded into ArcMap. The electronic version of the map

is not geographically referenced.
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Figure 17: Map of the fluvial regions of Canada (Ashmore and Church, 2001).

Digital elevation models (DEMs) are three dimensional models representing the elevation of the
Earth’s surface and they are available for Canada as square tiles in two spatial resolutions from
the Geobase website: the high resolution tiles have a 1:50,000 spatial scale and 30m by 30m grid
size, while the low resolution tiles have a 1:250,000 spatial scale and a 90m by 90m grid size.
The high resolution tiles have a spatial coverage of approximately 36m by 36m, while the low
resolution tiles have a spatial coverage of approximately 108m by 108m (Geobase, 2013). The
low resolution tiles are employed in this study in order to reduce computational time and storage
requirements since fewer tiles are needed to cover the study area. It is important to understand

the implications of employing the lower resolution DEM tiles on the results. DEM resolution
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particularly affects watershed characterization including the basin area, channel length and
channel slope of the resultant watersheds. Alacron (2006) found that high resolution DEMs out-
performed low resolution DEMs for watershed delineation in flat regions, where low resolution
DEMs tended to overestimate the channel length and slope. In addition, he found that watersheds
were more segregated when delineated from low resolution DEMs resulting in smaller basin
areas. All DEM files are downloaded from the GeoBase website. Geobase provides free, high
quality geospatial data for Canada. GeoBase was adopted by the Canadian Council of Geomatics

in October 2001and its data is provided by several stakeholders (GeoBase, 2013).

A map of Canadian flow gauge stations and their associated discharge data is available from the
HYDAT (hydrometric data) database distributed by Environment Canada, (Environment Canada,
2013). The database contains daily and monthly mean flow data, water levels and sediment
concentrations measured at each flow gauge station. A shape-file containing the locations of the

flow gauge stations as point features is used in this study.

Daily precipitation and temperature data are available as CSV-files from the Canadian Daily
Climate Data (CDCD) archive of Environment Canada for climate stations across the country.
The data is imported into MATLAB where a script is employed to retain all climate stations
which have complete precipitation and temperature records for the 1981-2000 time period. The
station’s name, geographical coordinates, average annual precipitation, maximum annual
precipitation and average daily maximum temperature data are written to a Microsoft Excel

spreadsheet.
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4.2 Procedure

Prior to delineating and characterizing watersheds the study area is defined. In order to do this
the Fluvial Regions of Canada TIFF-file is imported into ArcMap where it is geographically
referenced using several tools on the Georeferencing toolbar. First the TIFF file is assigned a
geographical coordinate system to match the DEM files, which is the North America 1983
system. The map is then imported into ArcMap and the geographical coordinates of several
known control points are assigned to the unreferenced map using the Add Control Points
function of the Georeferencing toolbar. The locations of the five control points are obtained by
hovering the cursor over a referenced map of Ontario in ArcMap such that their latitude and
longitude are displayed in the bottom right hand corner of the program. The control points are
shown as cross-hairs in Figure 18. The Link Table function of the Georeferencing toolbar is
opened and the Auto Adjust option is selected in order to update the geographical transformation.
Once the transformation is updated according to the coordinates of the control points, the root
mean square (RMS) error is checked to ensure it is reasonable. It should be noted that the Fluvial
Regions of Canada map is georeferenced in order to define a study area for the watersheds to be
delineated within. As such, the accuracy of the georeferencing procedure as indicated by the
RMS error results does not have a significant impact on the final results of this work. The RMS
error for the transformation is 0.0212 decimal degrees which is fairly insignificant given the map

covers such a large area.
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Figure 18: Four control points for georferencing procedure are shown as the red and green crosshairs.

After the study area is defined the watersheds are delineated following the methodology outlined
in section 3.1. The areas of flow accumulation within the study area are defined following steps 1
through 5 of the methodology. When importing the GeoBase DEM files into ArcMap, the raster
calculator is employed to multiply each layer by 1 in order to standardize the range of elevations.
The Pour Points layer is created using step 6. The HYDAT shape-file showing the locations of
the hydrometric stations in Canada is imported into ArcMap, and the pour points are digitized
such that they coincide with the flow gauge stations in step 8. The pour points and hydrometric
stations are located directly on the raster cells of flow accumulation; this is essential to the
watershed delineation procedure. The watersheds are delineated upstream of the pour points
using step 9 of the methodology and the results are shown in Figure 19. The watersheds are
characterized following steps 11 through 17 of the methodology. The stream links are used to
determine the main channel lengths as shown in Figure 20, and a distribution of the climate
stations and their influence areas are shown in Figure 21. A 15km radius is selected to represent
the climate station’s area of influence; this value is chosen in order to cover the entire study area
and ensure that each watershed polygon is assigned climate attributes.
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Figure 19: Watersheds are shown as blue polygons which are delineated upstream of yellow pour points.

Figure 20: Stream links of the channel network are differentiated by colour.
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Figure 21: Climate stations (green points) and their 15km area of influence (circle area) are shown here.

4.3 Results and Discussion

The magnitude of each attribute field is plotted in Figure 22 through Figure 25 in order to
observe their spatial patterns. In Figure 22 and Figure 23 the distribution of average and
maximum annual precipitation are shown, respectively. Watersheds which experience higher
volumes of precipitation are shown in red, while watersheds which experience lower volumes of
precipitation are shown in green and precipitation is measured in millimeters. Evidently,
watersheds located in the Northwestern part of Southern Ontario receive higher volumes of
precipitation and watersheds located in the Eastern part of Southern Ontario receive lower

volumes of precipitation for both average and maximum values.
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Figure 22: Distribution of average annual precipitation over watersheds in Southern Ontario.
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Figure 23: Distribution of maximum annual precipitation over watersheds in Southern Ontario.
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Legend
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Figure 24: Distribution of average daily maximum temperature over watersheds in Southern Ontario.

The distribution of average daily maximum temperature values are shown in Figure 24. Here the
results make sense as Southern watersheds that are located closer to the Earth’s equator
experience higher values of average daily maximum temperature and Northern watersheds
experience lower values of average daily maximum temperature, and the distribution is fairly

linear. Temperature is measured in degrees Kelvin.
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Figure 25: Distribution of main channel slope over watersheds in Southern Ontario.

In Figure 25 the distribution of the channel slope is presented. Evidently, most of the watersheds
delineated in Southern Ontario have a relatively mild channel slope of less than 0.3% as
indicated by the substantial number of green watersheds. The watersheds containing channels
with steeper slopes are located in the Eastern part of Southern Ontario which makes sense
because the Niagara Escarpment is located here. The basin area and channel length attributes
have also been omitted from this discussion since their distribution can be determined by the

shape and size of the watershed boundaries.
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Watershed_flood_response_attributes

FiD | PPT_AvVG | PPT_mAX | TMAX_AVG|TMAX_MAX| Basin_Area | ChannellLength | Slope
NI 978.534 1117.05 | 289.554044 | 290543982 |  4209.901524 20160 | 0.003521
1 1138537 | 13441775 | 289.558263 | 290538847 | 171816392632 41670 | 0.004776
2| 1059.998857 1264.11 | 289.579551 | 290.553975 | 396227554173 11070 | 0.002168
3 1138537 | 13441775 | 289.558263 | 290538847 | 79259361864 44100 | 0.006508
4 959,965 1153.22 | 289.777969 | 290.771315 | 880875733.102 29160 | 0.003326
5 813.012 928.98 | 289.932638 | 290.897342 | 177351288.26 | <Null= =Null=
5 0 0 0 0 4740759373 | <Null= =Null=
7| 80273475 | 294.95625 | 289.735065 | 290718941 | 1289587831.24 55830 | 0.001336
8| 1087.067714 | 1235.098571 | 289.092244 | 290.978628 | 199794597965 92520 | 0.001221
9| 1103.5084 1274.154 | 289.952919 | 290.930883 | 1595180181.19 59040 | 0.00105
10 358616 1011.195 | 290.270786 | 291248764 | 625018032531 7200 | 0.009851
11 807.7315 902.205 | 289.931064 | 290944716 | 184212124022 21150 | 0.004539
12 852,585 | 080383333 | 290.226744 | 291202197 | 185779447121 15430 | 0.005885
13 316.9104 945474 | 290.093182 | 291.061227 | 314478735152 53640 | 0.004303
14 | 804329333 | 003.981667 | 290.045262 | 291.009868 | 203516220.063 35370 | 0.004354
15 7716852 865.764 | 290.020015 | 290982264 | 136082718802 15750 | 0.005016
16 953785 1054.05 | 290.537961 | 291.520776 | 596148368141 53820 | 0.001505
17 797.525 907.535 | 290173657 | 291.140172 | 157049583211 16830 | 0.005704
18 1079.089 1215.505 | 290.578939 | 291558652 | 177755357.322 38250 | 0.001699
19 779.068 | B77.698571 | 290.063912 | 291.02738 | 149335873.249 23670 | 0.003042
20 953785 1054.05 | 290.537961 | 291520776 | 12862338069 26370 | 0.001441
21 947 85 1032.315 | 290.503317 | 291.483378 | 579952509.439 42570 | 0.002537
22 1079.089 1215.505 | 290.578939 | 291558652 | 513539083 445 59120 | 0.001085
23 574.448 729.88 | 290.349343 | 29131499 | 145410261.366 15120 | 0.00496
24 771458 | 900.041667 | 290.28758 | 291255966 | 524927780291 51380 | 0.00448
25| 783.893333 | 917.423333 | 290.296972 | 291270839 | 23934128427 33930 | 0.003065
26 93527 1031.64 | 290.409039 | 291386346 | 310876821.78 34470 | 0.003568

Figure 26: Attribute table showing the characteristics for each watershed.

The objective of this study is to delineate watersheds in Southern Ontario such that there is a
flow gauge station located at their outlets and subsequently, to assign their meteorological and
physiographic attributes which influence regional flood response. As such, the most important
result of this work is the attribute table associated with the Watershed Polygon layer; a sample of
the attribute table is shown in Figure 26. The table summarizes the physiographic and
meteorological attributes assigned to each watershed which can be directly employed in the
regionalization procedure to form regions of homogeneous flood response as discussed in the

introduction of this paper.
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5. CONCLUSION

This report demonstrates how to delineate and characterize watersheds using ArcGIS software
for the purpose of regional flood frequency analysis. A step-by-step methodology is provided,
which is then applied to a case study in Southern Ontario. The results of this methodology can be
directly applied in regionalization studies where watersheds are grouped into homogeneous

hydrologic regions based on the similarity of their attributes.

The effect of the DEM resolution on the watershed characterization results has been identified.
In the case study low resolution DEM data has been employed in order to reduce computational
time and storage requirements. In future studies, however, it is recommended to employ high
resolution DEM data as it tends to provide more accurate results in terms of channel length and
channel slope, particularly in flat regions. Application of high resolution DEM files is especially
beneficial in Southern Ontario since much of the region is characterized by mild channel slopes
and low relief. This report provides a basis for watershed delineation and characterization to
prepare for regional flood frequency analysis; however it can be extended to assign additional
attributes to the watershed polygons including soil type and land use indices which have strong

influences on regional flood response, in order to obtain enhanced results.
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Engineering, London, Ontario, Canada, 72pages. ISBN: (print) 978-0-7714-2834-0; (online)
978-0-7714-2835-7.

(2) Christopher J. Popovich, Slobodan P. Simonovic and Gordon A. McBean (2010). Use of an
Integrated System Dynamics Model for Analyzing Behaviour of the Social-Economic-Climatic
System in Policy Development. Water Resources Research Report no. 067, Facility for
Intelligent Decision Support, Department of Civil and Environmental Engineering, London,
Ontario, Canada, 37 pages. ISBN: (print) 978-0-7714-2838-8; (online) 978-0-7714-2839-5.
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