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ABSTRACT

TheForest Watershed and Riparian Disturbance (FORWARD) Project was
initiated in 2001 in Canada. Tiheain objectiveof the project is to investigate the effects
of tree harvesting upon streamflow and nutrient export from forested watersheds, and to
develop hydologic and water quality modelling tools to predict these effécisthis
purposethe FORWARD Project has been adapting the Soil and Water Assessment Tool
(SWAT) model forboreal forestvatershedsThe SWAT model was originally developed
for the management of agricultural watersheds in the USA. Therefore, the FORWARD
projectresearchies modifiedthe SWAT model to make it more suitable for simulating
hydrological processes occurrimgboreal forest atershedsThe modified model is
called SWAE-

SWATgr was successfully tested on the western Boreal Plain where the soil
mantel is thickHowever, he modémust be tested before applying it on easBoreal
Shieldwatershedsvhere the soil layer is thi Therefore, he focus of this study was to
investigate the applicability of SWAE for Boreal Shield watersheds arminvestigate
differences in calibration parameters and their valaed model setip for hydrological
simulation between Boreal Shiedtid Boreal Plain watersheds.

Initial setup and testing of the model showed that a simplified version of
SWATg providedacceptablgerformancen Boreal Shield watersheddence the
simplified version of the SWAg:- model wa used in thisnodelling invesgation. The
simplified SWATsr omitted the Boreal Plain litter layer and wetland representations.

Two types of tests were conducted to verify the applicability of the S\ZWAT

model: (1) splitsample test; and (2) prodbasin testin total, six case stucevere



performed from the two different tests. In gendhalsimplified SWATgr model was able
to predict thegattern ofmonthly and dailystreamflowin all six case studie¥he
performance of the model wasuch better for simulation of monthly runoff cpared to
daily runoff. However, it was found thalhé¢ modelunderestimated the mg of the daily

peak flows inall case studiefotential sources ahodelerror are discussed
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CHAPTER 1
INTRODUCTION

1.1 Background

Harvesting of trees in the Canadian boreal forestmsatter otoncern to
environmentalists and forest managers in Canada becaasedausehanges in
hydrological processes in watersheds. The removal of vegetation from watersheds, either
through natual processes (e.g. weather, wildfire, and diseases) or by human activities
(e.g. harvesting and thinning) decreases the rate of evapotranspiration from the landscape
(Vertessy 2000). As a consequence of this, surface runoff increases and is respansible fo
transporting additional nutrient and sediment load from the disturbed forested stands
towards the downstream receiving waters. It is well known that the stream environment,
fed by the upstream watersheds, is an important aquatic habitat. Additiorally, th
downstream receiving wateray beused by humans for different purposes such as
recreation, water supply and agriculture (Putz et al. 2003). Therefore, the management of
forest dominated watersheds is important to maintain natural hydrological proe@skes,
stream water quality (Putz et al. 2003).

The Forest Watershed and Riparian Disturbance (FORWARD) project was
initiated in 2001 in order to investigate the effects of watershed disturbance in the
western sub region (Boreal Plain) of the Canadian béoeadt (Smith et al. 2003). The
project is responsible for investigating the effects of watershed disturbances on water
guality and quantity, and to develop hydrological and ecological madeish can be

utilized as planning tools for forest managerd palicy makers (Prepas et al. 2006).
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Different management practices and strategies can be assessed utilizing these modelling
tools in order to minimize the adverse effects to the environment caused by harvesting
operations.

Since the FORWARD project wasiginated on the western Boreal Plain ecozone
of the Canadian boreal forest, its modelling approaches and hydrological monitoring of
disturbed and forested watersheds have concentrated on this region. Although the project
is also collecting data from fasedominant watersheds located on the Boreal Shield of
northrwestern Ontario in Canada, the dad&dnotasyet been used for hydrological

modelling.

1.2 Problem Definition

According to Environment Canada (2010a), the Boreal Shield (Figure 1.1) is one
of thelargest ecozones of Canaglah i ch covers al most 20% of t
The Boreal Shield extends 3,800 kilomestfrom Northern Saskatchewan to
Newfoundland and Labrador, passing north of Lake Winnipeg, the Great lakes and the St.
Lawrence RiverCanadian Forest Service 2010). Its myriad rivers and lakes account for
22% of Canadad6és freshwater surface area. T
show that the Boreal Shield ecozone contai
Further, it isknown that 400,000 hectares of forest is being harvested every year on the
Boreal Shield (Canadian Geographic 2010). Considering the significant amount of
forestry activities occurring within this ecozone, there is an urgent need for forest
managers to bable to predict the volume and quality of the streamflow coming from
disturbed and undisturbed forested watersheds, which ultimately affects downstream

water use. To fulfill this need, the forest managers require a hydrological thatien
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be used as asis for planning and decision making to prevent or minimize adverse

impacts to the environment.

Ecozones in Canada

Pacific Mant Toitane Cordiller
Pacific R aritime R

FET T LB ELERERLT A
0 500 1,000 2,000 3,000 Kilometers

Source: http://s18.agr.ge.ca/cansis/nsdb/sle/intro. html

= =1

Figure 1.1  Boreal Shield ecozone

As a basis of modelling, the FORWARD project in Canada has been using the
Soil and Water Assessment Tool (SWAT) modein@d et al. 1998) for hydrologic
simulation in the western forested watersheds on the Boreal Plain ecozone of Canada.
However, Fohrer et al. (2001) and Govender and Everson (2005) argued that the SWAT
model has relatively few applicatiomhereforestwasthedominant lanctover,as it was
originally developed for the management of agricultural watersheds in the USA

(Gassman et al. 2007). Furthermore, one of the constraints afigheal SWAT model



found by Watson et al. (2005) and Kirby and Durrans 7208 its inability to simulate
forest growth accurately. Nonetheless, over the last decade, the SWAT model has been
modified by several researchers to make it more suitable for different types of forested
watersheds around the world (Watson et al. 28@%y et al. 2007). Different
researchers in CanaddcKeown et al. 2003, McKeown et al. 2005, and MacDonald et
al. 2005) have attempted to modify the SWAT model to better simulate the hydrological
processes occurring in the boreal forests of Canadaid®img the positive results
obtained from these studies, Watson et al. (2008) reported that the modified SWAT
model can be utilized to test different management scenarios in forested watersheds.

As a part of the FORWARD project, to better represent ylkedfogical
processes occurring in the western forested watersheds on the Boreal Plain, Watson et al.
(2008) further refined the SWAT model and named the modified version SWAMe
SWATgr model was successfully tested on the western Boreal Plain, vileeseit
profile is welldeveloped and glacial till is also thick. However, the model must first be
tested before using it in the eastern forested watersheds on the Boreal Shield, where the

soil mantle is thin and the soil profile is poorly developed.

1.3 Resarch Objectives

This research project serves as a starting point for modelling streamflow in
forested watersheds on the Boreal Shield using SWWAIlhe main objective of this
research project is to investigate the general applicability of the SYWAddelbeyond

the Boreal Plain. The specific objectives of the project are stipulated below:



1. Attempt to simulate the streamflow occurring from forest dominant
watersheds on the Boreal Shield of Canada using the SYmAddel in its
current form.

2. Assess the suitdily of the SWATsr model for simulation of streamflow
in Boreal Shield watersheds in comparison to Boreal Plain watersheds.

3. Identify differences in key parameters and parameter values for
simulations on the Boreal Shield in comparison to the Boreal Riiath,

4. ldentify process representation problems, if any, in simulating streamflow
on the Boreal Shield using the SWgImodel and incorporate corrective

measures to improve the model.

1.4 Scope of the research program

The scope of the modelling investigation i@a€alibrate and validate the
SWATgr model for forested watersheds located in navéstern Ontario within the
Boreal Shield sub region of Canada. The research project has focused only on the
simulation of hydrological processes related to streamfloadtnot included the water
guality issues within the watersheds. The model has been calibrated and validated for
smaltscale watersheds monitored by the FORWARD project in the Boreal Shield.
Therefore, the application of the modelling results may be lihtdgoredict hydrological
phenomenon occurring in smalktale forested watersheds on the eastern Canadian Boreal
Shield that possess similar soil and land use characteristics to those investigated in this

research.



1.5 Methodology

The SWATsr model, a modified version of Soil and Water Assessment Tool
(SWAT), wasused to conduct the hydrological modelling. The input data that are
required to run the model are Geographical Information System ¢fat&and
meteorological data. The GIS datalude: Digital Elevation Model (DEM), land use
map and soils map. The required climate data are: (1) precipitation, (2) maximum and
minimum air temperature, (3) relative humidity, (4) solar radiation, and (5) wind speed.
The GIS data was obtained from thieitibiBowater ArcView GIS database, and the
meteorological variables were acquired from the FORWARD project database of field
measurements and from Environment Canada weather stations. The streamflow data that
are required to calibrate and validate thededs were acquired from the FORWARD
flow monitoring sites. The parameters that were used to calibrate and validate the model
were adopted based upon the Boreal Plain calibration parameters, and from the
knowledge gained through a literature review of abtaristics of the eastern Canadian
boreal shield.

Initially, the Chief Peter watershed, one of the watersheds monitored by the
FORWARD projectwithin the Legacy Forest Small Streams (LFSS) study anehe
eastern Boreal Shield, was calibrated and aédid following the splisample test
procedure described by Klemes (1986). Thereafter, the general applicability of the model
was investigated by performiragproxy-basinvalidation test adescribed by Klemes
(1986)on the Chief Peter watershed and Entwastershed (located adjacent to the

Chief Peter \atershejl



1.6 Synopsis of the thesis

The thesis document is organized in the following pattern: Chapter 2 provides a
description of different types of hydrological models and a literature review on the
SWAT model and the SWAGE model. A description of the study area is provided in
Chapter 3. Procedures followed to formulate the model and the assumptions that were
made are explained in Chapter 4. The results, analysis and discussion are included in
Chapter 5. Finally, Chapter 8gsents a summary of the research conducted, the

conclusions reachednd possible areas for future research work.



CHAPTER 2
LITERATURE REVIEW

This Chapter provides an overview of several types of hydrological models that
are available in water resoescengineering. Further, it provides information about the
SWAT model and the modifications that are made in the S¥¢Aiodel. In addition,

applications of the SWAT model are also described in this chapter

2.1 Watershed Modelling

Watershed modelling provid@ssight into the field of hydrological sciences.
Watershed models actually represent the natural hydrological processes in a simplified
way. According to Beven (2000), watershed models are designed to understand the
hydrological processes occurring iretivatersheds and to investigate their interaction
with each other. Basically, watershed models are divided into three different categories:
(1) lumped models, (2) distributed models, and (3) sistributed models (Singh 1995).

In lumped models, the whelatershed is considered as a single unit (Beven,
2000). Hence, the watershed characteristics and input data are represented by averaging
values for the entire catchment. Therefore, these models do not account for the spatial
variations of the processestbe boundary conditions. HEC(Hydrologic Engineering
Center, 1981) and Hydrologic ModElYMO (Williams and Hann, 1972) are examples
of lumped models. According to Putz et al. (2003), the act of averaging parameters and

input data may lead to false repentation of the hydrological processes.
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Contrary to the lumped models, distributed models take explicit account of spatial
variations in the processes representation, input data, and boundary conditions. Examples
of distributed models include SHE mod8lsteme Hydrologique Europeen) (Abbott et
al. 1986) and IHDM model (Institute of Hydrology Distributed Model) (Calver and
Wood. 1995). In distributed models, watersheds are represented as a spatial grid or a
pattern of elements (Chanasky and Verschur@&34p Hence, in this type of model, it is
required to input variables and physical characteristics to each gri¢glypbialh account
for the spatial variation in the watershed representation. However, in many cases, detailed
data on watershed charactedstand input parameters are not available. Therefore, it is
required to interpolate or average some of the parameters to assign values to each of the
grid elements. This deficiency of distributed models has given rise tedsstmibuted
modek, whicharea gradation between lumped and distributed models.

In semidistributed models, watersheds are represented as a number of sub
catchments. The serdistributed model can be created either from a lumped model,
which can subdivide the watershed into diffenemibers of suicatchments, or from a
distributed model in which some processes, infartd boundary conditions are lumped
(Putz et al. 2003). One example of a semstributed model is SWAT (Arnold et al.

1998).

According to Singh (1995), consideringethpatial scale of the catchment,
watershed models can be classiffdgd as: (1)
medium scale models (100k® ar eaO’) 10@@ddkf3) | arge scale
1000 knf). Watershed models are also categorlzasedipon the simulation period

(continuous time series covering multiple events or single event based) and simulation



time increment (hourlygaily, monthly, or yearlyincrements)Diskin and Simon 1979).
Likewise, depending upon the description of the hydyiclal processes and the methods
of solution used, a model can be classified as deterministic, stochastic or a mixed model
(Abbott and Refsgarrd 1996). In a deterministic model, the parameters are considered
free from random variation while a stochastic mloatcounts for random variables in its
modelling approach. A mixed model is the combination of deterministic and stochastic
models.

Abbott and Refsgarrd (1996) further categorized the hydrologic models as
empirical, physicallybased, and conceptual. Ampirical model is a type of model that
does not consider the physical processes occurring in a watershed in its modelling
approach. However, a physicaliyased model uses a set of scientific principles and basic
mathematical formulation to represent théuna system at an appropriate scale.
According to Abbott and Refsgarrd (1996), practically, a physidalsed model has to
be fully distributed. However, due to the complexity of this type of model, some of the
process descriptions of the natural systemsimplified and often empirical components
are incorporated into it (Putz et al. 2008)model including these types of
simplifications and empirical components is called a conceptual model.

In a conceptual model, important hydrological processesasich
evapotranspiration, surface storage, percolation, snowmelt, baseflow, and surface runoff
are computed by using simple mathematical equations rather than solving governing
partial differential equations. In order to replace the partial differentiatiegsavith

simple statements, different model calibration parameters are incorporated into the
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model. Hence, the main advantage of this type of model is that it is much simpler from
the mathematical point of view (Beven 2000).

The FORWARD project in Canada has adapted a-gestributed conceptual
hydrologic model SWAT (Arnold et al. 1998) to predict the impact of forest
disturbances on runoff quantity and quality in forest dominant watersheds located on the
western Boreal Plai Before selecting SWAT as a modelling tool for the FORWARD
project, Putz et al. (2003) reviewed four different hydrologic models: (1) TOPMODEL
(Beven et al. 1997); (2) DHSVM (Wigmosta et al. 1994); (3) HSPF (Donigian et al.
1995); and (4) SWAT (Arnold etl. 1998). Eleven key factors were established to
investigate the most suitable model in simulating the disturbance and recovery effects in
the western Boreal Plain forests of Canada. After a thorough analysis, it was concluded
that the SWAT model fulfisd more criteria than other modél$ierefore the
FORWARD project adoptethe SWAT model as &ydrologicalmodelling toolfor

further adaption and developmeataddresss objectives.

2.2 Description of SWAT

The Soil and Water Assessment Tool (SWAT) isaenshed scale conceptual
model that operates on a daily time step (Arnold et al. 1998). It is a physically based
model (Gassman et al. 2007) that can simulate long term water yield and water quality
(sediment, nutrients and pesticides) from watershedswaitying soils and land
management practices. The SWAT model is applicable for hydrological prediction in
both large and small scale watersheds. For example Gassman et al. (2007) has cited 100
publishedstudies in which the SWAT model was applied to sateilvater yield and

water quality from watersheds less than ¥ korgreater than 1000 KmOut of thosel00
11



modellingstudies, 14 were for watersheds less than 5tkat were calibrated and
validated using continuous streamflow data varying from onetgesax years duration.

The comprehensive SWAT model is capable of simulating different hydrological
components such as climate, hydrology, soil temperature, plant growth, erosion, nutrient
transport, pesticide transport, and land management practicedd &tral. 1998; Neitsch
et al. 2005). The model accounts for spatial details and is a better predictor of long term
yields rather than a single flood event (Arnold et al. 1998). In the SWAT model, a
watershed can be partitioned into smaller units on dsestof twelevels of
discretisation. First, a watershed can be divided into any numberadler spatial units
calledsubwatersheds. Thereafter, the subtersheds are further subdivided intonhon
spatial groupings called hydrologic response units (HRUdghe basis of the identical
soil and land use characteristics. Hence, the SWAT model can preserve the spatially
distributed parameters of the entire basin (Srinivasan et al. 1998).

The SWAT model is based upon the water balance equation, and takes into
account important hydrological processes such as precipitation, evapotranspiration,
overland flow, lateral flow, baseflgvand soil water storage as shown in the Figure 2.1.

In the SWAT model, the water balance for the soil component of each HRU (assuming a

single layer) is represented by the following equation:
Yo Yo B Y 0"Y v u 0 0 [2.1]

where, SWis the final soil water contewnff the soil layemm), SWis the initial soil
water contenof the soil layeion day i (mm), tis the time (days)qdgis the amount of
precipitation on day i (mm), ETs the anount of evapotranspiration on day i (mm),Q

is the amount of surface runoff on day i (mm)jhe lateral flonon day i(mm), w, is

12



the amount of water percolating to the underlying soil layer on day i (mm§;Riithe
upward movement of water frothe shallow aquifer on day i (mn§WAT has the
capability to represent multiple soil layers in the HRU water balance if increased

complexity is required.

Thecontribution tostreamflowfrom each HRU (assuming a single soil laysah

be represented lifie subsequent equation:
1Y oY v 0O 0 O0YU 0 [2.2]

where Q is the runoff leaving thdRU on day i (mm), Qusis the base flow from the
shallow aquifer on day i (mm),fa is groundwateflow lost tothe deep aquifer on day i
(mm) and all other parameters have been described previdusdytotal streamflow

from the watershed is the summation of the Q contributions from each HRU.

Rd ay ETa

S Y

Single soil layer

Q
w
p CR _
. ngs
Shallow aquifer |~

|
\
ngd

Deep aquifer

Figure 2.1  Schematic representationtbke water balanckr a single soil layeHRU
represented in SWAT.
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2.2.1 Precipitation

Precipitation, either in the form of rainfall or snas/the main input component
of watershed modelling. The reliable output of the model highly depends upon accurate
input. Therefore, precipitation is the key input component of watershed modelling. In
humid regions, rainfall is the main source of prectmtawhereas in cold regions, snow
often becomes the main contributor of precipitgtishich explicitly defines the surface
and subsurface hydrological cycle (Faria et al. 2000).

Precipitationcan becategorized either as rain or snow by considering\keage
daily temperaturen the SWAT modelthe critical temperature that is used to catagorize
precipitation as snow or rain is defined by the (Biitch et al. 2008)If the average
daily air temperature is less than the critical temperature, theaehipitation is
classified as snow. The snowfall is accumulated at the ground surface in the form of
snow pack. The amount of water stored in the snow pack is calculated as snow water
equivalent. The snow pack will increase with additional snowfalkorahse with snow
melt or sublimation.

The snow cover routine incorporated into the SWAT model can account for the
nortuniform distribution of snow at the ground surface due to drifting, shading,
topography and land cover. The snow melt is calculatecciSWAT model by
considering the air and snow pack temperature, a melting factor, and the snow cover. In
the SWAT model, the melted snow (snow water equivalent) is added to the precipitation

input in the calculation of surface runoff and percolation.
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2.2.2 Evapotranspiration

Evapotranspiration is another important factor of watershed modelling. The water
balance of arid and serarid regions largely depends upon this factor (Jutla, 2006).
There are two components in evapotranspirat@vaporation and transpiran.

Evaporation is the loss of water from the soil surface and water bodies whereas
transpiration is consumptive use of water by plants. Due to evapotranspiration
phenomenon, a large amount of water moves back to the atmosphefterfdsurface.
Evapotanspiration is further categorized as potential evapotranspiration and actual
evapotranspiration.

The SWAT model offers three methods for computing potential
evapotranspiration. They are: (1) PenaMwonteith (Monteith 1965), (2) Priestleyaylor
(Priestey and Taylor 1972), and (3) Hargreaves (Hargreaves et al. 1985). In the SWAT
model, evaporation from soil and plants are computed separately as stated by Ritchie
(1972). Potential soil water evaporation is calculated as a function of potential
evapotranspation and leaf area index (area of plant leaves relative to the area of the
HRU) whereas actual soil water evaporation is estimated by using exponential functions

of soil depth and water content (Arnold et al. 1998; Neitsch et al. 2005).

2.2.3 Surface runoff

Overland flow is categorized into two portions: infiltration excess overland flow
and saturation excess overland flow (Beven 2000). Generally, when rainfall intensity
exceeds the infiltration capacity of the soil, then infiltration excess runoff is gederat
Saturation excess runoff mechanism may occur in either of the following situations: (1)

on areas of high antecedent soil moisture conditions; (2) where there is a thin soil layer
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and the storage capacity of soil is limited; and (3) in areas of loweadyility and low

slope (Beven 2000). Hence, surface runoff depends upon the infiltration capacity and
degree of saturation of underlying soil layers. It also depends upon the vegetation cover
of the ground as well as in the degree of ground slope.

To compte surface runoff in the SWAT model, either the SCS curve number
method (USDA 1972) or the Green and Ampt infiltration equation (Green and Ampt
1911)can beused. Before utilizing either method, the entire catchment basin is divided
into a number of subasins. Thereatfter, the overland flow for each-lsabin is predicted
separately and routed through a channel system to calculate the total weatarfes

runoff.

2.2.4 Infiltration

Infiltration refers to the entry of surface water into the underlying apdrs. The
infiltration process plays an important role to supply water for plant growth and to
recharge the ground water aquifers. The rate of infiltration depends upon the physical
properties of the soil, vegetation cover on the ground, initial wateéerbof the soil, soil
temperature, and the intensity of rainfall or rate of snowmelt.

In the SWAT model, the amount of water infiltrating into the soil profile is
calculated indirectly because the surface runoff is computed directly using either of the
previously mentioned methods (Neitsch et al. 2005). Hence, the infiltrated water is
calculated as a difference between the amount of rainfall and the amount of surface

runoff.
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2.25 Lateral subsurface flow

Lateral subsurface flow, or interflow, originates below the ground surface but
above the zone where the soil and bedrock profile is saturated with water. The lateral
subsurface flow contributes to the streamflow within the watershed. In the SWAT model,
lateral subsurface flow is calculated using redistribution phenomenon. The redistribution
process is defined by the continuous movement of water through soil profiles (Neitsch et
al. 2005). The redistribution component is computed in SWAT by using a kinematic
storage model developed by Sloan and Moore (1984). Since the redistribution
phenomenon is affected by soil temperature, the SWAT model does not allow

redistribution from the soil layer having temperature 0°C or below.

2.2.6 Return flow

A portion of the input pecipitation ultimately recharges the groundwater aquifers
after percolating through different soil layers. Return flow, or baseflow, is the water that
originates from the groundwater and contributes to the streamflow. In the SWAT model,
groundwater is pétioned into two aquifer systems: (1) shallow aquifer, and (2) deep
aquifer. According to Arnold et al. (1993), a shallow aquifer is an unconfined aquifer that
contributes to the baseflow of the stream within the watershed while a deep aquifer is a
confined aquifer that contributes baseflow to the stream outside of the delineated
watershed. Hence, water recharging the deep aglogs not contribut® the
streamflow within the delineatedatershed.

To calculate the amount of water percolating through sad layer, a storage

routing mechanism combined with a crdtdw routineis used in the SWAT model.
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With this estimation, the amount of water contributing to recharge either the shallow or

deep aquifer is then determined.

2.3 ArcView Interface

The SWAT nodel is able to integrate topographic features, land use, soil type,
and other digital data into the SWAT 2000 model using the Geographic Information
System (GIS) data layers and the ArcVi&WAT (AVSWAT) interface tool developed
by Di Luzio et al. (2004&2004b). The SWAT model can generate its data input by
utilizing and sharing the same framework as ArcView 3.x GIS data layers.

The AVSWAT interface tool was further modified to AVSWAXto provide
additional data input generation functionality for applaas of the SWAT 2005 model
(Di Luzio et al., 2005). In addition, there is a recent development in the SWAT interface
that is compatible with ArcGIS version 9.1 (ArcSWAT.this studyArcView version
3.1 and the AVSWAT _X toolvas utilized

The SWAT moel can be calibrated either manually or automatically, depending
upon the choice of the users. The automatic calibration method was incorporated into the
SWAT model by Van Griensven and Bauwens (2003). There are two objective functions
that can be used the automatic calibration of the SWAT modehe first one is the sum
of the squares of the residuétsean square error methodhd the second one is the sum
of the squares of the difference of the measured and simulated values after ranking. The
automaic calibration method uses the shuffled complex evolution algorithm {S&E

developed by Duan et al. (1992).
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2.4 Application of SWAT in Canada

The SWAT model has been adopted by various sectors in Canada for different
management scenarios. One of the appibois performed with the SWAT model was in
the hydrological analysis of riparian wetlands in Canada. Riparian wetlands are
considered very important resources in Canada as they help to filter sediments and
nutrients, attenuate flood control, and improwaev quality. Hence, Singh et al. (2005)
used the SWAT model by coupling it with the Riparian Ecological Management Model
(REMM), to predict the benefits of wetlands in subbasins in terms of reducing surface
runoff and filtering of sediments. They applig@ model to the upper Canagagigue
Creek Watershed of the Grand River Basin in Southern Ontario and the results obtained
from the study were used to guide the design and implementation of effective wetland
policy in agricultural watersheds in Ontario. bidition, Liu et al (2007) integrated the
SWAT model (watershedcale) and REMM model (fieldcale)using a GIS interface to
estimate water quality benefits of riparian bufferghie lower Canagagigue Creek
agriculturalwatershed locateith southern Ontario.

Michaud et al. (2007) used the SWAT model for quantifying the change in
phosphorous mobility from an agricultural watershed, as a result of alteration in land use
and cropping system in the Pike River basin of sewghtern Quebec.he results
obtained from this study were then used as a decision making aid by the stakeholders
involved in the sustainable development of the Pike River watershed.

Yang et al. (2008) performed a water quantity and quality assessment related to
theconserat i on and restoration of wetlands in t
in southwesternManitoba using SWAT. From this study, it was concluded that the

SWAT model provided very good simulation performance. Furthermore, Yang et al.
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(2010) utilized SWA to examine the effect of wetland conservation and restoration on
streamflow and sedi ment cont ritdoutcomedfhe Br o
this study was helpful to design effective watershed restoration strategies in the
Brought onoshe@r eek Water

Additionally, Ahanad (2010) utilized the SWAT model as a hydrological
modelling tool to examine the effect of nitrogen export on the Thomas Brook Watershed
in Nova Scotia. The research result in this study revealed that the SWAT model can be
used as decision making tool for agricultural watershed management in Nova Scotia.

The SWAT model was also adopted by the Water and Climate Impacts Research
Center, Environment Canada, Victoria for the study of impacts of climate variability in
the hydrologiaegime and nutrient transport to Lake Winnipeg from agricultural
watersheds (Shrestha et al. 2009; Shrestha et al. 2011).

An additionalapplication being developed for the SWAT model is within the
forestry sector of Canada. The FORWARD project has be@stigating the impacts of
fire and harvesting disturbances on streamflow in forested watersheds situated on the
Boreal Plain in Central Alberta. The project has been monitoring the streamflow and
water quality from forested watersheds on the Boreal Place 2001. Later, in 2003, the
FORWARD project initiated the Legacy Forest Small Streams (LFSS) study on the
Boreal Shield of northwestern Ontario. Currently, there are 20 experimental watersheds
on the Boreal Plain and 9 experimental watersheds on tleaBshield. The main
purpose of this project is to gather a comprehensive database ahg@ngostisturbance
conditions, for scientific analysis, and to help in the development of streamflow and

water quality modelling tools for boreal forest watershgimith et al. 2003). The
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analytical results obtained from the research are being used by the forest industry in

forest management, plannirand operations.

2.5 Development of SWATsr model within the forestry sector in Canada

In order to better representthydrological processes occurring in forested
watersheds on the Boreal Plains in Canada, Watson et al. (2008) introduced a modified
version of the SWAT 2005 model, which is called the SWAModel. The main purpose
of this modification was to develop adrglogic and water quality modelling tool to
build upon to investigate the effects of tree harvesting upon streamflow and nutrient
export from forested watersheds. T3/ATgr model was first applied to the Willow
Creek watershed located on the Boreal Rlaimorth central Alberta, Canada. The
modifications that were implemented in the SW,AModel aredescribed in the

following sections.

251 Solar radiation

The amount of incoming solar radiation can be heavily influenced by latitude and
the orientation (slopand aspect) of the hill slopes (Watson et al. 2008). Considering the
importance of topography on the incoming solar radiation, Watson et al. (2008)
incorporated an algorithm into the SWgxImodel to account for the effects of slope and
aspect on the amouaf solar radiation reaching the ground surface. For this purpose, an
algorithm developed by Swift (1976) was used.

The algorithm helps to predict the daily total potential solar radiation on any
sloping surface at any latitude. Using this algorithm attteal solar radiation on a

sloping surface can be computed utilizthgmeasured solar radiation from a nearby
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horizontal surface. The correction factors that are applied on the measured solar radiation
are computed from the potential solar radiatiome Thodel also makes some adjustments
to the estimated actual solar radiation for map dreeause the map area for mountain
slopes is less than surface area.

The data inpwtthat are required to compute the actual solar radiation are the
Julian day, latitde, inclination and aspect of the hill slopes. The Julian day is
automatically updated by SWAFand a separate algorithwas notincluded in the
model to perform this task. The SWAT ArcView GIS interface determines the latitude
and inclination of slope.

According to Watson et al. (2008), the main advantage of using the algorithm of
Swift (1976) in SWAEr model is that the method is relatively simple. It was reported
that this method does not depend on parameters that aspeti@ic and that require

calibration using local data.

2.5.2 Litter layer

The litter layer found on the forest floor can store a signifieahimeof water as
it acts as an energy absorbing magooous material (Wattenbach et al. 2005). Moreover,
Peltoniemi et al. (2007) found that thitéer layer that exists in the boreal forest is thick
and has the potential to store a substantial amount of water. However, the SWAT model
does not account for the litter layer. Considering the important role of the litter layer in
the overall water batece of forest dominant watersheds on the Boreal Plain, Watson et
al. (2008) incorporated a litter layer model in SW,ATO act as a simple storage

compartment thdunctions in andenticalmannerto the canopy storage compartment.

" Map area = the horizontal projection of a sloping surface
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This approach was initig used by Wattenbach et al. (2005) in the Soil and Water

Integrated Model (SWIM) (Krysanova et al. 1998).

It is found that the precipitation falling from the canopy is trapped by the litter

layer and is stored in it. The water stored in the litter lesyavailable to move back to

the atmosphere by evajabion Therefore, to represent the hydrological processes

occurring in the litter layer, Watson et al. (2008) implemented four different conditions in

the SWATse model. These conditiorse as follows

T

If the amount of precipitation falling from the canopy is less than the
available storage capacity of the litter layer then

2 2 2 ATA nEZE , 272 [2.3]
where, R is the final amount of water held in the litter layer (mm); R

is the initial amount of water held in the litter layer (mmg,iRkthe

amount of precipitation after canopy interception has been removed (mm),
Rsis the amount of water that reaches thiésurface (mm), and baxis

the maximum quantity of water that can be held in the litter layer (mm).

If the amount of precipitation falling from the canopy is greater than the
storage capacity of the litter layer then

2 , AR 2 , 2 EZE , 72 <8
where all the variables have been defined previously.

If the potential evapationis less than the amount of water stored in the
litter layer then
Q Q Q [2.5]
Y Y Q [2.6]
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where g is the actual evapation (mm), € is the evapmtion from the
litter layer (mm), g is the potential evapation (mm) and all other
variables are according to the previously defined symbols
A If the potential evapationis greater than the amount of water held in the
litter layer then
QY [2.7]
Y T [2.8]
where all the variablesalve been defined previously.
The main advantage of this litter layer model as stated by Wattenbach et al.
(2005) is that only one parameter needs to be assigned. This parameter is the maximum

storage capacity of the litter layer.

2.5.3 Anisotropy

The SWAT modEeconsiders the soil layers as isotropic soils, where the saturated
hydraulic conductivity of each soil layer is same in the horizontal and vertical directions.
However, Dun et al. (2009) reported that in forested watersheds, the horizontal saturated
hydraulic conductivity is greater than the vertical hydraulic conductivity. This shows that
the forested soils follow anisotropic behaviour. Furthermore, after carrying out
experiments on the soils in two locations of the Boreal Plain in Alberta, Whitson et al.
(2003) reported that the horizontal saturated conductivity of threAborizon exceeds
the vertical saturated hydraulic conductivity by ratios between 1.75 and 12.8. Given that

the soils found on the Boreal Plain follow anisotropic behaviour, Watsan(€008)
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incorporated an anisotropic factor (aniso) into the S\AKAmodel. The anisotropy factor
was previously used by Eckhardt et al. (2002) in S\WAT

The SWATsr model uses the kinematic storage model to calculate lateral flow, in
which the aniso fetor was incorporated. This kinematic storage model is represented by

the following equation.

2SWIKsdanilSo
ndT Lp

Q =0.024 [2.9]

where Qis the lateral flow (mm), SWs the drainable volume of water in the soil layer
(mm), Ksatis the saturated hydraulic conductivity (mm/h), aniso is the anisotropic factor,
S is the slope (mm/mmf)4 is the drainable porosity of the soil layer (mm/mm)jd

length of the hill slopenf), and 0.024 iaconversion factor.

The aniso parameter was also incorporated in the equation used to calculate the lateral
flow time as shown below:

Lh

Tlag: 10.4 m so

[2.10]

where Tagis the lateral flow time (days), sk madS the maximum saturated hydraulic
conductivity of the soil layer in the soil profile (mm/h), 10.4monversion factor and all
other variables have been defined previously.

The value otheaniso factor can bebtained either from field measurements or

through calibration.
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254

Percolation

The percolation component used by the SWAT model was slightly modified by

Watson et al. (2008) in the SWAdmodel. For this purpose, they used the equations

that were previouglutilized bythe Soil Water Balance Capacity Model (SWBCM)

(Evans et al. 1999) and the Catchment Resources and Soil Hydrology (CRASH) model

(Marechal and Holman 2005). Additionally, an approach followed in the Soil Moisture

Routing (SMR) model (Frankenlggar et al. 1999) was also included into the SWAT

model, which helps to limit the rate of water outflow from the soil profile. The equations

that are implemented in the SWAfImodel arghe following

1 To limit the rate of percolation based on the satdrataraulic

conductivity
Vr GQx© fhc® { hO® [2.17]

where w, is the amount of water percolating to the underlying soil layer
(mm), Ksatis the vertical saturated hydraulic conductivity of the soil layer
(mm/h), Ksat1+11S the vertical saturated hydraulic conductivity of the
underlying soil layer, wg, is the amount of percolation calculated using
the storage routing technique (mm), &ddis a factor to convert hourly
percolatiorto daily percolation
To limit the rate of percolation from the bottom soil layer into the
underlying bedrock

0 g Qv 5 h¢v f ho® j [2.12]
where w 1=nis the amount of water percolating out of the lowest layer ,n,

in the soil profile (mm), K =niS the vertical saturated hydraulic
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conductivity of the lowest layer ,n, in the soil profile (mm/hysKds the
vertical saturated hydraulic conductivitfthe bedrock underlying the soil
profile, and wy = is the amount of percolation from the lowest layer, n, in
the soil profile calculated using the storage routing technique (mm).

The value of K4 pscan be obtained either from field measurementirough

calibration.

255 Groundwater

Watson et al. (2008) reported that the SWAT model contributes a significant
amount of baseflow to the stream during winter. They figured out that this case is not true
for small watersheds that experience long periodslmfeso temperature. According to
the field observations carried out on the Willow Creek watershed in Alberta, it was found
that only small quantities of baseflow seep out of the ground during the winter period
however the water freezes in the channel shafterwards. As a result, the water frozen
in the channel gradually assembles over time. However, Watson et al. (2008) outlined
that the SWAT model does not consider the simulation of the assembled ice in the
channel. Therefore, to overcome this limitatithey incorporated a simple modification
into the SWAEr model. They added the baseflow seeping out of the aquifer to the snow
pack in the case of average air temperature being less than 0°C. This modification caused
the baseflow that seeps out of thaltow aquifer in winter to be stored in the snow pack

until spring, when all ice in the channel starts melting.
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2.5.6 Wetlands

The SWAT model has a wetland submodel. However, Watson et al. (2008)
reported that this wetland submotiels many limitations: (1) wetlands are not treated as
HRUs, (2) hydrological processes such as surface runoff, percolation, lateral flow,
baseflow, and vegetation growth are not simulated, and (3) wetlands are treated as open
water bodies. To overcome #eelimitations, Watson et al. (2008) incorporated a bucket
model approach into the SWAdmodel. They found this approach to be useful in
simulating bog and fen wetlands, which are the dominant types of wetlands on the Boreal
Plains (Prepas et al. 2003hd bucket model approach was earlier used by Hormann et
al. (2007) to simulate wetland processes in a watershed in Germany.

The wetland submodel implemented in SWaATonsiders two layers in the soil
profiles. They are the upper organic layer and loweamiglayer. The equations that are
incorporated into SWAgE in the wetland model are given below:

1 The overall water balance for the wetlands per unit area is simulated as

Yo Yo Y O°Y 0 0 0 6 [2.13]

where ,SWis the final soil water content (mm), SW the initial soll
water content (mm), fs the amount of water that reaches the soil surface
(mm), ET,is the amount of evapotranspiration (mmy,{3 the amount of
surface runoff (mm), Qs the laeral flow (mm), w is the amount of water
percolating to the underlying soil layer (mm), &@&is the upward
movement of water from the shallow aquifer (mm).

1 Surface runoff that is generated per unit area in wetlands are represented

as
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0 Yo YOO QWR  Y&HO [2.14]

0 T QOY®w YOO [2.15]
where SW., is the drainable volume of water in the top layer (mm).-Sat
is the amount of water ithe top soil layer at saturation (mm) and all other
parameters have been defined earlier.

1 To calculate the lateral flow from the upper and the lower layers of the

wetlands, a nonlinear function developed by Farmer et al. (2003) was

used. It is given by thsubsequent equation:
0 | Yo [2.16]
w h e f&n darefthe recession constants for lateral flow and all other
parameters have been defined previously.
The other hydrological processes that are inaduddghe wetlandulbmodel
within SWATgg include the following evapotranspiration, canopy and litter interception,
and baseflow. However, the wetland submodel does not simulate the interaction between
surface water and groundwater.
Wetlands in the SWAd: model are categorized as upland and lowland wetlands.
The wetlands that are found in the upper reaches of the sub watersheds are considered as
upland wetlands whereas the ones that are located next to the stream channels are called
lowland wetlands. Thesgetlandscategoriesre defined as HRUs in the SWérImodel.
Therefore, they are formed during the HRU delineation process using the SWAT

ArcView GIS interface. However, the parameters required by the wetland model have to

be input manually by the usarsthe ArcView GIS interface. Additionally, though it is
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possible to define multiple upland wetlardishin the model, only one lowland wetland

may be dsignaed for any given sub watershed.

2.5.7 Hydrological Connectivity between HRUs

It was found that the earlier version of SWAT had no spatial relationship between
HRUs. However, Watson et al. (2008) reported that there should be some level of
hydrological connectivity between the HRUs. Thilggerminedhat certain HRUs have
greater hyblogic importance than others regarding their position in the landscape. For
example, lowland wetlands were found to be a very important hydrologic component as
they help to absorb the peak flows during the flooding period and release the water to the
stream during dry spells. Given thatding, Watson et al. (2008) created a hydrological
connectivity between upland HRUs and lowland wetlands in the S}A/ddel. They
allowed a portion of lateral flow and baseflow from upland HRUs to be diverted through
the lowland wetland. For this purposeyatlandfactor namediwtlfr o was used in the
model. They added the lateral flow from the upland HRUs to the soil profile of the
lowland wetlands. The baseflow from the upland HRUs was added to recharge the

shallow aqtfer of lowland wetlands.

2.5.8 Simplified snowmelt routine

Watson et al. (2008) used the snow accumulation and snowmelt routine from the
original SWAT model while simulating the hydrological phenomenon occurring in the
Willow Creek watershed located on therBal Plain in north central Alberta. However,

Watson and Putz (2012) incorporated a further modification to S}y substituting a
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simplified snow accumulation and melt routine based upon the LIARDFLOW model
developed by Vander Linden and Woo (2003).

In the original SWAT model, 5 input parameters are required to simulate snow
accumulation and melt; however, the simplified routine utilized by Watson and Putz
(2012) requires only 2 input paramestty simulate the snow accumulation and melt
component. Thesparameters are: (1) melt factor for snow (SMFCN), and (2) threshold

temperature for snowfall and snowmelt (SFMTMP).

2.6 Global Application of SWAT in forested watersheds

The SWAT model was primarily developed for agricultural watersheds. Hence,
relativelyfew studies have been conducted in different countries regarding the utilization
of the SWAT model in forested watersheds. To apply SWAT in a forested region,
Watson et al. (2005) incorporated the forest growth modb3nto SWAT and applied
it to pine ad eucalyptus forest plantations located in southern Australia. Watson et al.
(2005) found that the modified SWATRG tool could better simulate the leaf area index
(LAI) of forest plantations and could be used as a decision making tool in the
managementf the catchments where forests occupy a largeortionof theland use.

In the United States, Ahl et al. (2008) used the SWAT model to simulate the
streamflow of Tenderfoot Creek, which was fed by smmminated, forested,
mountainous watersheds situhta central Montana. The research demonstrated that the
SWAT model performed well in the aforementioned forested region; however, they
recommended some of the parameters be refined to better represent hydrological
processes in the snesdominated watershedSimilarly, Kirby and Durran@007)

studied the combined effects of forests and agriculture on water availability in the
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heterogeneous watersheds of the se@aistern USA, using the PNnEIBSL/SWAT
model.

In order to investigate the environmental andremic impacts to society as
consequences of deforestation, reforestation, live barriers, and agro forestry on two
Andean watershed#oyobambaPery and PimampirpEcuador), the SWAT model was
used in combination with a socioeconomic optimization mEEOSAUT). From this
study, Quintero et al. (2009) found that the efficiency of SWAT simulations in the Andes
depend mostly on the watershed area. In the watersheds having area greater than 10,000
ha and which have a large number of meteorological statite SWAT model showed
good results in predicting the changes in the hydrological regime of the deforested
watersheds. However, it was found that the SWAT calibration was a challenging task in
the case of the watersheds having smaller area, few metaoabkstgtions, and other

complex conditions likéargeslopes, heavy rainfall intensities, and short dry season.
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CHAPTER 3
DESCRIPTION OF THE STUDY AREA AND FIELD DATA

3.1 Introduction

The FORWARD project is currently monitoring nine watersheds withenltegacy
Forest Small Streams (LFSS) study area (Figure 3.1) on the Boreal Shield of north
western Ontario, Canada. Out of these nine watersheds, initially, the Chief Peter
watershed was chosen to commence this modelling investigation. Thereafter, Entwash
watershed was selected to perform further investigation. The main reason the Chief Peter
and Entwash watersheds were selected amongst the nine available was that a local
FORWARD weather station had been established in close proximity and the two had the
longest period of local meteorological monitoring data available within the LFSS.
Moreover, the Chief Peter and Entwash watersheds are located adjacent to each other and
have similar soil type and land use

The LFSS study area lies within the 14,00F lexperimental Legacyorest. The

LFSS was inaugurated in 2002 by Lakehead University, the Ontario and Federal
Governments, and industries working in nestestern Ontario (Legacy Forest 2007). It
incorporates the Quetico Provincial Park (a wilderness presamdethe Dog River
Matawin Forest (DRMF) Management Area, which is being managed by the Ontario
Ministry of Natural Resources (OMNR). The area covered by DRMF is 9,45@tahits
rolling terrain is typical of the Boreal Shield ecozone (OMNR 2005). Thadawy of

the LFSS study area is located within a 75 km radius inside the DRMF. The topography
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of the DRMF is defined as a landscape having low to moderate relief; including thin
layers of Podzol/Spodosol soils over discontinuousitil that incorporates substantial
amount of inorganic sediment (aeolian deposits) with numerous projections of igneous
bedrock and myriad lakes and streams (Canadian Forest Service 2010; OMNR 2005;
Singer et al. 2002). According to the Ontario Ministry of Northern Developareht

Mines (2003, the bedrock geology of the DRMF is Precambrian Shield of the Quetico,

Wabigoon and Wawa subprovinces.

Legacy forest study area

egacy Forest

Source: http://s1s.agr.gc.ca/cansis/
nsdb/sle/mtro. html

0 1020 40 60kn

1
+ Watersheds

pm LESS study area
Source: http://ims.legacyforest.ca/main/
mdex . php?page=layer&area=dogmat

Figure 3.1  Legacy Forest Small Streams (LFSS) study area.
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According to the Koppefseiger climate classification system, the climate of the
Boreal Shield ecozone is categorised as Béving long cold winters and short warm
summers. However, the Laurentian Great Lakes have a moderating effect on the climate
of bordering regions, warmgnthem in winter and cooling them in summer (Canadian
Forest Service 2010). Data acquired from published climate normdl$ t120@®) from
a weather station at Atikokan (AUT) (Environment Canada 2010b), which is
approximately 58 km away from the Chieft®ewatershed, indicate that the mean
monthly temperature of the region in JanuardBi.1 °C while in July itis 17.7 °C.
Likewise, the mean annual precipitation for the region over the past 30 years has been
documented as 740 mm (Environment Canada [2010ut of this mean annual
precipitation,172 mmof the precipitation isecorded as annushow wateequivalents.
Moreover, the mean April rain (from 1972000) has been documentedasl mm.

Additionally, the annual runoff (from 20052008) obtainedrom the DRMF
hydrometric station located at Whitefish River, NoldhODRWARD databageshows that
the mean annual runoff and the spring runoff from the Whitefish River are 334.4 mm
and 249.3 mm, respectively. It can be observed that the proportionraf gymoff to the
annual runoff is 0.75. Moreover, the runoff proportion (ratio of annual runoff in mm to

annual precipitation in mm) is 0.45.

3.2 Chief Peter Watershed
3.21 Location

The Chief Peter watershed (Figure 31ay been monitored by the FORWARD

projectsince 2004 to obtain water quality astdeamflowdata.The watershed located

" See explanation in the List of Abbreviations
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approximately 120 km northwest west (NWW) of Thunder Bay, Ont&tuef Peter

watershedas a surface drainage area of 1.8% with forest being the dominant

vegetation tpe.

Figure 3.2  Chief Peter Watershed.

3.2.2 Climate and Hydrology

The streamflow monitoring site of the C
49.650 |l atitude north and 90A 516 58.050 |
data obtained from the FQRARD Project database for the Chief Peter watershed
reveals that measurements were available during the open water period from May to
October for four years, 20a809 {Table 51). However, for 2009 it was reported that
there was an error in the observedadfrom July to September due to leakage in the
Chief Peter watershed weir. Therefore, the measured streamflow data from May through

36



October for 2006 to 2008 shows that the average runoff for the observation period from
the Chief Peter watershed is 198f. The channel length of the watershed is 1.4 km
with 1.6% average channel slope. There are wetlands and open areas within the
watershed. According to the FORWARD project database, the wetlands only cover

approximately 1% of the total watershed area.

R '..‘.& "'

AN DR e e,

&

Figure 3.3  Flow monitoring site at the Chief Peter Watershed

3.2.3 Topography and soill

The topography of the Chief Peter watershed can be characterized as gently
sloping as it has approximately 30 meters only of elevation difference from head to toe of
the watershd (460 m at the gauging station and 490 m at the highest point of the
watershed). The uppermost part of the watershed is almost flat with a gentle slope in the

mid-region.
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The soil order of the Chief Peter watershed is Dystric Brunisol (Agriculture and
Agri-Food Canada, 2010). The soil texture of the watershed is classified into three
different categories: organic soil, santtyarse loamy soil, and coarse loamy soil (Figure
3.4). Out of these three soil textures, the watershed is mainly dominated big e@h
and sandicoarse loamy soil. Each of these soils covers approximaée8 knf area of
the watershed. In the context of soil thickness, it was found that approximately .38 km

area of the watershed has a soil depth less than 100 cm.

Soil type distribution of Chief Peter Watershed

Source: Extracted from the
AbitibiBowater ArcView
GIS database for forest
stands within watershed
boundaries derived from
1:50 000 contour maps;
work performed by S.Luke
during Sept 2006

[ Watershed boundary

1 Coarse loamy soil & sandy coarse loamy soil
@ Coarse loamy soil
1 Sandy coarse loamy soil

500

Organic soil
L — —

Figure3.4  Soil texture of Chief Peter Watershed
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3.24 Vegetation

The data obtained from the FORWARD project data repository shows that 98% of
the Chief Peter watershed is covered with forest. Out of this forested area, coniferous
dominant stands cover 68.1% of the watershed while deciduous dominant stands cover

29.9% d the watershed (Figure 3.5).

Landuse pattern of Chief Peter Watershed
N

— Stream

[ |Deciduous stands
[ Coniferous stands
[ |Mixed stands
I Treed Muskeg

. |Brush

0 250 500 1,000
- e e Veters

Source:http://ims.legacyforest.ca/main/
index.php?page=layer&area=dogmat

Figure3.5  Land use pattern of Chief Peter Watershed

Predominant species are black spruce (Picea mariana; 45.6% of the total watershed area),
white birch (Betula papyrifera; 19.7%), eastern white cedar (Thuja occidetfaB8p),
balsam fir (Abies balsamea, 4.8%) white spruce (Picea glauca; 2.4%), tamarack (Larix

laricina; 2.4%). The remaining 2% of the land use includes roads, bedrock outcrops and
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other vegetation species. According to the FORWARD project data, apprekimt of

the watershed area has been harvested recently.

3.25 Instrumentation and field measurements

The meteorological data that are required to run the Sy@/Aibdelwere
obtained from the FORWARD project Brule Creek Meteorological Station (Figure 3.6).
TheBrule Creek weather stationlscatedapproximately 9.5 km SSEquth southeast)
from the Chief Peter watershdtiwas installed by the FORWARD project in 208
operates year rountt is an automated meteorological station that records all the dimat
variablessuch as precipitation, air temperature, relative humidity, solar radiation, and

wind speed.

Figure 3.6  Brule Creek Meteorological Station
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