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Preface 

We are pleased to introduce the Water Budget General Reference Manual. This manual represents a continued 
commitment by the Ministry of Natural Resources to provide technical water budget guidance to better understand 
the hydrologic processes of the interaction between surface water and groundwater for the betterment of water 
resources management in a changing climate. 

The manual provides water resource managers, planners and practitioners a reference on how water budgets can 
be applied to address water management questions and issues for effective water resources and environmental 
planning and management.

In 1984, Alan W. Pope, the honourable Minister of Natural Resources, made the following statement in the ministries’ 
publication Water Quantity Resources of Ontario:

“The demand for Ontario’s water continues to grow—both from within the province and other parts of North 
America. There are concerns in Ontario about the impact of this ever-increasing demand. For example, projected 
water demands in Canada and in the United States could lower the levels of some of the Great lakes by 12 to 34 
centimetres by the year 2035. This could result in significant losses in hydroelectric power generation, cargo shipping 
capacity, as well the adverse environmental impact on nearshore and wetlands areas, which are vital to our fish and 
wildlife.”

Nearly thirty years later, the concerns identified by the minister remain as relevant now as they did then. These 
prescient statements from water managers of the past remind us that we must remain vigilant in our role as 
water managers of the present. Towards this goal, the Water Budget Reference Manual is designed to increase 
our understanding of the importance of water resources and to assist us in making decisions that will ensure the 
sustainability of the resource for future human, environmental and economic needs.
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account for the movement and the uses of water on, 
through, and below the surface of the earth. It answers 
the following types of questions:

•  Where is the water? Where are the hydrologic 
elements located in the watershed?

•  How does the water move between these hydrologic 
elements? What are the pathways through which 
water travels?

•  What stresses affect water quantity in a watershed? 
Where are water users located and how much water 
are they using?

•  What are the trends? Are water levels declining, 
increasing or remaining constant?

The key outcome of completing a water budget is an 
estimate of the various hydrologic components of a 
watershed under historical, current or future conditions. 
Figure 1-2 illustrates these hydrologic components that 
are categorized as inputs and outputs of water over a 
specific area.

It is impossible to develop a water budget and sound 
water management policies and practices without an 
understanding of the hydrologic cycle.The components 
of the hydrologic cycle include precipitation, 
evapotranspiration, runoff, recharge, groundwater 
inflow and outflow, surface water inflow and outflow and 
change in storage.

1.2 The Hydrologic Cycle

Water can be found in nearly every environment. It falls 
from the atmosphere in the form of rain, sleet, hail, 

Introduction

11. Introduction

Water resources have played a central role in the history 
and development of the Province of Ontario. Ontario’s 
many lakes and rivers were a source of food and energy 
and a means of transportation for Aboriginal peoples 
and early settlers. Today, the Province remains highly 
dependent on its abundant water resources. The Great 
Lakes, including Lake Superior, Lake Michigan, Lake 
Huron, Lake Erie and Lake Ontario, hold one-fifth of the 
world’s fresh surface water.

Currently, the Province’s groundwater, lakes, rivers and 
streams provide potable water to a population of more 
than 13 million people. A broad base of agricultural, 
commercial and industrial water users require fresh water 
to maintain Ontario’s economic vitality. In addition to the 
water demand imposed by humans, every water body 
in the Province supports a rich and diverse collection of 
aquatic and terrestrial species, whose existence depends 
on the quantity and quality of fresh water.

Many Ontarians accept that the quantity of freshwater 
resources cannot be taken for granted. Climate change, 
land development, and an increasing population 
threaten the supplies of water from the ground, lakes, 
rivers, streams and wetlands. The development of 
water budgets is a fundamental step for predicting the 
future impacts to our water resources. By quantifying 
each component of the hydrologic cycle, including key 
processes, pathways and water uses, the water budget 
can be used to gain an understanding of watershed 
trends and the stresses to groundwater and surface 
water. A water budget provides a technically sound 
methodology that can be used in the evaluation and 
management of the quantity of existing and future 
sources of drinking water within a watershed.

Within the Province of Ontario, water budgets are used 
to support decision making and planning for a wide 
variety of water management activities such as:

• Source protection planning
•  Water permitting
•  Low water response
•  Subwatershed and watershed planning
•  Environmental impact assessment
•  Dam/reservoir management

1.1 What is a Water Budget?

A water budget is a tool used to understand and 

Figure 1-1. Sable Island, Lake of the Woods (Wasyl 
Bakowsky)
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mist and snow. It resides on land surfaces in springs, 
lakes, oceans, wetlands, rivers and glaciers. Water is 
often present in the top several hundred metres of the 
earth’s subsurface as groundwater or permafrost. The 
hydrologic cycle, as illustrated on Figure 1-3, accounts 
for the way water moves and is stored on, above and 
below the surface of the planet.

The earth’s atmosphere, oceans and land masses 
constitute the three major components of the hydrologic 
cycle and water is constantly moving within and 
between these components. For example, precipitation 
from the atmosphere can fall directly onto the ocean 
and eventually evaporate back to the atmosphere. 
Alternatively, rain could fall onto the land surface and 
eventually migrate over the land surface to become part 
of a wetland, lake or flowing river.

As summarized in Table 1-1, over 96.5% of the earth’s 
water resides in its oceans. The vast majority of the 
water not within the oceans is either frozen in glaciers 
and permanent snow cover or resides in the subsurface 
as groundwater, with the remainder distributed 
among surface water features, plants, animals and the 

Figure 1-2. Hydrologic elements (Conservation Ontario, 2009)

atmosphere.

Water that has evaporated to the atmosphere typically 
remains there for about eight days before falling back 
to the earth, usually in the form of snow or rain. Most 
rain falls on the oceans, which cover about 70% of the 
planet’s surface. Rain falling on land vegetation can 
eventually continue to the ground, evaporate back to 
the atmosphere or be used by plants. Rain that reaches 
the land surface can be absorbed by the soil and enter 
the subsurface, runoff over the land surface to a lower 
elevation, and eventually be taken up by a surface water 
body, or evaporate. Mean residence times of water in 
surface features such as lakes and rivers can range from 
days to several years. Conversely, the average residence 
time of water in subsurface features covers a much 
broader range. Water can reside in the unsaturated zone 
(the zone between the land surface and the top of the 
water table) for hours in thin zones in humid regions 
(Freeze & Banner, 1970) to millennia in thick unsaturated 
zones in desert environments (Phillips, 1994). Water 
infiltrating past the water table can reside in the 
saturated zone of the subsurface for days to thousands 
of years (Alley et al., 2005).
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Table 1-1.Estimated global water reserves. Modified from Korzun (1978) and Oki (2005).

Covering Area Total Volume Share Mean Residence

Form of Water (km2) (km3) (%) Time

Oceans 361,300,000 1,338,000,000 96 2,500 years

Glaciers and Permanent  
Snow Cover

16,227,500 24,064,100 1.7 1,600 years

Groundwater 134,800,000 23,400,000 1.7 1,400 years

Permafrost 21,000,000 300,000 0.022 10,000 years

Lakes 2,058,700 176,400 0.013 17 years

Soil Moisture 82,000,000 16,500 0.0012 1 year

Atmospheric Water 510,000,000 12,900 0.0009 8 days

Marsh Water 2,682,600 11,470 0.0008 5 years

Rivers 148,800,000 2,120 0.0002 16 days

Biological Water 510,000,000 1,120 0.0001 A few hours

on groundwater. For both Ontario and Canada, the 
remaining population relies on inland lakes and rivers.

1.3 Water Management in Ontario

Born out of the shift to watershed-based management 
and integrated planning of the 1990s, water budgeting 
has become a key component of a unified water 

Figure 1-3. The hydrologic cycle (Conservation Ontario, 2009)

Most of the water used by humans is taken from 
freshwater lakes, rivers and groundwater, which 
represent slightly more than 1.7% of the earth’s total 
volume of water.

In Canada, about eight million people, or 26% of the 
population, depend on groundwater (Natural Resources 
Canada, 2011). In Ontario, 23% of the population relies 



management approach in Ontario. The use of the 
water budget approach in land use planning, natural 
hazards management, water-use permitting, ecosystem 
evaluations and bi-national agreements has met with 
great success. More recently the Clean Water Act 
(Province of Ontario, 2006) and its Drinking Water Source 
Protection Program have driven the advancement 
of sophisticated water budget techniques for water 
quantity assessment in the Province.

Water management in the Province is carried out by a 
cooperation of federal, provincial and municipal
organizations. Each level of government tends to favour 
a watershed-focused water management
approach that can recognize the unique hydrological, 
hydrogeological, ecological and socio-economic
factors within a watershed. Figure 1-4 illustrates the 
secondary and tertiary watersheds across the
Province that are more widely associated with the Great 
Lakes – St. Lawrence, Nelson River and Hudson
Bay basins.

Within the Province, the Ministry of Natural Resources 
and Ministry of the Environment both play significant 
roles in ensuring that Ontario’s water resources can 
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Figure 1-4. Watersheds of Ontario

support the needs of Ontarians and support a healthy 
natural environment now and into the future.

The Ministry of Natural Resources’ water management 
activities focus on:

•  Protecting human life, property and natural resources 
through forecasting and warning about flood/ 
drought/erosion hazards, and overseeing the safety of 
water control structures such as dams

•  Supporting the development of healthy local, 
regional and provincial economies, through the 
sustainable use of water resources for activities such 
as hydroelectric power generation and management 
of Crown-owned dams

•  Monitoring the state of climate and surface water 
flows and levels

•  Ensuring integrated management of Ontario’s 
water resources through water budgeting, river 
management and watershed planning

•  Safeguarding Ontario’s interest on shared boundary 
waters, such as the Great Lakes

The Ministry of the Environment’s water management 
activities are described as follows:

•  Management, licensing, testing of drinking water and 
protection of drinking water sources

•  Management of water quality associated with the 
Great Lakes and inland lakes (e.g., Lake Simcoe)

•  Surface water and groundwater quality monitoring
• Water taking permits
•  Well licensing and management
•  Promoting of water conservation 

Figure 1-5. Stream gauging at Roseberry River (OMNR-
SWMC)
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Both the Ministry of Natural Resources and the Ministry 
of the Environment collaborate with other provincial 
and federal ministries and departments for many water 

management activities. Table 1-2 lists most pieces of 
Ontario legislation where water budgets could or should 
be considered.

Table 1-2. Key Ontario Legislation Relating to Water Budgets (The Living Water Policy Project, 2010; E-Laws 
Ontario, 2010)

Legislation Regulatory Agency Purpose of Act Where are Water Budgets Used

Aggregate Resources 
Act, R.S.O., 1990, 
c. A.8

Ontario Ministry of Natural 
Resources (MNR)

•  Manages aggregate resources.
•  Regulates aggregate 

operations.
•  Requires the rehabilitation 

of land after aggregate 
extraction.

•  Minimizes adverse 
environmental impacts 
with respect to aggregate 
operations.

•  Estimates of the possible 
impacts of pits or quarries on 
groundwater and surface water 
resources, and how those 
impacts may be mitigated

•  Analysis of pre- and post- 
development hydrologic and 
hydrogeologic conditions for the 
rehabilitation of the aggregate 
extraction site.

Clean Water Act, 
2006, S.O. 2006, c. 22

Ontario Ministry of the 
Environment (MOE)

•  Protects existing and future 
sources of drinking water.
Ensures communities are able 
to protect their municipal 
drinking water supplies 
through the development of 
collaborative, locally driven, 
science-based source water 
protection plans.

•  Identify subwatersheds that 
are potentially hydrologically 
stressed in response to water 
use.

•  Identify municipal supplies that 
are at risk of not being able to 
meet current or planned water 
demands.

Conservation 
Authorities Act, R.S.O. 
1990, c. C.27

Ontario Ministry of Natural 
Resources (MNR)

•  Establishes authorities for 
watersheds in the province.

•  Act allows municipalities 
and the province to form a 
conservation authority within 
a specified area – a watershed 
– to undertake programs for 
natural resource management.

•  Water budgets are used by 
conservation authorities for many 
activities, including flood control, 
reservoir management and 
subwatershed planning.

Environmental 
Assessment Act,  
1976, 1997

Ontario Ministry of the 
Environment (MOE)

•  The Act requires an 
environmental assessment 
of any major public sector 
undertaking that has the 
potential for significant 
environmental effects. This 
includes public roads, transit, 
wastewater and stormwater 
installations.

•  Water budgets may be used 
to determine the hydrologic, 
hydrogeologic and ecologic 
impact of a project.

Environmental Bill 
of Rights, 1993, S.O. 
1993, c. 28

Ontario Ministry of the 
Environment (MOE)

•  Establishes an environmental 
registry to notify the public 
of important environmental 
decisions and to solicit public 
comment.

•  The registry identifies 
applications for permits to take 
water and other items relating to 
government legislation that may 
be relevant to water budgets.

Fisheries Act, R.S., 
1985, c. F-14

Federal Department of 
Fisheries and Oceans (DFO)

•  Protection and conservation 
of aquatic species, including 
protection and pollution 
prevention of aquatic habitat 
and waterways.

•  Water budgets may be used to 
estimate in-stream flows and to 
estimate hydrological impacts 
that may influence aquatic health.
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Legislation Regulatory Agency Purpose of Act Where are Water Budgets Used

Lakes and Rivers 
Improvement Act, 
R.S.O. 1990, c. L.3

Ontario Ministry of Natural 
Resources (MNR)

•  Regulates the management, 
protection, preservation and 
use of lakes and rivers.

•  Regulates the construction, 
operation, repair and use of 
dams.

•  Estimates of hydrologic 
parameters (streamflow, reservoir 
storage, outflow) that relate to 
the design and analysis of dams.

Ontario Water 
Resources Act, R.S.O. 
1990, c. O.40

Ontario Ministry of the 
Environment (MOE)

•  Enables the passage of 
regulations with regards to 
Ontario’s water supplies; 
regulates sewage disposal; 
regulates water takings 
(Permits to Take Water); and 
regulates well construction 
and water works.

•  Ministry may require a water 
budget to be conducted to 
develop a strategy to manage 
water takings. 

•  Water budgets may be required 
in other areas (e.g., wastewater 
assimilation).

Planning Act, R.S.O. 
1990, c. P.13

Ontario Ministry of Municipal 
Affairs and Housing (MMAH)

•  Enables municipalities 
to regulate land use and 
development at the local or 
regional level.

•  No direct requirement, but 
water budgets can support 
subwatershed studies which will 
influence land use planning and 
be regulated under the Act. 

Public Lands Act, 
R.S.O. 1990, c. P.43

Ontario Ministry of Natural 
Resources (MNR)

•  Empowers the province to 
construct and operate dams.

•  No direct requirement, but 
water budgets may support the 
management and planning of 
dams by the Province. 

Lake Simcoe 
Protection Act, 2008, 
S.O. 2008, c. 23

Ontario Ministry of the 
Environment (MOE)

•  Regulates matters related to 
the implementation of the 
watershed-based plan to help 
restore and protect the health 
of Lake Simcoe.

•  Detailed water budgets are 
being developed for all of 
Lake Simcoe’s subwatersheds 
and are being used to identify 
Ecologically Significant 
Groundwater Recharge Areas 
(ESGRAs)

Oak Ridges Moraine 
Conservation Act, 
2001

Ontario Ministry of Municipal 
Affairs and Housing (MMAH)

•  Establishes the Oak Ridges 
Moraine Conservation Plan, 
an ecologically based plan, 
which provides land use 
and resource management 
direction for the 190,000 
hectares of land and water 
within the moraine. 

•  Conservation plan requires the 
preparation of a water budget for 
each watershed whose streams 
originate within the moraine. 

Safeguarding and 
Sustaining Ontario’s 
Water Act, 2007

Ontario Ministry of the 
Environment (MOE)

•  Amends the Ontario Water 
Resources Act (OWRA) 
based on the Great Lakes-
St. Lawrence River Basin 
Sustainable Water Resources 
Agreement (2005).

•  Amends the OWRA to 
modernize and update the 
provisions that regulate water 
takings and water conservation.

•  Water budgets will provide 
information necessary for water 
use reporting requirements 
as required by regulatory 
commitments on the local, 
watershed, and Great Lakes 
scale.
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Legislation Regulatory Agency Purpose of Act Where are Water Budgets Used

Water Opportunities 
Act, 2010

Ontario Ministry of the 
Environment (MOE)

The Act is intended to deliver 
these outcomes:

•  Make Ontario a leader in the 
development and sale of water 
conservation and treatment 
technologies.

•  Encourage sustainable 
infrastructure and conservation 
planning with made-in-Ontario 
technologies to solve water, 
wastewater and stormwater 
infrastructure challenges.

•  Encourage Ontarians to use 
water more wisely.

•  Water budgets can play a 
key role in any assessment of 
sustainable development and 
conservation planning. 

Nutrient Management 
Act, 2002, 2009

Ontario Ministry of 
Agriculture, Food and Rural 
Affairs (OMAFRA)

•  Provides for the management 
of materials containing 
nutrients in ways that will 
enhance protection of the 
natural environment and 
provide a sustainable future 
for agricultural operations and 
rural development.

•  Water budget concepts can be 
used to develop agricultural land 
management practices. 

Great Lakes 
Protection Act  
(Pending)

Ontario Ministry of the 
Environment (MOE) 

This Act would:
•  Provide tools to help promote 

protection of aquatic habitat, 
coastal areas, wetlands, and 
drinking water connected to 
the Great Lakes-St. Lawrence 
River Basin.

•  Create funding and 
opportunity for individuals 
and communities to initiate 
protection and restoration 
projects for the ecological 
health of the Great Lakes-St. 
Lawrence River Basin.

•  Water budgets can be used to 
assess climate change impacts on 
hydrologic processes connected 
to the Great Lakes as well as 
assess the cumulative impact of 
restoration activities on Great 
Lakes protection.

1.4 Contents of this Guide

This guide is not intended to replace technical 
references that relate to the application and 
development of water budgets and water budget tools. 
In addition to providing an overview of water budgets 
and water budgeting tools, it summarizes programs 
in the Province where water budgets are required and 
highlights specific examples in the Province where water 
budgets have been applied. The guide is comprised of 
the following chapters:

• Chapter 1 - Introduction 
• Chapter 2 - Hydrology and Water Budgets.  

This chapter describes hydrologic processes and how 
they relate to water budgets. 

• Chapter 3 - Water Budget Information.  
This chapter describes sources of data needed to 
support water budgets in Ontario. 

• Chapter 4 - Water Budget Analysis.  
This chapter provides a detailed overview of 
water budget analysis methods, ranging from the 
development of conceptual models to detailed 
integrated numerical models. 

• Chapter 5 - Climate Change Assessment.  
This chapter is dedicated to assessment of the impact 
of climate change on hydrology.
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Hydrology and Water Budgets

92. Hydrology and Water Budgets

The hydrologic cycle introduced in the previous section 
is the framework used by hydrologic practitioners to 
describe how water migrates between the atmosphere, 
land and oceans. Each of these major components of 
the hydrologic cycle consists of a number of constituent 
processes that affect the flow of water within a given 
component and to the other components. For example, 
hydrological constituents within our planet’s land 
masses include rivers and lakes on the land surface and 
saturated and unsaturated groundwater flows beneath 
the land surface. The role of water budgets is to help 
quantify how water moves within and between each of 
these components and their respective constituents. 
Water budgets are a very powerful tool and arguably 
one of the few concepts universally employed by 
hydrologists. Whether one is using a hydrological model, 
designing a dam or developing a protection plan for a 
community’s water supply, water budgets can play a role. 

In this chapter, we will begin by describing how water 
budget equations are developed and follow up with 
sections that present an overview of the hydrological 
processes incorporated into these equations. Next, the 
influence of using difference spatial and temporal scales 
for water budget assessment is presented. The chapter 
ends with a discussion on how ecological flow needs can 
be incorporated into the conceptual understanding of a 
water budget.

2.1 Water Budget Equation

A water budget is a tool that can be used to account 
for water volumes and the movement between different 
components of the hydrologic cycle. At the most 
fundamental level, this accounting process is expressed 
using a conservation of mass relationship:

In – Out = Change in Storage   (2.1)

For hydrological studies, this conservation of mass 
relationship is recast in terms of a water budget. A basic 
water budget for a watershed can be expressed as 
(modified from Healy et al., 2007):

P + Qin = ET + DS + Qout + sources/sinks   (2.2)

Figure 2-1. Asheweig River at Straight Lake (OMNR-SWMC)

where:
 P  = Precipitation
 
 Qin  = Water flow into the watersheds
 
 ET = Evapotranspiration (the sum of  
   evaporation from soils, surface water  
   bodies and transpiration from plants)
 
 DS = Change in water storage
 
 Qout = Water flow out of the watershed

Water budget source and sink terms are often 
anthropogenic and can be added on an “as needed” 
basis. An example of a source term would be an inter-
watershed transfer of water via a pipeline or return flow 
from irrigation. Conversely, sink terms would include 
features such as water well extractions, irrigation 
extractions, livestock consumption, etc.

Because each watershed or basin in Ontario is unique, 
some of the water budget terms in the following 
sections may need to be modified or expanded upon 
(i.e., some terms may be negligible, terms could be 
combined together or perhaps new terms added). 
Therefore, the final form of the water budget depends 
on the area being studied.
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The Oak Ridges Moraine stretches 160 km across 
southern Ontario from the vicinity of Trenton in the 
east to the Niagara Escarpment in the west (Figure 1). 
The moraine serves as the height of land separating 
southward-flowing drainage towards Lake Ontario 
from northward-flowing drainage into Lake Simcoe 
and other northern Kawartha Lakes. The moraine 
has long been recognized as a regional groundwater 
recharge area, providing the groundwater source to the 
moraine’s aquifers and to the numerous streams having 
headwaters on the flanks of the moraine.

The moraine receives significant attention from 
municipalities, conservation authorities, the Provincial 
government, as well as the public, owing to its 
importance in groundwater storage and role as a 
drinking water source for both municipal and domestic 
wells. The culmination of this attention led to the 
passage of the Oak Ridges Moraine Conservation  
 

Act and the accompanying Oak Ridges Moraine 
Conservation Plan.

Released by the Province in late 2001, these legislative 
pieces not only significantly curtailed development 
on the Oak Ridges Moraine but were significant in the 
context of Ontario water legislation for two reasons:  
1) a requirement to use modelling in developing water 
budgets for watersheds originating on the moraine was 
imposed and 2) for the first time in Ontario, provincial 
land use restrictions in wellhead protection areas were 
invoked.

In 2000, the municipalities of York, Peel, Durham and 
Toronto (YPDT) and the nine conservation authorities 
with jurisdiction on the Oak Ridges Moraine (known 
as the Conservation Authorities Moraine Coalition 
(CAMC)), partnered for the purposes of establishing a 
unique Oak Ridges Moraine groundwater management 
program. In the late 1990’s, well in advance of the 
Provincial Oak Ridges Moraine Conservation Plan and 
more recent Source Water Protection initiatives, these 
partners recognized a need to address groundwater 
management, land use planning and water resource 
management. Rather than acting as individual agencies, 
a collaborative, moraine-focused approach was 
considered to be cost effective and would allow lessons 
learned in one part of the moraine to be transferred to 
other areas. Driving the need for a more quantitative 
assessment of the water budget and the overall 
groundwater flow system across the moraine’s many 
watersheds were several interrelated issues:

• Poor understanding of the amount of water being 
taken by the various water takers

• Uncertainty regarding the impact of encroaching 
urban development onto the slopes of the moraine, 
particularly the potential alteration to recharge

• Impact that additional takings and development 
might have on the base flow to the moraine’s cold 
water streams

Database

One of the first YPDT-CAMC projects was to 
assemble a comprehensive digital database that 
would not only support groundwater flow model 
construction but also form the foundation for long-
term groundwater management. A key element of 
the database construction approach was to bridge 
both agency and disciplinary boundaries by compiling 
an integrated, comprehensive database covering 
geology, groundwater, surface water and climate related 
information across a wide regional area. This broad 

Figure 1: Oak Ridges Moraine

The central focus of the YPDT-CAMC partnership has 
been on the understanding of the groundwater flow 
system and the connection to surface water features 
(i.e., streams and wetlands) in the Oak Ridges Moraine 
area. This understanding is feeding into effective land 
use and water management decisions. The groundwater 
management program continues to maintain and 
disseminate to the partner agencies three key products:

1. A comprehensive database
2. A regional geological model
3. Calibrated numerical groundwater flow models
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scope recognizes that water management does not stop 
at municipal boundaries and that a broad range of data 
sources need to be tapped in order to establish the 
foundation for credible groundwater decision making 
and effective long-term resource management. 

Geological Layers

The second major product from the YPDT-CAMC 
program has been the construction of digital 
geological layering at a regional scale to represent 
subsurface geological and hydrogeological units. 
The glacial sediments laid down across south-
central Ontario constitute the primary aquifers in the 
area. Understanding their depositional history and 
morphology is critical to understanding groundwater 
flow patterns on a number of scales. In the past, an 
absence of a rigorous regional geological framework 
into which localized studies can be set has fostered 
inconsistent geological interpretations. In this regard, 
the goal of the YPDT-CAMC program is to provide a 
regional context for local geological studies.

Numerical Groundwater Flow Modelling

A third focus of the YPDT-CAMC program has been 
to use the database and geological layering as key 
inputs to develop numerical groundwater flow models 
across the area to assist in water management decision 
making. The Oak Ridges Moraine focused modelling 
incorporates all large known water takings and is 
particularly tailored to evaluate groundwater and surface 
water interactions through the development of a model 
with uniform 100 m x 100 m cells. The cell size was 
selected to better represent stream-aquifer interaction, 
since each small tributary would be separated by several 
model cells, and drawdowns around the municipal wells. 
The model simulated movement of groundwater from 
the ground into small tributaries (MODFLOW “drains”), 
while larger tributaries were simulated as MODFLOW 
“rivers” and could additionally lose water back to the 
aquifers.

Water Budget Application

To date the model has been used successfully in a 
number of applications across the Greater Toronto Area 
and is now being upgraded to address Source Water 
Protection requirements for various Tier Two and Three 
studies. One of the most detailed water budgeting 
applications of the steady-state model was for the Lake 
Simcoe Conservation Authority in an investigation of 
the East Holland River Watersheds (Gerber Geosciences 
and Earthfx, 2004). Figure 2 shows the end result of 

the modelling application with the resultant watershed 
fluxes. The figure shows the upward and downward 
fluxes across the watershed from each of the subsurface 
layers, the fluxes from well pumping, the flux from 
the groundwater system to Lake Simcoe and the flux 
to streams in the watershed. The water budgeting 
allowed the Conservation Authority to evaluate differing 
development scenarios and to more carefully plan for 
future watershed growth. 

Figure 2: Mass balance for the East Holland River 
catchment
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2.2 Hydrologic and Hydrogeologic Processes

Water budgets aim to characterize and quantify a 
number of hydrologic and hydrogeologic processes. In 
this section we present overview descriptions of most of 
the major processes considered in the development of 
water budgets.

2.2.1 Precipitation

Precipitation, in the form of rainfall or snowfall, is the 
fundamental source of all water. Annual precipitation 
varies significantly throughout the Province of Ontario, 
ranging from 600 mm/year in the northwest to greater 
than 1,200 mm/year in areas that are downwind from the 
Great Lakes, as is seen on Figure 2-2.

Figure 2-2. Annual precipitation in Ontario

As can be seen on Figure 2-2, the presence of the Great 
Lakes significantly impacts the annual precipitation totals 
in lands immediately adjacent to the lakes. This is due 
to a phenomenon known as “lake effect snowfall”. Lake 
effect snowfall typically occurs in early winter, where 
the Great Lakes are still warm and free of ice cover. As 
cold, dry air masses move across the water bodies, a 
large amount of water evaporates from the Lakes and 

is deposited on downwind land surfaces. Notable areas 
where this is commonplace are the Goderich/Owen 
Sound area east of Lake Huron; the Barrie/Muskoka area 
east of Georgian Bay; and the Sault Saint Marie area east 
of Lake Superior. This phenomenon is also responsible 
for heavy snowfall events within the Great Lakes Basin, 
such as Buffalo, and can increase annual snowfall 
amounts by up 200 mm/year.

Although precipitation patterns vary with location and 
season, Ontario generally receives predictable and 
reliable precipitation. Episodic precipitation events are 
typically limited to the summer months, where extremely 
localized, convective thunderstorms are commonplace.

2.2.2 Land Surface Storage

The amount of water that can be held on or within the 
land surface is an important consideration in the ability 
to generate runoff, produce infiltration and sustain 
evapotranspiration. The following sections describe 
three of the major land storage processes: interception 
storage, depression storage and hummocky topography.

Interception Storage

Interception storage is the process in which water is 
captured by vegetation (leaves, grasses, crops, etc.) 
during a precipitation event. Precipitation that has been 
intercepted by vegetation is not available for runoff 
or infiltration, but rather is evaporated following the 

Figure 2-3. Lake effect snow (NASA/Goddard Space 
Flight Center Scientific Visualization Studio)
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Figure 2-4. Algonquin Provincial Park

precipitation event. Losses due to interception storage 
are generally greatest at the beginning of a precipitation 
event, after which the losses quickly trend to zero as 
the vegetation becomes saturated. Following the 
precipitation event, the intercepted water evaporates, 
and the available storage is replenished. Factors that 
may affect interception storage include rainfall intensity, 
wind, precipitation type and temperature.

As vegetation cover varies seasonally, so do interception 
losses. When deciduous trees lose their foliage in the 
fall, interception storage is greatly reduced. The dieback 
of grasses and removal of agricultural crops in the fall 
also reduces interception storage. During the spring and 
early summer, as deciduous trees regain their foliage, 
agricultural crops mature and other vegetative cover 
returns, interception storage will increase.

While interception storage is typically a small value (due 
to the frequent wetting and drying of the vegetation), 
interception losses can constitute a significant portion 

of the water balance on an annual basis. This is shown 
in Table 2-1, where interception losses for conifers can 
reach approximately 50% of the annual rainfall. These 
percentages will be highly dependent on the rainfall 
characteristics of the area. In areas where rain falls 
frequently, but in small amounts, the proportion of 
precipitation that is lost to interception will be high. In 
areas where rain falls infrequently, but in large amounts, 
interception losses will be low.

Table 2-1. Interception Percentages for Various Cover 
Types (Adapted from Chin, 2006)

Cover Type % of Annual Rainfall

Conifers 14-48%

Deciduous 10-36%

Grasses 13%

Forest Litter 3%

Depression Storage

Depression storage is the amount of water that is 
held in small-scale depressions on the landscape. 
These depressions may be furrows in a plowed field or 
depressions caused by overturned trees in a forest. For 
overland runoff to occur, these depressions must be 
filled with water. Following a rainfall event, water that 
remains within these depressions will either evaporate or 
infiltrate into the ground. The volume of water that can 
be held within these depressions depends on the micro-
topography of the land and the factors that influence 
the micro-topography. These factors include vegetation 

Figure 2-5. Depression storage in a field (OMNR)
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type, human activities associated with that vegetation 
type, and seasonality. Generally, forests have a more 
irregular ground surface, and therefore can store higher 
volumes of water than a manicured suburban lawn. 
Depression storage can vary seasonally as well, because 
human activities (e.g., ploughing) are seasonal in nature. 
Another important consideration is the erosion pattern 
that occurs from previous storms, and whether this 
pattern has been modified by tillage.

Hummocky topography

In addition to micro-scale depressions, in certain 
physiographic settings potential exists for large-
scale depressions to capture and store water. These 
features are typically found within areas of hummocky 
topography associated with moraines, and can 
significantly affect the hydrologic response of a 
watershed to precipitation events.

These large-scale depressions have no defined surface 
water outlet; they capture overland runoff generated 
from adjacent lands and a temporary pool of water is 
generated. As this water infiltrates, or evaporates, the 
water level will decrease until the depression becomes 
dry. The Alder Creek (a tributary of the Grand River) 
Watershed Study (CH2MHill, 2008) identified these 
depressions as being a significant hydrologic feature 
that reduces overland runoff and greatly increases 
groundwater recharge. The watershed study identified 
areas where groundwater recharge ranged from 1 m 
to up to a maximum of 16 m because the hummocks 
collect overland runoff from adjacent lands and focus 
groundwater recharge within the hummock.

While not present in all physiographic settings, the water 
resource manager should evaluate the study watershed 
to determine the extent and magnitude of hummocky 
depressions. In areas where such features are identified 
as significant, the water budget analysis and tools should 
be designed to consider this impact.

2.2.3 Infiltration

For most watersheds, infiltration is the dominant process 
in determining the hydrologic response of the area. 
Infiltration is the process where the upper soil layer 
accepts liquid precipitation that reaches the ground 
surface. If the rate of precipitation is less than the rate 
at which the soil can absorb water (infiltration rate), all 

Figure 2-6.Hummocky depression under wet conditions - 
Waterloo Moraine (Grand River Conservation Authority)

precipitation is infiltrated. Once precipitation falls at a 
rate faster than the infiltration rate, overland runoff can 
be generated. 

There are no common methodologies for measuring 
infiltration rates in the field, although lysimeters (soil 
moisture monitoring) can be used to infer when 
infiltration is occurring. Infiltrometers can also be 
used; however, they are most useful for determining 
infiltration rates after the soil has become saturated. 
Typically, the rate of infiltration is estimated through 
the use of empirical methods. The infiltration rate of 
a soil is affected by a number of factors, including soil 
characteristics, land cover, antecedent soil moisture 
conditions and seasonality. Soils with a high proportion 
of clay and silt, soils that are urbanized or soils that are 
poorly drained (wet) will have low infiltration rates. Soils 
that are predominantly sand or gravel, are forested 
or are well drained (dry), will typically have higher 
infiltration rates. 

It should be noted that infiltration is the movement of 
water into the soil layer, not the movement of soilwater 
towards the groundwater system. As such, infiltration is 
considered separately from groundwater recharge.

2.2.4 Overland Runoff

Overland runoff, also known as surface runoff or 
Hortonian flow, is water flow that is generated when 
precipitation falls at a rate greater than a soil’s 
infiltration rate. Precipitation in excess of the infiltration 
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Figure 2-7. Hydrograph components

rate, initially causes surface ponding (which exhausts 
depression storage), and given sufficient excess 
precipitation, flow paths will form on the ground surface. 
The direction of the flow paths is dependent on the 
topography of the watershed. Water may flow directly 
to a surface water drainage feature or be captured by 
larger-scale depressions (e.g., hummocky topography). 
Watersheds that are well drained (e.g., municipal drains 
or high density of surface water features) will generally 
respond to precipitation events quicker, as overland flow 
can reach drainage features in a shorter period of time.
With the exception of the spring freshet period, intense 
thunderstorms in the summer months or rainfall events 
on very tight soils (e.g., clay), the generation of overland 
runoff is not a hydrologic process that is frequently 
observed in Ontario (Figure 2-7). Although overland 
runoff generation is infrequent, the volume of water that 

is generated by this process can be significant.

2.2.5 Soilwater Content

The term “soilwater” refers to the amount of water held 
within the unsaturated zone above the water table. The 
amount of water that infiltrates into the soil column 
is dependent on the soilwater conditions prior to the 
precipitation event. 

When discussing soilwater in the context of a water 
budget, three soilwater conditions are important:

• Saturated: Soil pore space is filled with water, and no 
additional storage is available. Infiltration can only 
occur at the rate of the percolation of water to the 
saturated zone, plus any evaporative losses.
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• Field Capacity: Soil pore space contains the maximum 
residual water that can be held by capillary forces 
after gravity drainage. Removal of soilwater beneath 
this threshold can only be done by evapotranspiration 
processes. 

• Wilting Point: The minimum soilwater content that 
can be left in the soil column. At this point, water can 
no longer be removed by natural evapotranspiration 
processes.

Depending on soilwater content levels, as they relate 
to these three thresholds, various hydrologic processes 
will become active or inactive. Groundwater recharge 
will only occur when soilwater content is greater than 
field capacity, and gravity drainage produces downward 
flow or percolation. Typically, this condition is only met 
in periods of low evapotranspiration (e.g., winter) or 
periods of high infiltration (e.g., spring freshet). Soilwater 
is typically too low during the summer period to be 
increased sufficiently for field capacity to be exceeded, 

although this may occur occasionally in very wet 
summers.

Evapotranspiration lowers soilwater content from field 
capacity to wilting point. As soilwater level moves 
towards the soil’s wilting point, the removal of additional 
water becomes more difficult. Once the wilting point 
is reached, further removal of soilwater is not possible, 
and evapotranspiration ceases. The recovery of soilwater 
through infiltration (or capillary uptake from a shallow 
water table) allows evapotranspiration to be re-
established. An example of soilwater fluctuations and its 
effect on evapotranspiration and groundwater recharge 
is included on Figure 2-8.

2.2.6 Evapotranspiration

The term “evapotranspiration” lumps together the 
transpiration of water through the stomata of plant 
leaves and the evaporation of water from land surfaces 

Figure 2-8. Soilwater temporal variations
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and near surface soil pores. These evaporative 
processes occur concurrently and are difficult to 
distinguish from one another, which is the reason they 
are typically lumped together into the single term 
evapotranspiration. Note that sublimation (whereby 
snow or ice is converted directly into vapour) during the 
winter seasons is also included in the term. 

In heavily vegetated watersheds, transpiration 
from the vegetation usually makes up the bulk of 
evapotranspiration. Factors affecting transpiration 
include vegetation type, the water retaining properties 
of different soils, rooting depths and weather patterns. 
The contribution to evapotranspiration from the 
evaporation of water intercepted onto vegetated and 
non-vegetated surfaces is also important. Although the 
contribution to evapotranspiration from intercepted 
water is often small for individual precipitation events, its 
overall contribution is appreciable on an annual basis as 
discussed earlier.

Factors influencing the rate of evapotranspiration 
include weather considerations, vegetation and crop 
type and agricultural management practices (Allen et 
al., 1998). Weather considerations include radiation, air 
temperature, humidity and wind speed, with radiation 
being the dominant consideration (Maidment, 1992). 
Crop and vegetation factors that should be examined 
include resistance to transpiration, plant height, leaf 
roughness, vegetative reflectivity, ground cover and 
rooting characteristics. In terms of water budgets, 
the evapotranspiration portion is often determined 
via hydrologic models which incorporate most, if not 
all, of the factors that influence evapotranspiration. 
However, models require the introduction of two new 
concepts, potential evapotranspiration and actual 
evapotranspiration. Potential evapotranspiration 
is what would take place under given weather 
conditions if there were an unlimited supply of 
water available (e.g., evaporation on the surface of 
a lake). Potential evapotranspiration is a theoretical 
construct that represents the upper limit of the 
amount of evapotranspiration that can occur in a 
region. Conversely, actual evapotranspiration is the 
evapotranspiration that can occur under given weather 
and soil moisture conditions. Hydrologists typically input 
potential evapotranspiration into a model which, in 
turn, uses that information in conjunction with the other 
parameters used in the model to calculate the actual 
evapotranspiration portion of the water budget.

Figure 2-9. Evaporation from open water and plant 
transpiration contribute to evapotranspiration (Wasyl 
Bakowsky)

2.2.7 Subsurface Flow Processes

Unlike surface water processes, characterizing 
groundwater processes is complicated by the difficulty 
encountered in gathering data about the flow 
system. One must often infer the groundwater flow 
characteristics indirectly or disturb the system by drilling 
holes or digging trenches to get direct measurements. 
Water moves in the subsurface through the various types 
of voids present in the ground such as pores between 
sediment grains, fractures in rocks or weathered clay 
and dissolution cavities in limestone (e.g., caves in 
karstic terrains). Although this resource is often difficult 
to characterize, it is nevertheless an important source of 
potable water for our citizens and a crucial component 
of water budgets.

Recharge and Unsaturated Flow

The term “infiltration” is not synonymous with 
groundwater recharge. As previously described, the 
process of infiltration refers to all water entering the soil 
by downward flow from the land surface. Once in the 
soil, infiltrated water either is stored in the unsaturated 
zone or continues to migrate downward. The stored 
portion can be removed directly by evaporation or 
can leave the unsaturated zone via transpiration after 
entering plant roots. The portion of infiltrating water that 
penetrates below the evaporative zone depth will either 
continue to migrate downward, eventually reaching the 
water table as groundwater recharge or move laterally as 
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interflow through the unsaturated zone until discharging 
to a surface water feature such as a stream. The 
timescales involved in these processes can range from 
hours to centuries. 

Factors that affect recharge include precipitation, 
temperature, land use, vegetation, urbanization, 
overland flow, slope, infiltration and flow in the 
unsaturated zone and soil properties (Jyrkama and 
Sykes, 2006). Urbanized areas can also experience 
recharge via leaks in the water supply pipelines and 
storm drains (Lerner, 2002). In pristine natural settings 
groundwater recharge occurs everywhere other than 
groundwater discharge zones, though there is great 
variability in rates of recharge and its spatial distribution. 
As a general rule, Freeze and Cherry (1979) wrote that 
recharge tends to predominantly occur in upland areas 
and discharge in lowland areas. 

Interflow, also referred to as subsurface storm flow, 
is the lateral movement of water that enters the void 
spaces present in the upper soil profile from localized 
pockets of saturation either in the unsaturated zone, or 
just below the water table surface, and subsequently 
discharges into the receiving stream channel during the 
storm event. Flow discharging to the stream channel 
from tile drains is technically groundwater discharge 
and has the same timing characteristics as interflow, it is 
commonly lumped together with interflow in hydrologic 
models. The prime requirement to generate interflow 
is a sloping soil horizon that can accommodate rapid 
infiltration rates, has a relatively large lateral permeability 
value and is bounded at its base by an impeding layer at 
shallow depth. This is quite common in agricultural areas 
and is almost always present on forested valley side 
slopes. Interflow is most common in the spring following 
snowmelt when soilwater contents are  
typically high.

Saturated Groundwater Flow

The saturated groundwater zone is bounded on top by 
the water table. Groundwater flow occurs from regions 
of higher groundwater head (water level) to regions of 
lower groundwater head. Other factors such as large 
temperature contrasts can also induce groundwater flow 
but usually are not prominent considerations in most 
water budget work conducted in Ontario. Groundwater 
flow rates tend to be much slower than in surface 
water features such as rivers. Flow rates in groundwater 

systems are a function of the hydraulic gradient (change 
in groundwater head over the change in distance) and 
the degree of resistance exerted by a given geological 
material (i.e., hydraulic conductivity). For example, flow 
rates through compacted clay can often be measured in 
millimetres/century while rates on the order of metres/
day can be observed in large fractures. 

Groundwater flow patterns are often complex and are 
influenced by factors such as recharge and discharge 
rates and their respective spatial and temporal 
distributions and changes in hydraulic conductivity. 
On the watershed scale or larger, groundwater flow 
can often be partitioned into local, intermediate and 
regional systems (Toth, 1962). Water entering a local 
flow system (which typically coincides with the shallow 
subsurface) remains in the subsurface for days to years 
before discharging. In an intermediate system, the 
residence time ranges from years to several decades; in 
a regional system, the water may not leave for several 
thousand years. Water enters a groundwater flow system 
in the form of recharge from precipitation or surface 
water features such as lakes, wetlands and rivers. Water 
naturally discharges from a groundwater flow system in 
the form of exfiltration; it can form seepage faces along 
river banks, exit as baseflow through riverbeds, recharge 
springs, lakes or wetlands or leave the land mass entirely 
and discharge into the ocean.

In terms of water budgets, quantifying groundwater 
volumes, rate of groundwater flow in and out of the 
system, recharge and discharge rates and changes in 
storage often require the use of a hydrologic model 

Figure 2-10. Winter conditions
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that explicitly considers saturated groundwater flow 
processes. Data such as hydrostratigraphy (types of 
materials encountered in the subsurface), hydraulic 
conductivity distributions (describes the ease with which 
water can move through the soil or aquifer) and water 
levels are input into the model to calculate the water 
budget parameters related to groundwater flow. The 
recharge value typically has a degree of uncertainty in 
groundwater water budget studies (as does groundwater 
contributions to evapotranspiration).

2.2.8 Winter Conditions

The impact of winter on the distribution and movement 
of water through the freezing and thawing of pore water 
in the soil and the accumulation and melting of snow 
on the ground surface is one of the most important 
considerations for water budget work in Ontario. 
Some of the factors that influence the impact of winter 
conditions on hydrological processes include solar 
radiation, temperature, precipitation, wind patterns (for 
snow redistribution), albedo (affects amount of reflected 
solar radiation) and soilwater content.

Frozen Soil

Soilwater content is a key factor that is required 
to determine how precipitation is partitioned into 
infiltration, overland flow and evapotranspiration 
processes. Soilwater in the unsaturated zone can greatly 
alter surface hydrologic characteristics when it freezes. 
Proper representation of this process is important for 
understanding transient relationships between overland 
flow and infiltration during the onset of winter and 
spring when freezing and thawing of soilwater typically 
occurs. When the water in the soil pores freezes, the 
void space becomes increasingly restricted reducing 
the rate at which water can infiltrate. This reduction 
in infiltration typically results in an increase in the 
occurrence and distribution of runoff. Another factor 
to consider regarding winter processes is that soilwater 
expands when it turns to ice and this expansion distorts 
the structure of the soil creating additional pore 
space. The result of this increase in pore space is that 
more snowmelt can infiltrate during the spring melt. 
It is typical in Ontario to see a large portion of annual 
recharge to aquifers take place during the spring melt. 
Over the course of the year, the increased pore space 
in the soil generated by frozen water tends to become 
sealed with fine sediment and the whole process begins 

anew in the next winter season.

Snow

Snow-related processes are complex and extremely 
important to the hydrologic response of a watershed 
in Ontario. The snowmelt period in March and April 
is typically responsible for 35% to 45% of total annual 
streamflow for most Southern Ontario watercourses. 
Proper characterization of snow-related processes - 
which are the predominant driver for this freshet - is 
fundamental to gain an accurate understanding of 
hydrology of a watershed.

Precipitation falling as snow essentially stores liquid 
precipitation until the snow melts and provides the water 
to the ground surface, where infiltration or overland 
runoff can be generated. Due to this time lag between 
snowfall and snowmelt, a number of complex processes 
may take place. These include snow redistribution via 
wind, snowmelt and refreeze, and sublimation.

Snow redistribution is the process in which snow is 
transported from the original site of deposition to a new 
location, through wind and subsequent drifting. The 
ability of snow to be redistributed by wind is dependent 
on a number of factors, including wind speed, land cover 
and the water content of the fallen snow. The average 
water content of freshly fallen snow is generally assumed 
to be 0.10, but can range from 0.04 to 0.34 (Watts, 1989). 
Snow that has lower water content is lighter and easier 
to be redistributed by wind. As snow is deposited, 
the snowpack begins to develop and will consolidate 
with time as the individual snow crystals change shape 
and arrangement. This consolidation can be due to 
redistribution or changing water content. 

As the snowpack develops through the winter, it 
becomes non-homogenous as rainfall events or mid-
winter melts cause ice layers to develop on the surface 
of the snowpack. Subsequent snowfall events will cover 
these ice layers, resulting in a snowpack with different 
melt characteristics from the original homogenous 
snowpack. Sublimation (the transference of water 
content from the snowpack directly to water vapour) can 
also be an important process that affects the snowpack. 
Sublimation is dependent on a number of factors, 
including wind speed, humidity and solar radiation. 

Once temperatures increase above 0°C, the snowpack 
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Groundwater Recharge Areas

The Province of Ontario requires that Significant 
Groundwater Recharge Areas (SGRAs) be delineated 
to meet the water budget requirements under the 
Clean Water Act (2006). SGRAs are areas that generate 
higher than average groundwater recharge and are 
hydraulically connected to a drinking water system. 
Under the requirements of the Clean Water Act, Tier 
Two water budgets take into account a variety of factors 
when estimating groundwater recharge rates, including 
soils and surficial geology, land cover, vegetation and 
topography. The Tier Two water budget models are 
calibrated using long-term, continuous streamflow data, 
which will provide greater assurance that the magnitude 
of the estimated recharge rates reflects local climate and 
hydrology.

The Grand River Watershed encompasses large 
regions of different physiographic, hydrologic and 
hydrogeologic conditions. The Grand River Conservation 
Authority developed and calibrated a continuous 
hydrologic model using GAWSER; AquaResource 
(2009a) describes the model and modelling approach in 
detail. The model takes into account surficial geology, 
hummocky features, vegetation and urbanization. It 
is based on hydrologic response units (HRUs) which 
represent areas of similar hydrologic conditions across 
the watershed. Climate conditions across the watershed 
vary significantly and the model was calibrated to 
account for this.

Figure 2: Monthly recharge variability

Figure 1 illustrates average annual groundwater 
recharge rates across the watershed. The 
highest groundwater recharge rates are 
mapped in the central area of the watershed, 
which is composed mainly of higher 
permeability sand and gravel moraines. The 
upper watershed is dominated by lower 
permeability till plains, and the lower watershed 
is covered by low permeability clay plains. The 
calibrated hydrologic model provides more 
information relating to predicted groundwater 
recharge rates than is provided at the Tier  
One level. For example, the GRCA water 
budget assessment provides daily estimates  
of groundwater recharge for each HRU over a   
40-year simulation period.

Figure 2 illustrates the monthly variability of 
estimated groundwater recharge for a sand and 
gravel area with high vegetation. As shown on 
this figure, the model predicts highest monthly 
recharge in April in response to snow melt and 
spring rainfall and lowest in July and August 
as soil moisture is depleted. The long-term 
hydrologic simulation is also useful to develop a 
better understanding of the amount of recharge 
during drought periods when soil moisture is 
depleted.

The GRCA Tier Two Water Budget followed 
Technical Rule 44(1), which identifies SGRAs as 
those areas that annually recharge water to the 
underlying aquifer at a rate that is greater than 
the rate of recharge across the whole of the 
related groundwater recharge area by a factor 
of 1.15 or more.

Figure 1: Average annual groundwater recharge
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Figure 4: Significant groundwater recharge areas

Table 1 shows the Significant Groundwater Recharge 
Area threshold calculated for the Grand River 
Watershed. This threshold is calculated based on the 
average annual recharge rate across the Watershed, 
multiplied by 115%.

As shown on Figure 3, approximately 36% of the area 
of the Watershed has a recharge rate that is higher 
than the threshold rate (202 mm/year) and 73% of the 
total volume recharged in the Watershed originates 
from those areas. For the Grand River Watershed, 
it was concluded that the threshold was reasonable 
and practical for defining SGRAs, since the threshold 
value encompasses much of the land within the 
central moraine area as well as portions of the lower 
permeability regions (upper and lower Watershed) 
that may be significant compared to its surrounding 
physiography.

Figure 4 illustrates the SGRAs delineated for the Grand 
River Source Protection Area. Only isolated areas greater 
than 1 km2 were included within the SGRA delineation. 

Figure 3 illustrates the total volume of recharge associated with each of the recharge rates for HRUs across the watershed. 
The figure also illustrates the cumulative volume and area exceeding each recharge rate for the Grand River Watershed. The 
cumulative exceedance curves are calculated as follows:

• % Volume Exceeding Recharge 
Rate. This curve is calculated as the 
sum of the total recharge flux for 
all hydrologic response units with a 
recharge rate equal to or above the 
value on the horizontal axis, divided 
by the total recharge flux.

• % Area Exceeding Recharge Rate. 
This curve is calculated as the sum of 
the area associated with all hydrologic 
response units having a recharge rate 
equal to or above the value on the 
horizontal axis, divided by the total 
area.

Table 1: Significant groundwater recharge area threshold 
for the Grand River Watershed

Related 
Groundwater 
Recharge Area

Average Annual 
Recharge Rate 
(AARR) (mm/y) 

Threshold 
Recharge Rate 
(AARR *115%)
(mm/y)

Grand River 
Watershed

176 202

Figure 3: Significant groundwater 
recharge area thresholds

As shown on this figure, SGRAs are concentrated within 
the central moraines. SGRAs within the upper and lower 
Watershed correspond to surficial soils with relatively 
higher permeability as well as climate conditions  
(e.g., snowfall) and land cover (e.g., forest) that tend to 
increase estimated groundwater recharge rates.

Case Study 2 Grand River Watershed Significant  
Groundwater Recharge Areas
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begins to melt. Initial melting produces very little water 
at the ground surface, until the snowpack becomes 
“ripe.” Ripe snowpacks are effectively saturated and 
have no remaining liquid holding capacity. When 
snowpacks are ripe, any additional snowmelt or 
rainfall will provide water at the ground surface almost 
immediately and generate either infiltration or overland 
runoff. Ripe snowpacks can also undergo a refreeze 
process, where the water held within the snowpack 
freezes should air temperatures drop low enough.

Other factors affect snowmelt rates other than air 
temperature. These include solar radiation, snow albedo, 
aspect of the land (south facing versus north facing 
slope) and whether heat energy is being transferred 
into the snowpack via a rainfall event. Snowmelt and 
snow-related processes are extremely complex and are 
difficult to accurately characterize; however, they play 
a critical role in Ontario water budgets. Every attempt 
should be made to understand these processes to the 
highest degree practical.

2.3 Surface Water and Groundwater Interactions

Historically, surface water and groundwater have been 
treated as separate entities. This approach is reasonable 
under certain conditions, such as arid environments, 

Figure 2-11. Melting snowpack in the spring, McVicar Creek 
(OMNR-SWMC)

where the water table may be located several hundred 
metres below the land surface. However, in semi-humid 
climates such as those encountered in much of Ontario, 
surface water and groundwater are often linked and are 
more properly treated as a single flow system.

Watercourses, ponds or wetlands can interact with 
groundwater by accepting groundwater discharge that 
occurs through the bottom of the feature (i.e., a gaining 
stream or discharging wetland) or lose water through the 
bottom to the groundwater system (i.e., a losing stream 
or recharging wetland). A feature losing or gaining 
flow to the groundwater system is a direct result of the 
groundwater levels adjacent to that feature and the 
conductivity of the materials beneath that feature. For 
a water feature to be gaining flow, the water table must 
be at a higher elevation than the water feature; opposite 
conditions need to be present for a stream to discharge 
to the groundwater system. Due to seasonal and inter-
annual variability of groundwater levels, surface water 
features can and often do, switch between gaining and 
losing condition. The effect of surface water bodies on 
groundwater levels is shown on Figure 2-13.

Gaining streams are, by their very nature, connected to 
a continuous saturated zone of the groundwater system. 
However, in the case of losing streams, the stream 
can be connected directly to a continuous saturated 
zone (Figure 2-13) or separated from the saturated 
groundwater system by the unsaturated zone (Figure 
2-14). In the case of a disconnected losing stream, 
the water table may mound under the stream reach 
due to the recharging water. An important feature of 
disconnected streams is that active wells extracting 

Figure 2-12. Troy Lake Marsh (Cataraqui Region 
Conservation Authority)



Hydrology and Water Budgets

23

shallow groundwater will not affect streamflow rates 
near the pumped wells. The manner in which streams 
and the underlying groundwater system interact with 
one another can also change over time. For example, 
a gaining stream can switch to a losing stream when 
the water table drops due to regional pumping wells or 
transpiration losses from streamside vegetation.

After intense rain events, rapid snowmelts or the release 
of water from an upstream reservoir, the stream level can 
rise quickly, causing the water to seep into the adjacent 
streambanks. This process is called bank storage and is 
illustrated on Figure 2-15. In instances of bank storage 

where the stream level remains lower than the height 
of the streambanks, the stored water usually is returned 
to the stream in a matter of days to weeks. In instances 
where the stream level exceeds the height of the 
streambanks, flooding occurs and subsequently results 
in groundwater recharge across the flooded area.

2.4 Spatial and Temporal Scales of Water Budgets

Water budget quantities vary both spatially and 
temporally. Water budget studies must consider this 
variability and how it relates to the intended objectives 
of the study. The following section describes spatial and 

Figure 2-13. 
Illustrations of 
gaining and losing 
streams and their 
corresponding water 
table contour maps 
(adapted from Winter  
et al., 1998)

Figure 2-15. Bank storage during high flow (adapted 
from Winter et al., 1998)

Figure 2-14. Schematic of a disconnected stream 
(adapted from Winter et al., 1998)
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temporal variability and how it may impact water budget 
results.

Spatial Scale

There are three main spatial scales that can be 
investigated within water budget studies. The spatial 
scales are described below: 

• Watershed Scale. A watershed scale is selected 
for the large-scale water management planning 
exercises, scoping exercises or broad-based 
watershed characterization tasks. Water budget 
values presented at this scale will often be hydrologic 
processes studied over a large area with varying types 
of land use, geology and perhaps climate patterns. 
Areas within a watershed may be studied at a greater 
level of detail where sufficient monitoring data exists.

• Subwatershed Scale. Water Budgets are developed 
at a subwatershed scale where the watershed area is 
subdivided based on the distribution of rivers, streams 
and tributaries. At this scale, water budget processes 
are analyzed for each subwatershed, giving a better 
understanding of how these processes vary across a 
watershed based on changes in land use, soils and 
geology. The size of the subwatersheds may vary from 
as small as 10 km2 to greater than hundreds of square 
kilometres depending on the characterization of 
surface water drainage areas and aquifer conditions. 
Subwatershed delineation should also consider the 
location and distribution of municipal and other large 
wells and intakes and the availability of surface water 
and groundwater monitoring data.

• Local Scale or Local Area. A local scale of analysis 
is used when an estimate of hydrological processes 
is required at a specific location. For example, an 
impact assessment of a water demand on a wetland 
requires a local characterization and understanding 
of the area’s hydrology and hydrogeology. A local 
area of assessment may encompass several adjacent 
subwatersheds to assess municipal drinking water 
supplies and their influence on hydrology and 
hydrogeology.

Figure 2-16 illustrates a watershed, subwatershed 
and local scale study boundaries. Water budgets 
begin at the watershed scale and move to smaller 
areas (subwatershed or community) when a detailed, 
more specific assessment is required. For example, 
a subwatershed stress assessment estimates the 

relative impact of current and future water takings 
on water availability at a watershed or subwatershed 
scale, whereas a local-area risk assessment may be 
used to help determine water availability and impacts 
in smaller areas (i.e., a municipality or urban center). 
The local area encompasses a wellhead or surface 
water intake of a drinking water system and the area 
that surrounds potential water quantity threats. The 
scale of the investigation will likely cover more than 
one subwatershed to account for boundary impacts, 
upstream contributions, potential downstream impacts 
and the cumulative impact assessment of multiple water 
takings and receptors (i.e., other anthropogenic and 
environmental uses).

Water budgets at the subwatershed scale must often 
encompass a larger area to balance the water budget. 
Consider when aquifers are situated and recharged 
beneath headwater areas – discharge may occur at 
locations remote from the headwaters. Figure 2-17 
illustrates this process for the Duffins Creek basin, where 
the regional deep aquifers beneath the Oak Ridges 
Moraine do not discharge until stream valleys have 

Figure 2-16. Spatial assessment scales
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eroded down into the aquifers at locations closer to Lake 
Ontario (Gerber and Howard, 2002).

Water takings from large aquifer systems may induce 
changes that extend beyond the surface watershed 
or subwatershed boundaries. When this occurs within 
deep aquifers, these systems may be separated from the 
near surface flow system by low permeability aquitard 
material.  Vertical groundwater flow into the deep 
aquifer might occur over a large area and the shallow 
and deep flow systems may be partially or effectively 
separated. An analysis is required at a suitable scale to 
understand such situations. The chosen study area will 
depend on many factors, including the position within 
the flow system and pumping schedules and quantities. 

When selecting the study area, inter-basin transfers of 
water, into or out of the study area, must be considered. 
For example, a municipality may obtain much of its 
water supply from groundwater, but treated wastewater 
effluent is discharged outside of the surface watershed. 
Conversely, some quantities of imported water may 
be introduced to the local flow system through septic 
systems, lawn watering, pipe leakage, etc.

Temporal Scales

Hydrologic processes are inherently sensitive to 

temporal variations caused by climate variability and 
seasonal variations. Climate variability can result in 
significant year-to-year variations in evapotranspiration, 
overland runoff, groundwater recharge and streamflow 
generated. These inter-annual variations can be short-
term (year-to-year) or longer-term (multi-decadal). In 
southern Ontario, an approximate 30-year cycle of 
droughts have occurred in the 1930s, 1960s and 1990s 
(Klaassen, 2002). These longer-term climate cycles 
may be related to larger global climate cycles such as 
El Nino, La Nina, the North American Oscillation or 
combinations of these and other cyclic climate patterns. 
Studies reporting on long-term average conditions 
should be careful their water budget values are not 
skewed by short-term climate conditions. To prevent 
short-term climate fluctuations from skewing water 
budget values, Environment Canada and the World 
Meteorological Organization recommend using 30-
year periods to describe the climate and to derive 
values from climate data (Environment Canada, 2011). 
Wherever possible, water resource practitioners should 
select a minimum 30 year time period when presenting 
long-term average water budget results.

Water budget values and hydrologic processes within 
Ontario watersheds vary significantly within a particular 
year. These variations are shown on Figure 2-19 and 
can be subdivided into four general periods. The 

Figure 2-17. Conceptual groundwater model for the south slope of the Oak Ridges Moraine within the Duffins Creek 
Watershed (Gerber and Howard, 2002)
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actual length and/or timing of each period can change 
depending on the location of the watershed and the 
year-to-year climate variability. The four general periods 
are as follows: 

• Period 1 (Winter) occurs from the beginning of 
December to the end of February. During this period, 
precipitation is predominantly snow and results in an 
accumulating snowpack. Temperatures are generally 
below freezing, with the exception of the periodic 
mid-winter melt. Due to the low temperatures, 
evapotranspiration is minimal with the exception 
of some sublimation losses from the snowpack. In 
southern Ontario watersheds, where frequent mid-
winter snowmelts are common, large amounts of 
runoff and groundwater recharge can be generated 
due to low evapotranspiration values. In Northern 
Ontario watersheds, where mid-winter melts are not 
common, streamflows are generally depressed or 
declining because most of the precipitation is stored 
within the snowpack 

• Period 2 (Spring Freshet) is from March to April. 
During this time, air temperatures rise above freezing, 
and precipitation stored within the snowpack 

throughout the winter is released. These conditions 
typically result in the highest annual streamflow 
conditions and large amounts of overland runoff. 
In addition, infiltration causes soilwater content 
to increase above field capacity and water begins 
to percolate downward, generating groundwater 
recharge and replenishing groundwater systems. 

Figure 2-18. Summer low water level at Lilly Lake 
(OMNR-SWMC)

Figure 2-19.Typical 
annual variation in 
water balance for 
Southern Ontario 
watersheds
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Evapotranspiration generally remains low due to low 
temperatures and low vegetative activity, resulting in a 
surplus of moisture on the landscape. 

• Period 3 (Summer) occurs from May to September 
and is characterized by high temperatures and 
evapotranspiration. Evapotranspiration reduces 
soilwater content from the spring freshet period, 
stopping groundwater recharge. By late summer, 
soilwater is often reduced to the soil’s wilting point.  
At this point evapotranspiration can no longer remove 
water from the soil resulting in a moisture-deficit 
condition. As soilwater is reduced, the infiltration 
capacity and available storage in the upper soil zone 
is increased. This increased capacity allows almost 
all rainfall to be infiltrated and stored within the soil 
zone, except the largest summer rainfall events, 
which may be intense enough to generate overland 
runoff or saturate the soil to the point of generating 
groundwater recharge. The water table steadily 
declines as groundwater discharge to streams is 
greater than recharge to groundwater. 

• Period 4 (Fall) occurs from September to 
December, where precipitation can be mixed rain 
and some snow. As vegetation becomes dormant, 
evapotranspiration is greatly reduced, allowing 
soilwater content to increase. This is the second 
major period of the year where the landscape is in a 
moisture surplus and groundwater recharge can be 
generated.

2.5 Water Budgets and Ecosystem Needs

We must strive to meet human needs and, at the same 
time, maintain the integrity of aquatic ecosystems. 
Aquatic ecosystems provide numerous functions of 
value to society, such as natural water treatment, 
sediment transport, moderation of floods and droughts, 
habitats that support biodiversity, healthy populations 
of commercially important native species, recreational 
opportunities and aesthetic values.

Natural variations in flows (both within and between 
years) are needed to maintain and restore the natural 
form and function of streams, rivers, springs, wetlands 
and lakes. Consideration of a single, minimum, threshold 
flow, to the exclusion of other ecologically relevant 
flows, is no longer an acceptable approach to instream 
flow management. It is also necessary to go beyond 

maintaining “means” or a subdued replica of the 
natural hydrograph because of the important functions 
of extreme flows. Similarly, wetlands depend upon 
a characteristic hydroperiod – a dynamic water level 
regime.

No presentation on water budgets would be complete 
without a discussion of what has come to be referred to 
as the Water Budget Myth. The Water Budget Myth is 
the suggestion that the “safe” sustainable pumping rate 
within a watershed is the rate of natural recharge for that 
watershed. The Water Budget Myth was first described 
in 1982, and it continues to be the subject of frequent 
commentaries in peer-review journals (Bredehoeft et 
al. 1982; Bredehoeft, 2002; Devlin and Sophocleous, 
2005). Bredehoeft et al. (1982) indicate that the laws 
governing the development of groundwater supplies 
in several jurisdictions are based on this suggestion. 
Although recharge is not the only factor that determines 
the amount of water that can be withdrawn from a 
watershed on a sustainable basis, it is nevertheless an 
important quantity for assessing the potential large-scale 
effects of water takings.

Recent publications on the subject of safe yield have 
concluded that because recharge does not enter 
directly into the estimation of the potential impacts of 
a proposed water taking, it is therefore not important. 
It is equally wrong to assume that recharge controls 
the safe yield as it is to assume that recharge is not 
important. Although the recharge does not exert a 
direct control, it does provide important insight into the 

Figure 2-20. Wire sedge fen and jack pine forest (Wasyl 
Bakowsky)
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relative magnitude of the water taking. The cumulative 
recharge over an area represents the baseflow for 
streams. Therefore, comparing the magnitude of a water 
taking with the cumulative recharge provides a useful 
indicator of the magnitude of the taking with respect to 
the overall discharge from a watershed.

When examined within the context of a water budget, 
a watershed-scale assessment of the sustainability 
of increased water takings is an assessment of the 
tolerance for the local reduction in streamflows. The 
“safe yield” represents not what can be pumped, but 
the reduction in streamflows that may occur without 
unacceptable impacts. 

In addition to water level (or streamflow) magnitudes, 
characteristics of the hydrologic regime including 
frequency, timing, duration, rate of change and 
sequences of levels (or flows) also play important roles 
in regulating ecological processes. The ecological 
response to changes in a hydrologic regime will depend 
on the degree to which critical characteristics deviate 
from natural ranges. For example, if changes are too 
great, the life-cycle needs of native species may not be 
met; they may be displaced by non-native species and 
energy flow through the ecosystem may be modified. 
Variability in water conditions between years is an 
important means to address conflicting water needs for 
various ecological processes and species; for example, 
allowing different species to flourish in different years.

Figure 2-21 illustrates an example showing the 
seasonality of streamflow and thresholds. Water levels or 
flows within certain ranges may be needed to maintain: 

• Hydraulic connections 
• Habitat conditions (for example, water depth which 

influences “living space”) 
• Channel and floodplain morphology 
• Substrate characteristics (for example, particle size 

distribution and looseness) 
• Water quality characteristics (for example, water 

temperature and dissolved oxygen levels)

The water needs of an aquatic ecosystem, or the effects 
of hydrologic changes on the system, can be considered 
relative to a “natural” regime or in terms of the critical 
functions of the system, or both. 

The groundwater and surface water models developed 
as part of the water budget process are important tools 
to investigate the potential effects of water resources or 
land development scenarios on the hydrologic regime. 
Provided that the spatial and temporal resolutions 
of these models are sufficient, they may be used 
to develop hydrologic time series (e.g., daily mean 
streamflows or monthly mean groundwater levels) for 
various scenarios and a reference condition. These 
time series would be generated for points of interest, 
using the same long-term meteorological inputs for 
all the scenarios. The time-series data can be used to 
calculate a suite of ecologically-relevant hydrologic 
statistics and the degree of alteration for various 
scenarios can be compared. The hydrologic statistics 
describe the average values for important measures of 
the magnitude, duration and timing of water conditions 
for the simulation period, as well as the year-to-year 
variability. 

A variety of tools can be used to evaluate the water 
needs for critical ecological functions or the potential 
effects of various scenarios on these functions. Hydraulic 
models (1D or 2D for more complex hydraulics) can be 
used to evaluate longitudinal and lateral connectivity 
under various flow conditions.

Figure 2-22 shows the streambed and water surface 
profile for a specific streamflow. Hydraulic models can 
be used to simulate the water surface profiles under 
other streamflows to determine the flow conditions and 
locations that may prevent fish passage.

Hydraulic models can be combined with information 
on the habitat preferences (often expressed in terms of 
water depth and velocity) for specific species to evaluate 
habitat availability. They can be combined with sediment 
transport equations to evaluate potential effects on 
geomorphic functions or combined with water quality 
models to evaluate potential impacts on water quality.

On extreme flows… 

“… half of the peak discharge will not move 
half of the sediment, half of the migration 
motivational flow will not move half of the fish, 
and half of an overbank flow will not inundate half 
of the floodplain.” (Poff et al., 1997)
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Figure 2-21. Critical geomorphic flow, Credit River (modified from Al Zaghal, Bradford, 2010)

Figure 2-22. Streambed and water surface profile (adapted from AquaResource, 2007)
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Acknowledgments: Beaton A., Bradford A., and D. Joy, 
University of Guelph, School of Engineering

Introduction

It is widely recognized that a dynamic water regime is 
required to sustain the structure and function of streams 
and wetlands. Environmental flow assessment (EFA) is 
an approach that can be applied to manage or restore 
water regimes to better support valued features and 
functions of an aquatic ecosystem. A guidance document 
was developed by Lake Simcoe Region Conservation 
Authority (LSRCA) in collaboration with Dr. A. Bradford to 
provide a framework for developing target flow regimes 
within the Lake Simcoe Watershed. This framework was 
tested and refined through application in Lovers Creek 
Subwatershed within the LSRCA (Figure 2). This project is 
briefly described below.

Application of the Refined EFA Framework

The project consisted of three main phases: context 
setting, hydro-ecological analysis and target regime 
development.

Phase 1 - Context Setting:

Information to complete the context setting phase was 
primarily derived from existing literature and scientific 

Figure 2: Lovers Creek Subwatershed with streamflow and water level analysis points

expert input. In this 
phase, subwatershed 
characteristics, goals, 
habitat specialists, required 
functions and streamflow 
and wetland analysis points 
were compiled. In addition, 
the most important 
variables necessary to 
sustain required functions 
were identified in order 
to refine the scope of the 
assessment. For Lovers 
Creek Subwatershed, 
coldwater fish, wetland 
amphibians and wetland 
vegetation were identified 
as important habitat 
specialists, and an effort 
was made to identify 
required functions and 
the variables important to 
sustaining these functions.

Phase 2 - Hydro-
ecological Analysis:

In the hydro-ecological 
analysis phase, the City of 
Barrie Tier Three MIKE-
SHE model was used to 
simulate the streamflow 
and water level regime 
at each analysis point for 
natural (pre-settlement) 
and current (2008) land 
cover conditions. A variety 
of statistics generated 
by the Indicators of 
Hydrologic Alteration 
(IHA) software were used to compare the natural and 
current hydrologic regimes. The potential effects of 
hydrologic alterations were then hypothesized using 
general flow-ecological response relationships that have 
emerged through decades of EFA research. Physically-
based numerical models are a critical tool for predicting 
hydrological changes as they can be used to simulate 
more natural and future scenarios. In addition, the use 
of an integrated groundwater-surface water model such 
as MIKE-SHE offers a better capability to simulate the 
range of hydrologic processes important to cold water 
species and wetlands.

Figure 1: Lover’s Creek
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Phase 3 - Development 
of a Target Regime:

Two types of targets were 
proposed (Figure 4). 
The first targets, called 
“Overall Ecosystem 
Health” targets, are set 
to protect ecological 
functions that are not 
explicitly identified as 
being important in the 
context setting phase. 
The second targets, 
called “Ecological 
Objective” targets, are 

set to protect the specific functions identified in the 
context setting phase. Both targets were set based on 
the modelled natural regime, which again highlights the 
importance of physically-based numerical models within 
this framework. Verification of flow magnitudes required 

to maintain ecological objectives was attempted using 
sediment transport equations and hydraulic modelling, 
however the available data proved to be inadequate for 
this application.

The preliminary targets that were developed provide 
a foundation for a target regime that incorporates 
many of the characteristics recognized to be important 
to aquatic ecosystems. The targets are based on 
hydrological simulation, so their accuracy is largely 
dependent on the accuracy of the water budget model, 
which we understand is among the most advanced 
Tier Three models in the Province at this time. Target 
verification should be completed using a combination 
of tools that look for converging lines of evidence 
along with subsequent monitoring to confirm the 
hypothesized flow-ecological response relationships and 
the effectiveness of the targets. It is suggested that the 
targets be applied to assess the potential impact/benefit 
of development/restoration through the evaluation of 
various scenarios using the water budget model.

Figure 3: Lover’s Creek

Case Study 3 Application of a Water Budget Model for Assessing Environmental  
Flow and Water Level Regimes in a Southern Ontario Subwatershed

Figure 4: Target regime for the streamflow site at the mouth of the subwatershed
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333. Water Budget Information

Water budgets rely on large amounts of data relating to 
climate, surficial geology, soils, topography, land cover, 
streamflow, geology and water takings to develop an 
understanding of hydrologic processes for a watershed. 
Obtaining and properly managing high-quality data is 
critical to the successful completion of a water budget. 
This chapter provides a brief overview of the various 
sources of data for Ontario water budgets and also 
identifies some key considerations associated with the 
collection and use of hydrologic and hydrogeologic 
monitoring data.

3.1 Information Management

An immense amount of data is required for preparing a 
water budget for a specific area. Geospatial datasets and 
geographical information systems (GIS) are commonly 
used to characterize the study area and to complete 
analyses. Commonly used information includes: 

• Information to describe and characterize the local 
environment (e.g., locations of land features, 
boundary extents or conductivity rates) 

• Information on anthropogenic interactions with water 
resources (e.g., water takings or water releases to/
from water bodies) 

• Continuously monitored data (e.g. streamflow, 
groundwater levels or precipitation data) 

• Trends of past data and plans for the future (e.g., 
future planned pumping rates or future planned land 
use)

• Modelled information (either continuous or snapshot 
data) (e.g., continuous simulated streamflow or 
simulated recharge rates)

Because so much data is needed and used, it is 
crucial to have the ability to strategically manage this 
information. Information management must be flexible 
enough to allow information to be added or updated 
without losing integrity or accuracy in the datasets; 
to allow information to be used by other software or 
exported to a different format for another user; and 
to allow information to be analyzed in order to create 
“new” or derived information. 

GIS or geospatial databases are beneficial because they 
have the capability of storing two types of data for two 
types of analysis: 

• Tabular data that gives “hard” information – for 
example the precise amount of a water taking at a 
single location that can be analyzed by summing 
values to determine the quantity of water taken in a 
municipality. 

• Visual (mapped) data that gives “relational” 
information – for example visualizing areas which are 
underlain by clay plains versus sand plains to inform 
modelling parameters and evaluation of recharge 
rates in those areas.

Tabular data is linked to mapped data to provide an 
enormous range of possible analyses for a given dataset. 
Commonly, these large datasets are maintained by 
centralized or provincial organizations that can ensure 
studies being done by multiple parties across a wide 
area have access to the same standard information 
with standardized quality control. The following 
section describes the various datasets or databases 
made available by different organizations for use in 
water budget creation or more general water resource 
management. Chapter 4 provides context on how each 
of these datasets is used. 

A recent project was undertaken by the Water Resources 
Information Program (WRIP) and conservation authorities 
across Ontario to create and manage a repository for all 
the information created by the Source Water Protection 
program’s Tier One, Two and Three studies. The 
following case study presents the geodatabase project 
as an example of an information management system 
resulting from the Clean Water Act.



Acknowledgements: Caryn Perry, MNR; Rob Brown, 
AquaResource, a Division of Matrix Solutions; and Scott 
Bates, MNR

In 2008, a project was initiated by the MNR’s Water 
Resources Information Program (WRIP) to collect and 
make use of the vast amount of data being produced by 
the Source Protection program’s tiered water quantity 
stress and risk assessments. To continue advancing 
local and provincial knowledge of water quantity and to 
provide new insights on its availability, use and resilience 
to threats, the Water Quantity Geodatabase project was 
piloted throughout the province.

The first step in the process of creating the geodatabase 
was to create a logical model framework that would 
make use of the information created in the water budget 
process and provide a preliminary structure for database 
design. The resulting logical data model was a graphical 
representation of the information to be captured 
in the geodatabase, with logical fields or attributes 
attached to each component and relationships between 
datasets identified. Figure 1 summarizes the data and 
relationships captured in the logical model.

Once the logical data model was complete, its structure 
was used to develop a physical data model, in which 
the elements of the logical model were migrated into 
a physical database with the ability to store geospatial 
information. Both tabular and spatial information is 
stored in the physical database (Figure 2) to represent all 
of the individual deliverables that were required in the 
final assessment report by the Clean Water Act. These 

deliverables include:

• Tier One/Two water budget subwatershed boundaries 
(polygons)

• Tier One/Two/Three numerical model boundaries 
(polygons)

• Water use (points/polygons)
• WHPA-Q1 & Q2 boundaries (polygons)
• IPZ-Q boundaries (polygons)
• Tier Three local area boundaries (polygons)
• Significant groundwater recharge areas (polygons)
• Consumptive water use and recharge reduction 

threats (points/polygons)

In addition, detailed individual water budget 
components are stored in database tables (e.g. 
recharge, runoff, evapotranspiration, etc.) as well as 
consumptive water demand and percent water demand 
results.

Figures 3, 4 and 5 capture some of the geospatial 
information stored in the geodatabase, including the 
boundaries of existing numerical models, the identified 
significant groundwater recharge areas, and the 
wellhead protection areas.

The Water Quantity Geodatabase is a facilitation tool to 
allow source protection areas (SPAs) and conservation 
authorities (CAs) to manage a repository of all the water 
quantity data produced for their assessment reports. 
The information is populated at the SPA level by a 
combination of GIS staff and the local Water Budget 
Lead or consultant. Although the authoritative copy of 
the data is maintained and stored at the SPA level for 
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Figure 1: Water budget data model – summary of model logic components

Case Study 4 Water Budget Data Model
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local editing and use, the geodatabase is not simply 
a data catch-all; it provides a foundation for broader 
watershed management activities completed by the 
Province:

1. One of the key benefits of having this single 
standardized database for all water quantity 
information is that information can be viewed and 
analyzed from a broader perspective. Traditionally, 
information is submitted to the Province in various 
report formats with different units. The information 
is piecemeal, requiring analysts to flip back and 
forth between the various formats to try to identify 
provincial trends. This method hinders broader 
regional or provincial analysis of trends as well 
as makes it difficult to disseminate accessible 
information back to CAs for more local use. Using 
the geodatabase, a provincial water budget analyst 

may be able to find trends in water quantity threats 
that are particular to an area of the province. A 
conservation authority staff member may identify 
similar trends in neighbouring CAs that may lead 
to project partnerships for tackling various water 
quantity issues.

2. A second major benefit of this project is the querying 
ability made possible through the database. Quality 
assurance and quality control of database entries 
can be performed at the provincial level, ensuring 
accuracy and consistency of information entered from 
SPAs across the province. Constraints on data can 
also be applied to flag any entries that do not meet 
the specified range. With this quality assurance and 
quality control ability, data provided back to local 
users is more accurate and consistent.

3. A third benefit is the efficiency that which reporting 
can be done. Because the formatting of all units and 
entries is standardized, it takes a small amount of 
time to run a query and generate a polished report of 
information. This is helpful both on a provincial and 
local level.

4. A fourth benefit includes both the portability of data, 
making it very easy to share and transport, as well 
as the ability to use the data to work with other data 
sources. For example, because of the standardized 
structure, it would be very possible to compare water 
quality data with the water quantity data and to have 
multiple databases communicate with one another 
and analyze data trends.

The objective of the Water Quantity Geodatabase 
project was to create a definitive water budget 
data structure to enable standardized collection of 
information. It assists water resource managers and 
decision makers in conservation authorities and in 
multiple government ministries in managing watersheds 
knowledgably and with accurate and extensive 
information available to them.

Figure 3: Numerical model 
boundaries

Figure 4: Significant groundwater 
recharge areas

Figure 5: Water Quantity Wellhead 
Protection Areas

Figure 2: Tabular and spatial information in the Water 
Quantity Geodatabase
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3.2 Data Sources

Hydrologic studies are constrained by the availability 
of observational data in a number of categories, 
including meteorology, streamflow, well records, channel 
geometry and mapping. Data requirements can be 
substantial, requiring investments of time and resources 
to gather and process data prior to completing 

hydrologic studies. In Ontario, various public-sector 
organizations, including provincial and federal agencies, 
conservation authorities and municipalities, are 
responsible for collecting, managing and distributing 
meteorological data, streamflow data, geospatial data, 
hydraulic data and water quality data.Table 3-1 provides 
a summary of the main data sources for water resource 
studies in Ontario.

Table 3-1. Summary of Data Sources for Ontario Water Budget Studies

Data Source Environment Canada –  Meteorological Services http://climate.weatheroffice. 
 Meteorological Data of Canada (MSC)  gc.ca/

Data Description Online historical Canadian climate data for specific locations and dates:

 Hourly Climate Data:  Daily Climate Data:  Climate Station Metadata:

 •	 Temperature	 •	Maximum	temperature	 •	 Latitude	and	longitude	
	 •	 Dew	point		 •	Minimum	temperature	 •	Elevation		
	 •	 Relative	humidity	 •	Relative	humidity	 •	 Identification	number	
	 •	 Wind	speed	and	direction	 •	Total	rain	
	 •	 Visibility	 •	Total	snow	
	 •	 Pressure	 •	Total	precipitation	
	 •	 Humidex		 •	Snow	on	ground		
	 •	 Wind	chill	 •	Wind	gust	speed	and	direction	
	 •	 Occurrence	of	weather	 •	Heating	degree	days	
	 •	 Solar	radiation	 •	Cooling	degree	days

Data Source Conservation Authorities (CAs)  Data obtained from CAs

Type of Data Meteorological and Hydrological

Data Description Climate and/or hydrological data recorded by public, government or private organizations and  
 managed by the conservation authority:

	 •	Climate	data	(rainfall,	snowfall,	temperature,	etc.)

	 •	Streamflow	and/or	water	level	data	at	provincially-operated	stream	gauges

Data Source Environment Canada –  Water Survey Canada (WSC) http://www.ec.gc.ca/rhc-wsc/ 
 Hydrological Data

Data Description Hydrometric Real-time Data:

 Public	access	to	real-time	water	level	data	at	+500	locations	in	Ontario	through	federal-provincial		
	 cost-sharing	agreements.

 Archived Hydrometric Data:

	 Public	access	to	daily	historical	water	level	and	streamflow	data	collected	at	+1000	locations	in		
	 Ontario	through	federal-provincial	cost-sharing	agreements.

 Water Level and Streamflow Statistics:

	 Daily	or	monthly	statistics	(e.g.,	mean,	min,	max)	of	water	levels	and	streamflow	for	selected	stations.

 Archived Suspended Sediment Data:

	 Public	access	to	historical	suspended	sediment	data	(instantaneous,	concentrations	and	loads),		
	 collected	at	+200	locations	in	Ontario	through	federal-provincial	cost-sharing	agreements.

Data Source Ontario Ministry of Environment  Provincial Groundwater http://www.ene.gov.on.ca/ 
 - Hydrogeological Monitoring Network (PGMN) environment/en/monitoring_ 
   and_reporting/provincial_ 
   groundwater_monitoring_ 
   network/index.htm

Data Description Database of recorded water levels and water quality for wells within the monitoring network:

	 •	Hourly	groundwater	levels	and	water	quality	information	for	+400	monitoring	wells	within	Ontario.

http://climate.weatheroffice.gc.ca/
http://www.ene.gov.on.ca/environment/en/monitoring_and_reporting/provincial_groundwater_monitoring_network/index.htm
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Data Source Ontario Ministry of Environment  Water Well Information Data obtained through   
 - Hydrogeological System (WWIS) MOE or CAs

Data Description Water well information for any well drilled in Ontario:

 Records must contain: 

 •	 Well	water	record	number 
	 •	 County	code 
	 •	 UTM	zone,	easting	and	northing

 Records also contain:

	 •	 Location	(municipality,	concession,	lot) 
	 •	 Construction	date 
	 •	 Well	type	(overburden	or	bedrock)	 
 •	 Well	status	(observation,	water	supply,	abandoned)	 
	 •	 Well	elevation	 
	 •	 Well	depth	 
	 •	 Water	level	(static	or	during	pumping	test) 
	 •	 Pumping	test	(rate,	duration,	method,	recommended	pump	depth	and	rate,	water	condition)	 
	 •	 Well	screen	(number,	diameter,	top	and	bottom	depth,	length,	slot	size) 
	 •	 Borehole	(construction	method,	stratum	number,	geologic	material,	thickness,	colour,	depth)	 
	 •	 Well	casing	(diameter,	material,	depth)	well	plug	(type,	depth)	 
	 •	 Found	water	(type,	water	starting	depth)	 
	 •	 Water	use 
	 •	 Well	contractor	or	owner

Data Source Ontario Ministry of  Ontario Oil, Gas and  www.ogsrlibrary.com   
 Natural Resources Salt Resource Library

Type of Data Hydrological

Data Description Collection, generation, and distribution of information on the subsurface geology, petroleum  
 and salt resources of Ontario.

 Well information for oil and gas wells drilled in Ontario.

Data Source Ontario Ministry of  Ontario Borehole www.mnr.gov.on.ca/en/ 
 Natural Resources Database on LIO Business/LIO/

Type of Data Hydrological

Data Description Geotechnical and scientific borehole information in Ontario:

 •	Location 
	 •	Stratigraphy 
	 •	Depth 
	 •	Elevation 
	 •	Year	drilled

Data Source Ontario Ministry of Environment Permit To Take Water Data obtained through 
  – Water Demand (PTTW) Database MOE or CAs

Data Description The Province of Ontario issues a PTTW for water takings greater than 50,000 L/day:

 Permit information includes: 

 •	Permit	number 
	 •	 Location	(UTM	zone,	easting	and	northing)	 
	 •	Taking	type	(groundwater	or	surface	water)	 
	 •	Taking	source	 
	 •	Maximum	permitted	rates		 
	 •	General	and	specific	purpose	 
	 •	Municipality	 
	 •	Client	 
	 •	Date	(issued	and	expiry)	 
	 •	Reported	rate	(only	recent	permits)

http://www.mnr.gov.on.ca/en/Business/LIO/
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Data Source Ontario Ministry of Environment  Provincial Water Quality www.ene.gov.on.ca/envision/ 
 – Surface Water Quality Monitoring Network water/pwqmn/index.htm 
  (PWQMN)

Data Description Surface Water Quality Information for 390 monitoring locations (2005):

 Records contain standard water quality indicators: 

	 •	Chloride	 
	 •	Nutrients	 
	 •	Suspended	solids	 
	 •	Trace	metals 
	 •	General	chemistry

 Records	may	contain	detailed	water	quality	indicators:	

	 •	Pesticides	 
	 •	Disease-causing	substances	 
	 •	Contaminants

Data Source Ontario Ministry of Natural  Land Information Ontario www.mnr.gov.on.ca/en/ 
 Resources – Geospatial / (LIO) Business/LIO/ 
 Mapping

Data Description Compilation of geospatial data for Ontario

 Online	database	of	+250	geospatial	datasets	including:

	 •	Surficial	geology		 •	Flow	gauges 
	 •	Bedrock	geology		 •	Dams 
	 •	Hummocky	topography		 •	Water	body	(lines	and	polygons)	 
	 •	Soils		 •	Watershed	(secondary,	tertiary,	quaternary)	 
	 •	Aggregate	extraction		 •	Aquatic	resource	area	(ARA) 
	 •	 Land	cover,	land	use		 •	Environmentally	sensitive	area	(ESA) 
	 •	Wetlands		 •	Spawning	area	 
	 •	Built	up	areas		 •	Area	of	natural	and	scientific	interest	(ANSI)	 
	 •	Municipal	boundaries		 •	Orthophotos	 
	 •	Administration	boundaries		 •	Digital	Elevation	Model	(DEM) 
	 •	 Landfills 
	 •	Climate	stations

Data Source Natural Resources Canada –  Geological Survey of www.gsc.nrcan.gc.ca  
 Geospatial / Mapping Canada (GSC)

Data Description Geoscientific information and maps (of Canada);

	 •	Geoscientific	information,	research	and	maps	available	online	and	for	purchase.

Data Source Ministry of Northern  Ontario Geological Survey www.mndm.gov.on.ca/ 
 Development, Mines and  (OGS) mines/ogs/default_e.asp 
 Forestry – Geospatial / Mapping 

Data Description Geoscientific information and maps (of Ontario);

	 Geological	data,	information	and	services	available	through	geological	mapping,	geophysical	 
	 surveying,	data	management,	applied	research	and	publications.

The following sections discuss the various types of water budget monitoring data in detail.

3.2.1 Meteorological Data

Meteorological data are fundamental inputs for water 
budgets and are collected across Ontario by the 
Meteorological Service of Canada (MSC), a branch 
of Environment Canada. Figure 3-1 illustrates the 

locations of the MSC’s monitoring network across 
Ontario. Historical climate data are available online 
at many of these stations for numerous parameters, 
including precipitation and air temperature or by special 
request for solar radiation and evaporation data. The 
MSC climate network is supplemented by additional 

http://www.mnr.gov.on.ca/en/Business/LIO/
http://www.ene.gov.on.ca/envision/water/pwqmn/index.htm
http://www.mndm.gov.on.ca/en/mines-and-minerals
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climate stations operated by conservation authorities, 
municipalities and universities. However, water budget 
practitioners must be aware that these stations may 
not be installed, operated or maintained to the same 
standards as the MSC stations.

Various types of instruments are used for the collection 
of meteorological data as described below:

Stevenson Screens

A Stevenson screen (Figure 
3-2) is a white louvered box 
that encloses and protects 
the meteorological 
instruments inside. The 
enclosure provides a 
standard environment to 
measure air temperature 
(wet bulb and dry bulb), 
humidity and atmospheric 
pressure. The box protects 
the equipment from 
precipitation, the white 
exterior protects the temperature sensor from being 
influenced by direct or reflected sunlight, and the 
louvered sides allow air to circulate freely.

Precipitation Instruments

Several devices are used to record precipitation 
amounts; some measure rainfall and snowfall and some 
measure only one or the other. Types of rain gauges 
include standard rain gauges, tipping buckets or 
weighing precipitation gauges as described below: 

• Standard Rain Gauges. A 
standard rain gauge is essentially 
a graduated column inside a 
cylinder (Figure 3-4). These 
gauges are used at stations 
where someone is available to 
record measurements manually, 
typically on a daily basis. The 
depth of rainfall is read off the 
graduated column and emptied 
after each measurement. If 
more rain falls than the column 
can hold, the rain fills the outer 
cylinder and can be measured 
separately. Standard rain gauges 
are accurate for rainfall depth; 
however, they do not capture 
information on rainfall intensity 
or on snowfall. 

• Tipping Bucket Rain Gauges.  
The tipping bucket rain gauge 
(Figure 3-3) consists of a cylinder set on the ground, 
or just above the ground, with a funnel on the top 
of the cylinder that collects the precipitation. The 
precipitation falls onto one of two small buckets 
at either end of a lever. After a certain amount of 
precipitation falls, 
typically 0.2 mm, the 
lever tips, sending an 
electrical signal to a 
recorder. As the lever 
tips, precipitation is 
then directed into the 
second bucket, where 
the process is repeated. 
Every time the bucket 
is tipped, the electrical 
signal is sent and 
recorded. The number 
of signals per time 
period indicates the 

Figure 3-1. Active Environment Canada active climate 
stations in Ontario (MNR)

Figure 3-2. Stevenson 
Screen or instrument 
shelter (Fairmount, 2010)

Figure 3-3.Tipping bucket 
rain gauge (Mesotech 
International, 2010)

Figure 3-4.
Standard rain 
gauge (Rainman 
Weather, 2010) 



rainfall intensity. There is a small hole in the bottom 
of the cylinder to release precipitation that has 
poured out of the buckets. Tipping bucket gauges 
can be outfitted with heaters during winter, to melt 
and measure the water content in snowfall. Although 
tipping buckets capture intensity characteristics of 
a rainfall event, they are generally less accurate with 
respect to the total volume of rainfall. In intense 
events, tipping bucket rain gauges can underestimate 
the amount of rainfall. For these reasons, tipping 
buckets are almost always installed alongside a 
standard rain gauge, and their volumes are corrected 
as per the standard rain gauge recording. 

• Weighing Precipitation Gauge. A weighing 
precipitation gauge continuously weighs the mass 
of the precipitation (rain and snow) received. The 
advantages of this type of gauge are that it does not 
underestimate intense rain, and it can measure frozen 
precipitation without a heating coil. These gauges 
are more expensive and require significantly more 
maintenance than tipping bucket gauges. 

• Snow Measurements. 
Various snow 
measurement 
instruments may also 
be located at climate 
stations where more 
detailed precipitation 
information is required. 
A snow gauge (Figure 
3-5) is used to capture 
snow and measure its 
water content. The 
shape of the outer shell 
is designed to reduce 
wind turbulence over 
the top of the gauge. 
Snow is contained 
within a copper cylinder, 
which is removed in 
order to melt the snow 
and measure the water 
equivalent. Ultrasonic snow depth sensors send a 
pulse of sound to the ground to measure the depth 
of snow cover. Other advanced precipitation sensors 
determine if precipitation is falling as rain, freezing 
rain or snow when the temperature is near 0˚C.

Other Meteorological Measurements

Additional parameters, such as solar radiation, 
evaporation and wind speed, are only monitored at 
some climate stations. Solar radiation is measured 
through use of a device called a pyranometer. 
Pyranometers measure both direct and diffuse solar 
radiation. Solar radiation programs at Environment 
Canada stations include global solar radiation, sky 
radiation, reflected solar radiation, net radiation, 
daylight illumination and combinations of the above. 
Solar radiation is often used within hydrologic models 
for evapotranspiration or snowmelt routines. 

• Pan evaporation is 
the measurement of 
evaporation from a pan 
of water. Evaporation 
pans are built to 
standard dimensions 
like the Class A 
evaporation pan used 
by Environment Canada 
and shown in Figure 3-6. 
Water is filled to certain 
level in the pan and 
after a period of time the volume of water required 
to refill the pan to that same level is recorded. Pan 
evaporation measurements are adjusted if rainfall 
occurs; however, they are more prone to error during 
daily rainfall events greater than 30 mm as the pan 
can overflow. Pan evaporation measurements are not 
possible in the winter when ice forms on the surface 
on the pan. 

• Wind speed and 
direction is measured 
by an anemometer. 
The most common 
type of anemometer is 
the cup anemometer 
(Figure 3-7). The cups 
are fixed horizontal 
arms connected to a 
vertical shaft. Air flow 
turns the cups in a 
manner proportional 
to the wind speed. Logging equipment captures the 
speed at which the cups turn. Wind vanes are also 
typically included to capture the wind direction. Wind 
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Figure 3-5. Snow gauge 
(Environment Canada, 
2010)

Figure 3-6. Class A 
evaporation pan (US 
Bureau of Meteorology, 
2007)

Figure 3-7. Cup 
anemometer measures 
wind speed and direction 
(NOAA, 2010)
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speed can be used within hydrologic models for 
evapotranspiration routines.

3.2.2 Water Quantity Data

Water quantity data include surface water level and flow 
and groundwater level measurements. Sources of water 
quantity data in Ontario are discussed below.

Surface Water

The Water Survey of Canada (WSC), a branch of 
Environment Canada, is the national agency responsible 
for the collection, interpretation and dissemination of 
standardized surface water quantity and sediment data 
in Canada. Within the Province, surface water quantity 
monitoring is undertaken by a partnership between 
Environment Canada, the Ontario Ministry of Natural 
Resources (MNR) and the conservation authorities. Local 
conservation authority stream gauges also supplement 
the federal/provincial stream gauge network; however, 

they are not necessarily operated to the same standards, 
as discussed below.

Figure 3-8 illustrates the configuration of a stream 
flow monitoring station. The water level or stage is 
continuously measured using a float or bubbler-type 
pressure logger. Continuous observations are recorded 
on a datalogger and then transmitted to the collection 
agency by various means including telemetry.

Manual streamflow measurements are taken at the 
monitoring location to generate a rating curve which 
relates water levels and river discharge. This relationship 
is used to generate continuous streamflow data from the 
recorded water level data. Rating curves may change 
over time due to changes in stream geomorphology, 
plant growth or backwater effects.

WSC manages water level and streamflow data for 1,117 
monitoring locations in Ontario, with 561 active stations 
and 556 inactive (historical) stations. Real-time data is 

Figure 3-8. Operation of streamflow monitoring gauge
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available at 519 monitoring stations in Ontario. Real-time 
and active climate stations operated by WSC in Ontario 
are shown on Figure 3-9.

WSC performs quality assurance and quality control 
checking on all data collected through the program. 
This checking includes correcting for backwater effects 
due to ice and algae growth, as well as frequent manual 
streamflow measurements to confirm the rating curve. 
WSC publishes an updated rating curve to address 
changing channel geometries. Streamflow data from 
other agencies may not be subjected to the same level 
of quality assurance and quality control procedures as 
WSC. Each data source should be verified for backwater 
corrections.

Groundwater

The Provincial Groundwater Monitoring Network 
(PGMN) is managed through a partnership between the 
Ministry of Environment and conservation authorities. 
The PGMN was renewed in 2001 and monitors ambient 
groundwater level and water quality at more than 400 
wells across the Province. Most of the PGMN wells are 

outfitted with cellular telemetry that transmits water 
level data to a central information management system, 
known as the Provincial Groundwater Monitoring 
Information System (PGMIS), every two weeks. The 
PGMIS system is web-based and allows users to directly 
download water level information; however, PGMIS is 
only accessible to program partners.

In Ontario, 
Regulation 903 
of the Ontario 
Water Resources 
Act, requires that 
every person 
constructing a 
well makes and 
keeps field notes 
that include 
a complete 
record of the 
well location, 
construction 
and equipment/
materials used 
at the well. 
Additionally, a log 
of overburden and 
bedrock materials 
encountered 
must be kept, 
as well as depth 
to groundwater 
and water quality 
observations. 
Figure 3-13 
illustrates an 
example of one 
of these logs, 
which is referred 
to as a water well 
record. Water 
well records are 
submitted to the 
Ontario Ministry of 
Environment (MOE) 
and are input into 
the Water Well 
Information System 
(WWIS) database. 
The WWIS 

Figure 3-9. Active and real-time hydrometric gauges 
operated by WSC in Ontario 

Figure 3-10. Gauge house (OMNR-
SWMC)

Figure 3-11. Streamflow monitoring 
in winter (OMNR-SWMC)

Figure 3-12. Water level measure at 
a stream gauge (OMNR-SWMC)
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database contains records of water wells developed 
since 1945, with records numbering over 500,000. The 
database includes information such as coordinates, 
construction date, well depth, primary and secondary 
use, pump rate, static water level, well status, etc. 
Also included are detailed stratigraphic information, 
approximate depth to bedrock and the approximate 
depth to the water table.

The geological information contained within the WWIS 
allows the water manager to construct a conceptual 
understanding of the overburden and bedrock materials 
present within the watershed, and to develop an 
understanding of groundwater flow processes. This 
information is the foundation of three-dimensional 
groundwater flow models.

Additional geologic databases include the Ontario Oil 
and Gas Well database and the Borehole database. 
In 1998, the Ontario Oil, Gas and Salt Resources 
Corporation was given the responsibility of maintaining 
a database of all oil and gas wells drilled in Ontario. The 
database currently has over 20,000 wells with information 
such as well owner/operator, location, status, depth and 
the primary target (rock unit) of the drilled well. Geologic 
and stratigraphic information, as well as depth to water 
table, is also provided for each record. While overburden 
geologic information contained within the oil and 
gas database is typically limited (all overburden units 
lumped into “drift”), the database does contain useful 
information on bedrock surface elevation, and the depth 
of bedrock units.

The Borehole database is maintained by the Ministry 
of Natural Resources’ Water Resource Information 
Program. This database includes borehole information 
associated with geotechnical investigations, 
environmental site assessments, mineral exploration or 
other investigations where borehole data is generated. 
Data sources included in the Borehole database include 
Ministry of Transportation boreholes from engineering 
reports and projects, and Ontario Geological Survey 
which subsequently includes the Urban Geology Analysis 
Information System (UGAIS) and the York Peel Durham 
Toronto (YPDT) database of the Conservation Authority 
Moraine Coalition. The Borehole database includes 
information such as location, stratigraphy, depth, 
elevation and year drilled. The Borehole database is 
available from Land Information Ontario (LIO).

3.2.3 Water Takings

Within the Province of Ontario, the MOE is responsible 
for regulating both groundwater and surface water 
takings. The MOE requires water users taking greater 
than 50,000 L/day to apply for and obtain a Permit 
To Take Water (PTTW). Exceptions are granted for 
domestic water use, livestock watering and water taken 
for firefighting purposes. The MOE reviews the PTTW 
applications to ensure that the proposed taking does 
not interfere with surrounding water takings or cause an 
adverse environmental impact. 

The following sources of data regarding the Province’s 
PTTW program are available: 

• PTTW Summary Database. The MOE maintains 

Figure 3-13. Sample water well record for the WWIS
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a database of PTTW, and this database contains 
information relating to the actual permit. This 
database does not necessarily include sufficient 
information relating to water taking and consumptive 
use as required for a proper water budget 
assessment. 

• Water Taking Reporting System. The PTTW program 
requires PTTW holders to report their actual pumping 
rates as part of the Water Taking Reporting System, 
which will assist in producing more accurate water use 
estimates. The Water Taking and Transfer Regulation 
(O. Reg. 387/04) came into effect January 1, 2005. 
This regulation introduced mandatory monitoring and 
reporting by all PTTW holders. Permit holders must 
record their daily water takings for each calendar year 
(i.e., January 1 to December 31) and report these 
volumes by March 31 the following year to the MOE. 
The data collection and reporting were phased in 
from 2005 to 2008 based on the purpose of the water 
use as stated in the permit. Data relating to the Water 
Taking Reporting System are available from the MOE.

3.2.4 Water Resources Information Program (WRIP)

Ontario government ministries, municipalities and 
conservation authorities all require access to high-quality 
water resources geospatial information for various 
programs and studies. The provincial body responsible 
for ensuring the accessibility of this data is the Water 
Resources Information Program (WRIP), part of the 
Ministry of Natural Resources. The WRIP regulates this 
information provided to users across the Province. They 
standardize and improve existing data, provide data 
analysis, assemble orthoimagery of the province from 
various sources, manage water datasets and provide 
training to water resources practitioners, among many 
other tasks.

3.2.5 Land Information Ontario (LIO)

LIO manages geographical information within Ontario 
for use in mapping and GIS exercises. LIO holds over 
250 layers of geographic data that can be accessed by 
registered users in the public, government and private 
sectors (LIO, 2010). LIO operates a web-accessible 
database, information directory and data exchange to 
facilitate data usage. Examples of data available from 
LIO include the Ontario Road Network, Ontario Trail 
Network and Ontario Parcel Database.

3.3 Data Quality, Data Limitations and Uncertainty

Data quality, and its influence on characterizations 
or predictions, should be given a high level of 
consideration by water resource practitioners when 
completing a water budget. There are a number of 
issues associated with data quality that include: 

• Data gaps 
• Geologic uncertainty 
• Measurement error 
• Parameter uncertainty 
• Prediction uncertainty

These data quality issues are described in the following 
subsections.

Data Gaps

Data gaps introduce a major source of uncertainty in 
water budgets. While measurements and mapping 
may have a high level of confidence at a specific 
location, practitioners are always required to make 
estimates relating to aboveground or belowground 
characterization in areas where minimal data exists. 
Often, these areas with limited data also correspond 
to areas having hydrologic or hydrogeologic stresses 
and are therefore looked at closely as part of the water 
budget assessment. 

Data gaps reduce the accuracy of simulated absolute 
values and reduce the confidence of the water budget. 
Recognizing potential data gaps, the impact of these 
gaps and the need to fill these data gaps with the best 
possible information are all important aspects to identify 
at the beginning of the study. Filling data gaps may 
require additional field monitoring, field or pilot-scale 
research, focussed field surveys or a literature review 
to gather additional existing information. Monitoring 
can help fill information gaps, contribute to future 
studies and enable the compilation of long-term records 
necessary for comprehensive water resource studies.

Consumptive Water Demand Uncertainty

Water budgets are often completed in areas to predict 
the influence of water use on the natural environment. 
Consumptive water demand refers to the portion of 
water taken from surface water or groundwater that is 
not returned back to its source in a reasonable amount 
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of time. Consumptive water demand estimates are 
subject to greater uncertainty when there are few 
records of actual pumping rates and where it is difficult 
to estimate the amount of water returned back to a 
source.

Geologic Uncertainty

Water budgets focussing on groundwater are often 
based on a characterization of hydrogeologic units (e.g., 
aquifers and aquitards). This characterization involves the 
interpretation of available borehole data which consists 
of higher quality boreholes and widely-available water 
well records. Water well records provide a record of 
geologic conditions as observed by a water well driller or 
geologist. The detail and quality of these observations 
varies significantly; where these observations have less 
quality, there is a greater amount of uncertainty relating 
to the conceptual geological or hydrogeologic model. In 
spite of this uncertainty, water well records are often the 
most significant source of subsurface data and remain 
the most important source of data when characterizing 
regional hydrogeology.

Measurement Error

Practitioners spend a considerable amount of time 
calibrating water budget models to field observations 
and must consider that those field observations may 
contain error or a relatively low level of precision. For 
example, uncertainty is introduced by the measurement 
error in climate observations. The precipitation 
measurement uncertainty is estimated by Cumming 
Cockburn Limited (2000) to be approximately ±10%, with 
the uncertainty during winter months reaching ±20%. 
Precipitation measurement in winter months has a higher 
uncertainty due to the difficulty of measuring snowfall, 
which can be highly impacted by wind.

Streamflow measurements also have varying degrees of 
uncertainty which must be considered when calibrating 
a hydrologic model. Manual flow measurements used to 
generate rating curves (allowing the translation of river 
stage to river flow) may contain error of approximately 
±10% (Winter, 1981). Measurement error for extreme 
events (very low or very high flow) may be significantly 
higher. Changes in river channel geometry may alter 
the accuracy of the rating curve with time, such as 
riverbed erosion, aquatic plant growth or ice conditions 
causing backwater effects. Malfunctions in gauge station 

equipment may also lead to dataset gaps or incorrect 
streamflow estimates.

Static water levels, as reported in the Water Well 
Information System (WWIS), are frequently used 
to support the calibration of groundwater levels. 
Uncertainty in the static water levels as reported in the 
system should always be considered when relying on 
this information. This is due to many factors, including 
the clogging of the aquifer materials due to the drilling 
method, measurement timing (may not have recovered 
to static conditions), variability of the water level relative 
to the time of measurement, measurement error or 
recording errors, measurement point elevation errors, 
etc. As a result, it is common to see scatter with this 
type of data, such that individual values cannot be 
trusted, but the trends illustrated by multiple data 
points are expected to be realistic. Natural fluctuations 
in groundwater levels are generally minor (~2 m or less 
where stress conditions are consistent). It is important to 
note that this level of variability (i.e., 2 m fluctuations) is 
lower than the potential uncertainty of the magnitude of 
the water level itself.

Parameter and Prediction Uncertainty

Parameters controlling model predictions of water 
level and flow are estimated through the process of 
calibrating the model against field observations. Due 
to the above referenced data quality issues, the final 
estimated parameter values may have varying levels of 
uncertainty. This uncertainty will translate into further 
uncertainty relating to the model’s predictions of water 

Figure 3-14. Stream gauging station equipment. (OMNR-
SWMC)
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level and flow. The importance of a particular parameter 
value to the uncertainty in a model prediction depends 
on two factors: the actual uncertainty in the parameter 
value and the sensitivity of the water budget model to 
the parameter value. The importance of a parameter is 
the greatest when the value of the parameter is relatively 
uncertain and the model prediction is sensitive to the 
parameter’s value. Water resource practitioners need 
to be aware of the uncertainty of their water budget 
predictions and be careful to communicate the influence 
of this uncertainty relating to decision making.



4.1 General Methodology of Water Budget Activities

A general methodology for water budget activities 
ensures both a basic level of understanding and a 
scientifically defensible approach that can be used 
to address water management issues. Initial water 
budget activities must focus on gathering data and 
characterizing the subwatersheds within the study area 
as part of a Conceptual Water Budget (discussed in 
Section 4.2). As water budget activities progress, more 
advanced activities can incorporate more complex tools 
to increase the level of certainty. As illustrated in Figure 
4-1, each cycle of a water budget study builds upon and 
expands the complexity and the certainty of previous 
water budget activities.

The continuous improvement cycle of the water budget 
process involves eight steps: 

• Define Objectives. Determine the overall objectives 
of the water budget analysis, define water quantity 
issues within the watershed and evaluate how the 
water budget model will be used to address those 
issues. 

• Collect Data. Identify and prioritize the data sources 
within the watershed. These data sources may include 
municipal, provincial and federal data providers, as 
well as data from private organizations. 

• Analyze Data. Many datasets will be analyzed at 
the onset of the water budget study. For example, 
streamflow records may be analyzed to calculate 
streamflow statistics, pumping rates may be verified 
and monitoring well datasets may be scrubbed.

• Estimate Consumptive Water Demand. Consumptive 
water demand will need to be estimated as part 
of the water budget activities. Consumptive water 
demand is the amount of water that is taken from a 
water source and not returned locally to the same 
source of water within a reasonable amount of time. 

• Characterize and Visualize. The water budget process 
requires watersheds to be characterized on the basis 
of analysis and interpretation of hydrologic and 
hydrogeologic data. 

• Develop and Calibrate the Models. Water budget 
models will be developed to represent hydrologic 
and hydrogeologic conditions within a watershed.

• Test Scenarios. Scenarios provide a means to answer 
difficult water management questions as well as a 
means to validate the water budget results. Scenarios 
can be used to assess the impact of changing land 

use practices, planned water use and the hydrologic 
effects of climate change. 

• Continuously Review and Improve. Continue to 
monitor and collect information to reduce data and 
knowledge gaps for the watershed. Refine the flow 
system characterization and visualization with this new 
information, thereby continuously improving water 
budget activities.

4.2 Conceptual Models

The development of a conceptual model is the first 
step of a water budget assessment and involves a 
characterization of the watershed. A conceptual model 
attempts to characterize the movement, supply, and 
demand of water to provide an initial understanding 
of water quantity issues. Beginning at a watershed 
scale, the water budget involves an analysis of the 
compiled information to explain the linkages between 
physiography, geology, surface water, groundwater, 
climate, land cover and water taking. The conceptual 
water budget includes: 

• Physiography 
• Geology, including an interpretation of geologic 

layers (stratigraphy) surface water features (rivers, 
lakes, etc.) and their flows and water levels 

• Surface water control structures, including any dams 
• Groundwater systems, including hydrostratigraphy 

Figure 4-1. Continuous improvement cycle of water 
budget studies

Water Budget Analysis

474. Water Budget Analysis
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and mapping of the water table and potentiometric 
surface(s) 

• Municipal wells, surface water intakes and other water 
users 

• Interactions between groundwater and surface water 
• Land cover, and how it affects groundwater and 

surface water 
• Aquatic habitat dependent upon water depth, flow 

and temperature 
• The climate of the area, including temporal and 

spatial trends and projections related to changes in 
precipitation and evapotranspiration

4.2.1 Physiography

Physiography (or physical geography) is the study of the 

physical features of the earth’s surface. A physiographic 
study begins with the delineation of subwatersheds that 
reflect changes in topography and hydrology across the 
watershed. The watershed may also be delineated into 
areas of high, medium and low runoff potential (e.g., 
high runoff potential is clay plains and clay/silt till plains; 
medium runoff potential is sandy till plains; and low 
runoff potential is hummocky terrain, gravel and sand 
terraces and outwash plains) and areas of high, medium 
and low infiltration potential. This information, together 
with the surface water flows and the fisheries and 
wetland data will provide preliminary indications of the 
extent of groundwater-surface water interaction. 

The data collected and illustrated as part of the 
physiography study depends on the watershed, and may 
include maps of: 

• significant topographic features (e.g., the Niagara 
Escarpment) 

• physiographic regions and features (e.g., the Oak 
Ridges Moraine) 

• hummocky topography

4.2.2 Geology

Overburden and bedrock geology are important to both 
human water needs and ecological needs. Knowledge of 
the geology within a watershed is needed to understand 
how water moves on and beneath the ground surface 
in both the saturated and the unsaturated zones. A 
description of the physical processes that shaped the 

Figure 4-2. Pukaskwa River (OMNR-SWMC)

Figure 4-3. Conceptual geologic cross-section through the Niagara Escarpment (modified from AquaResource and Golder 
Associates, 2010)
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ground surface, the bedrock surface and stratigraphy 
layer surfaces is also needed. This can aid in the 
estimation of the thickness and extent of stratigraphic 
layers, the distribution of coarse and fine sediments, the 
faults and fractures in the bedrock and the surface water 
drainage patterns coupled with surficial geology.

The data collected and illustrated as part of the 
geologic investigation should include surficial soils, 
surficial geology, borehole data and geophysics data 
(both surficial and borehole). This data aids in the 
development of a three-dimensional geologic model. 
The distribution of borehole data tends to be dense in 
some areas and sparse in others; as a result, numerical 
interpolation methods should be used to estimate 
the extent and thickness of geologic layers where no 
data exists. Borehole data consist of a vertical record 
of geologic materials (i.e., sand, silt, clay, limestone, 
etc.) that extends from ground surface to the bottom 
of the borehole. This geologic record is translated into 
geologic formations, which are pre-chosen on the basis 
of existing geologic studies in the area.

Once all geologic data are compiled and interpreted, 
geologic maps can be created. Map types can include 
bedrock topography (elevation), overburden thickness, 
stratigraphic layer elevations and thicknesses of both 
overburden and bedrock. In addition, geologic cross 
sections can be constructed to illustrate geologic units 
across the watershed (Figure 4-3).

Examination of geologic data can also reveal important 
information with regards to the properties of geologic 
materials. In particular, properties such as porosity 
and permeability play important roles in the flow of 

groundwater through the different geologic layers. This 
is described in Section 4.2.5.

4.2.3 Surface Water Features

This section explains data collection, documentation 
and interpretation of all surface water bodies. Mapping 
and data are analyzed to estimate surface water budget 
parameters across the watershed. 

The surface water investigation should include the 
following: 

• Maps of all surface water bodies including lakes, 
ponds, rivers, streams and wetlands 

• Maps of streamflow gauging stations 
• Fisheries mapping (cold water versus warm water) 
• Wetland mapping 
• Written description and mapping of surface water 

points of interest for watershed/subwatershed 
delineation 

• Hydrographs of average monthly flow and long-term 
annual flows hydrograph baseflow separation analysis 
with the estimation of groundwater discharge and 
recharge 

• Description of the preliminary estimate of 
evapotranspiration, surface runoff and infiltration 

• Qualitative discussion of the influence of land cover, 
soils and physiography on runoff, recharge, and 
evapotranspiration on surface water flow 

• Description of the nature of the surface water system, 
including the influence of storage features such as 
wetlands, lakes and reservoirs

Figure 4-4. Prince Edward County (Wasyl Bakowsky)

Figure 4-5. Eramosa River
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4.2.4 Surface Water Control Structures

All surface water infrastrure including dams, 
reservoirs and urban stormwater systems should 
be mapped together with operating descriptions.  
These descriptions should include the reservoir 
control objectives, the operations and maintenance 
requirements, the permitting requirements, the 
monitoring data and the qualitative description of the 
effect of the surface water control structures on surface 
water flows.

4.2.5 Groundwater Systems

Groundwater systems should be emphasized 
when municipalities rely on groundwater to meet 
domestic water supply demands. The water budget 
conceptualization for groundwater requires an 
understanding of the three-dimensional geological 
setting (as described in Section 4.2.2). This 
conceptualization builds on the work completed for 
the geology, physiology and surface water sections 
to develop knowledge of the conceptual structure 

(thickness, extent and associations) of aquifer and 
aquitard units and their hydraulic parameters. These 
hydraulic parameters control the movement of 
groundwater through the geological system.

Mapping of the water table and the potentiometric 
surfaces of deeper aquifers illustrates movement of 
groundwater through the watershed, shows groundwater 
flow direction and helps to identify groundwater 
recharge and discharge areas. Figure 4-6 illustrates the 
municipal wells and the simulated water table for the 
Credit River Watershed (CVC, 2009).

The assessment of groundwater systems within a 
watershed should identify areas with high groundwater 
recharge potential, including moraine (hummocky 
terrain) and karst (fractured bedrock at shallow depth) 
features. The relative influence of physiographic areas on 
recharge can be illustrated by calculating percentages 
of major surficial geology units (e.g., gravels, sands, silts 
and clays) in watersheds. This delineation represents 
the initial stage of defining the significant groundwater 
recharge areas (SGRAs). The groundwater investigation 

Figure 4-6. Municipal wells and simulated water table for the Town of Orangeville (adapted from CTC & MNR, 2010)
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should also include mapping of other groundwater 
features, such as seeps and springs, or areas of cold-
water and warm-water streamflow. 

The groundwater data collected, evaluated and 
illustrated for the conceptual water budget should 
include the following: 

• Water-level data, which can be used to infer: 
water table depth, potentiometric surface(s) and 
groundwater flow directions 

• Groundwater recharge and discharge zones 
• Groundwater monitoring network locations 

• A description of the groundwater flow system, 
including how the distribution of parameters 
(e.g., aquifer and aquitard extents and thickness, 
permeability) influences water movement

4.2.6 Municipal Wells, Surface Water Intakes and other 
Water Uses

An accurate inventory of municipal wells and surface 
water intakes is required for the conceptual water 
budget. Table 4-1 summarizes the required information 
for municipal wells and surface water intakes.

Table 4-1. Summary of Information Collected for Municipal Wells and Surface Water Intakes

Municipal Well Surface Water Intake

• Map showing well location 
• Municipal name of well 
• Water well Record ID (if available) 
• Permit-to-Take-Water number 
• Well completion information (e.g., well screen extent depth) 
• Pumped aquifer unit 
• Permitted pumping rate information (i.e., maximum rate, 

average rate) 
• Actual pumping rate information (i.e., annual average and 

maximum day) 
• Maintenance requirements 
• Operation history 
• Reported/estimated transmissivity or specific capacity 

• Map showing intake location 
• Name of intake 
• Name of surface water body 
• Depth of intake 
• Permit-to-Take-Water Number 
• Permitted Pumping Rate Information (i.e., maximum rate, 

average rate) 
• Actual pumping rate information (i.e., annual average and 

maximum day) 
• Maintenance requirements 
• Operation history 

In addition to municipal water takings, it is important 
to develop an inventory of water users from which 
water demand can be estimated (i.e., existing and 
projected uses of water, such as drinking water, waste 
water treatment, agriculture, livestock, domestic use, 
industrial use and commercial use, etc.). Water users 
who want to pump more than 50,000 L/day must apply 
to the Province for a PTTW; therefore, most of the non-
municipal consumptive water demand can be estimated 
using information provided by the PTTW program. 

The permitted water taking rate is recorded as a 
maximum pumping rate and frequency over a period 
of time; however, it is typically much higher than what 
is normally pumped. Consequently, initial estimates 
of water demand using data provided from the PTTW 
database are conservatively high and are typically 
reduced to account for actual reported pumping rates 

and other site-specific operations. 

Figure 4-7.Eramosa River drinking water intake,  
City of Guelph
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The following information should be presented as part 
of a permitted water demand analysis: 

• Mapped locations of all active PTTW 
• All relevant permit data tabulated, including the 

maximum annual quantity of water that can be 
taken by each surface water intake and well and the 
purpose for which that water is taken 

• A discussion of both the spatial and temporal trends 
of water use within the watershed and the use of 
water within various sectors of the economy (e.g., 
agricultural, commercial, etc.)

The analysis for non-permitted (e.g. takings not requiring 
a permit) water demand depends on the watershed, but 
should include the following: 

• An estimate of the number of non-serviced domestic 
households and farms 

• An estimate of the total non-serviced domestic and 
non-permitted livestock water use 

• Identification of other known non-permitted water 
users (e.g., irrigation)

4.2.7 Groundwater and Surface Water Interactions
Surface water and groundwater systems are 
interconnected; changes within one system could  
impact the other.

The description of groundwater and surface water 
interactions for the conceptual water budget should 
include maps and summary information of the following: 

• Cold water streams and wetlands
•  Baseflow monitoring locations and results (or other 

previously completed analysis or modelling relating  
to significant groundwater discharge areas)

•  Municipal wells identified as GUDI (groundwater 
under direct influence of surface water)

•  Spatially-distributed recharge

4.2.8 Land Cover

The conceptual water budget should describe and 
locate land cover within a watershed. Land cover 
should be classified with as much detail as possible with 
existing data sources that may include wetland and 
forestry maps, urban development and servicing maps, 

Figure 4-8. Example of surface water and groundwater interaction (AquaResource, 2009a)
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Figure 4-9. Land cover in the Credit River Watershed (modified from CTC & MNR, 2010)

transportation maps and agriculture maps. In Ontario, 
many conservation authorities have developed new land 
cover maps by classification of high-resolution, remotely 
sensed, satellite imagery.

The conceptual water budget should describe how land 
cover across the assessment area affects groundwater 
and surface water. Land cover influences the distribution 
of surface runoff, evapotranspiration and infiltration. 
Other land cover features have more complicated effects 
on hydrologic processes; for example, wetlands retain 
water that might be slowly released as streamflow or 
groundwater recharge.

The data collected, analyzed and illustrated for the land 
cover investigation should include the following: 

•	 Current	and	anticipated	land	use	maps	
•	 Statistics	of	land	cover	distribution	in	the	watershed	

(e.g., 20% urban, 40% agricultural) 
•	 Descriptions	of	the	influence	of	land	cover	on	

hydrology and hydrogeology with references to 
monitoring data, where available

4.2.9 Aquatic Habitat

The conceptual water budget should address aquatic 
habitat and discuss the relationships between aquatic 
habitat and hydrology and hydrogeology. Relevant 
components should include: 

Figure 4-10. Aquatic habitat (OMNR-SWMC)
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• Coldwater Fisheries. Maps should illustrate 
coldwater and coolwater streams. The report should 
describe the types of fisheries present and discuss 
relevant monitoring or anecdotal data for these 
streams relating to the influence of hydrology and 
hydrogeology on these fisheries. 

• Wetlands. Wetlands have intricate relationships with 
hydrology and hydrogeology and may play significant 
roles with respect to groundwater discharge and 
streamflow buffering. Some wetlands may be within 
groundwater recharge areas or may switch between 
being groundwater recharge and discharge zones 
depending on seasonal conditions. The conceptual 
water budget should provide mapping of wetlands 
and wetland classification and describe hydrological 
relationships, wherever possible, based on monitoring 
data or previously completed studies.

4.2.10 Climate

The conceptual water budget should include a climate 
investigation for the assessment area, including 
historical trends and existing projections related to 
climate changes. Tasks should include the collection and 
interpretation of existing climate records. These records 
may include hourly or daily data, which document 
rainfall, snowfall and temperature. Existing data should 
be used to make assessments of long-term average 
precipitation and variability of precipitation across the 
watershed.

Additional data requirements are determined by 
analyzing the spatial and temporal gaps in the climate 
data. Observed climatic patterns and distribution 
should be explained; these patterns would include, for 
example, lake effects, physiographic influences, effects 
of urbanization and historic climate trends. Should a 
sufficient number of climate stations exist, the watershed 
could be delineated into geographic areas with similar 
climatic conditions or zones of uniform meteorology.

While the impacts of future climate change are not 
specifically evaluated as part of the conceptual water 
budget, the historical climate records must be assessed 
to identify periods of low (drought), average and high 
soil moisture conditions.

The data collected, analyzed and illustrated as part of 
the climate investigation should include maps of the 

following: 
• Climate stations with average annual precipitation 
• Precipitation distribution
• Climate station representative areas (e.g., Thiessen 

polygons) 
• Meteorological zones 
• Evapotranspiration 

A database containing climate data records across 
Ontario is available from LIO. This database includes 
filled-in data for daily reported maximum/minimum 
temperature, daily precipitation and hourly rainfall 
depths from 1950 to 2005.

4.3 Developing Water Demand Estimates

Water demand is defined as the volume of water that 
is removed from either surface water or groundwater 
sources as a result of an anthropogenic activity, such as a 
municipal water supply, private water supply or irrigation. 
Consumptive water demand refers to the net amount of 
water that is taken from a source and not locally returned 
to the same source within a reasonable time period. The 
source can vary in scale from small scale (e.g., a local 
aquifer) to large scale (e.g., the entire Great Lakes). 

Estimates of consumptive water demand are used to 
quantify the volume of water leaving and not returning 
to the surface water and/or groundwater system; to 
determine where in the watershed water is leaving the 
system; and to identify the source of water (i.e., surface 
water or groundwater; a stream, well or pond, etc.).  

Figure 4-11. Climate plays a large role in developing the 
conceptual water budget (OMNR-SWMC)
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These estimates can be used for a variety of applications 
including water budgets, wastewater assimilation 
studies, and ecological assessments. 

Consumptive water demand can be estimated for the 
following sources of information: 

•	 Permitted Water Use. Permitted water demand 
estimates (PTTW) and reported water demand takings 
(WTRS) should be adjusted to account for water 
used and not returned to the same source and for 
variability in seasonal water use. 

•	 Non-Permitted Water Use. There are water uses that 
do not require a permit, such as livestock watering, 
unserviced rural domestic use and any other use that 
takes less than 50,000 L/day. Non-permitted water use 
is estimated using population and agricultural census 
data.

4.3.1 Permitted Water Demand

In Ontario, anyone who takes more than 50,000 litres of 
water a day from a lake, river, stream or groundwater 
source, must obtain a Permit to Take Water (PTTW) 
obtain a Permit to Take Water (PTTW) from the Ministry 
of the Environment (with a few exceptions). Exceptions 
are granted for domestic water use, livestock watering 
and water taken for firefighting purposes. These 
permits help to ensure the conservation, protection, 
management and sustainable use of Ontario’s water. 

In many cases, municipal water demand represents a 
large portion of consumptive water demand; therefore, 
the most accurate municipal pumping data should be 
used for any water budget assessment. Operators of 

municipal drinking water systems maintain detailed 
records of pumping rates and volumes and they 
should be contacted directly to obtain the following 
information: 

•	 Locations	of	historic,	planned	and	existing	wells	and	
intakes 

•	 Current	PTTWs	(pumping	rates,	restrictions	and	
monitoring) for existing wells and intakes 

•	 Historical	pumping	for	existing	and	out-of-service	
wells and intakes 

•	 Average,	monthly	and	maximum	daily	demands	
•	 Projected	future	demands

Non-municipal permitted water demand includes 
commercial, industrial, agricultural, institutional and 
recreational water uses. Most of the non-municipal 
consumptive demand can be estimated using 
information provided by the PTTW program in Ontario.

Permit To Take Water Database

The Province maintains electronic records of Permits 
to Take Water, including the location, the maximum 
permitted rates and the general and specific purpose 
of the water taking. Section 4.5.4 provides more 
information on the PTTW program, specifically focusing 
on the water budget requirements of the program. 
PTTW database updates (which include corrections to 
location, pumping rates and information regarding well/
intake elevation) should be used whenever possible. 

Originally designed to manage the fair sharing of water, 
data collected in support of the PTTW program can be 
used	to	estimate	current	water	demands.	As	of	January	
1, 2005, improvements were made to the program, 
including mandatory monitoring and reporting of actual 
water takings (i.e., the Water Taking Reporting System, 
or WTRS). The requirement to report actual water 
takings was phased in between 2005 and 2008 based 
on the type of water taking associated with each permit. 
Any	permit	that	does	not	have	reported	water	takings	in	
the WTRS is still maintained within the PTTW database; 
however, PTTW datasets only include maximum 
permitted water taking information and must be 
reviewed in detail to estimate more realistic actual water 
demands. When using the PTTW database to estimate 
actual water demand, the water resource practitioner 
should consider the following: 

Figure 4-12. Consumptive water demand (CVC, 2009)
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• When specifying the amount of water required for 
their specific use, permit holders often request a 
volume of water that exceeds their requirements. This 
may be done to ensure compliance in dry years or to 
secure sufficient water for possible future expansion 
of the operation. 

• Permitted volume is often derived from the 
capacity of the pumping equipment rather than the 
requirements of the user, often significantly over-
estimating the user’s demand.

• The database does not maintain a record of seasonal 
water demand requirements. 

• Multiple well or intake sources may be included on 
a particular permit, in which case the permitted rate 
refers to the total for all sources associated with that 
permit. To estimate total demand, the total permitted 
rate should be logically divided among the active 
source locations. 

• The location of water taking sources is not always 
accurate. 

• Recently permitted takings or permit expiries may 
not be included/excluded within the database due to 
the MOE’s database update schedule.  Care should 
be taken to confirm permit inclusions/exclusions in 
relation to the most recent database update. 

• Historic water takings may be “grandfathered” and 
do not require a permit. As a result, there may be 
some significant water takings that are not reflected 
by the PTTW database.

In most areas, the permitted demand is the dominant 
portion of the total water demand; therefore, each major 
permit within a study area should be reviewed. Only 
active permits, or permits representing a sustained water 
taking, should be included for average water demand 
estimates. Temporary permits, such as pipeline testing, 
pumping tests or temporary construction permits, 
should be omitted. The maximum permitted water 
takings are used to obtain consumptive water demand 
estimates where reported water use is unavailable. The 
Water Taking Reporting System is outlined below.

Reported Water Takings

The Water Taking and Transfer Regulation (O. Reg. 
387/04) came into effect January 1, 2005. This regulation 
introduced mandatory monitoring and reporting by all 
PTTW holders. Permit holders must record their daily 
water takings for each calendar year (i.e., January 1 to 
December 31) and report these volumes to the MOE by 

March 31 of the following year. Data are stored within 
the Water Taking Reporting System (WTRS). 

As permitted pumping rates are typically overestimates 
of actual water use, the reported pumping rates should 
be used whenever possible. However, because the 
WTRS is a relatively new program, many permits do not 
yet have reported pumping rates available. In these 
cases, other methods of collecting actual water use 
should be undertaken, such as surveying the major 
permit holders. Municipal water demand typically 
represents a large component of the total water 
demand within a watershed; therefore, reported rates 
for municipal water takings should be used whenever 
possible. 

Generally, reported pumping rates do not consider 
the consumptive nature of the taking, as the permit 
holders are required to report total pumping but not 
the volume, timing, or location of returned water. To 
obtain consumptive water demand, the reported rates 
must either be modified by a consumptive use factor, as 
outlined in the following section, or the permit holders 
must be contacted to confirm water return rates, timing 
and location.

Consumptive Water Demand Calculations

Records of permitted or reported water taking may not 
reflect the amount of water that is actually removed from 
the hydrologic system. For example, a water user may 
pump a large amount of water from a stream or a pond 
and return most of the water back to the stream or pond 
directly after it is used. As this water is not lost from the 
stream or pond, it has a smaller impact than if the water 
was not returned to the original source. Consumptive 
water use is very important to the water budget. The 
amount of consumed water may be a small percentage 
of the quantity of water pumped.

Other water users may consume very little water at the 
subwatershed scale but may have significant impacts 
locally at the water source. For example, dewatering 
operations, where groundwater is pumped to lower 
the water table and discharged to a nearby creek, can 
impact the aquifer but have a negligible impact on 
the water balance of the subwatershed as a whole. In 
this case, while the water taking is not consumptive 
with respect to the subwatershed, it is completely 
consumptive with respect to the aquifer.
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Additional water users may take water from one 
subwatershed and discharge it to an adjacent 
subwatershed. Because the water is not returned to the 
source subwatershed, it is considered to be completely 
consumptive at the scale of the subwatershed and 
aquifer or waterbody.

Consumptive water demands that are not reported 
through the PTTW process need to be estimated. 
Estimating consumptive water demand requires 
consideration of the point of discharge and 
consideration of the physical water taking operation.

The estimates of monthly consumptive water demand 
are based on generalizations made through work 
completed by the Grand River Conservation Authority 
(GRCA, 2005) and AquaResource (2005). The Grand River 
Conservation Authority established methodologies for 
estimating seasonally variable demand for all permitted 
purposes and AquaResource (2005) established 
methodologies for estimating consumption use factors 
based on the recorded purpose for each permit. These 
generalized consumptive demand factors can be used as 
a guide but can be verified and revised if required using 
local knowledge of observed pumping rates, timing and 
location.

The consumption use factor is defined as follows:

Consumption Use Factor  =  QPumped – QReturned

  QPumped

Where consumptive water demand factors are unknown, 
the default parameters should be used. The monthly 
consumptive water demand estimate is the product 
of the monthly pumping estimate and the prescribed 
consumption use factor. All permits within the watershed 
must be reviewed to refine the demand values.

The methodology for estimating consumptive water use 
is described as follows:

• Estimate maximum pumping rates. These estimates 
are made using the best available information which 
may include the PTTW database or reported pumping 
rates from the permit holder.

• Estimate consumptive use factor. The portion of water 
that is not returned to its original source (within a 
reasonable time) can be estimated from Table 4-2, 
using information provided on the permit, or using a 
detailed analysis of site information.

• Assign the estimated water taking to specific months 
of the year using a binary (yes/no) coefficient table. 
Many water users do not require their water supply 
throughout the year. Estimates of monthly and annual 
consumptive water use must consider seasonality of 
water takings.

• Estimate monthly consumptive use. Monthly 
consumptive use can be estimated by multiplying 
values for the above three steps for each month. 

• Estimate average annual consumptive Use. Average 
annual consumptive water use can be estimated by 
averaging the estimates for each month.

Table 4-2. Example Consumptive Use Factors

Great Lakes 
Commission 
Category

Sub-Category Types of Operations Coefficient (%)

1. Public Water 
Supply

None Municipal water supplies 12

2. Self-Supply 
Domestic

Self-Supplied 
Residential

Private or communal residential takings 15

Self-Supplied 
Institutional

Schools, correctional facilities, hospitals other government 
buildings not on a municipal supply

10

Self-Supplied 
Commercial

Motels, restaurants, office buildings, not on municipal supply 9

Self-Supplied

Snowmaking
Ski hills 10

Self-Supplied 
Recreational

Amusement parks and water parks 35
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Great Lakes 
Commission 
Category

Sub-Category Types of Operations Coefficient (%)

3. Self-Supply 
Irrigation

None
Irrigation of agricultural lands, golf course, parks/sports fields, tree 
nurseries

85

4. Self-Supply 
Livestock

Livestock Livestock watering/washing 62

Aquaculture Fish hatcheries 0.8

5. Self-Supply 
Industrial

Generalized industrial sector 10

Mining Metal ore mining 10

Heating & Cooling

Heat pumps 0.9

Cooling (once through cooling) 0.9

Cooling (closed loop) 80

Sand, Gravel Mining 
and Quarrying

Aggregate wash operations 15

Stone Mining and 
Quarrying

Dewatering to access quarried materials 0.8

Food Manufacturing Food processing, including dairy products, grain milling 20

Beverage 
Manufacturing

Breweries, distillers 50

Water bottlers, wineries, soft drinks 80

Textile Mills Fiber, yarn, thread and fabric mills, textile and fabric finishing 16

Textile Product Mills Textile furnishing mills – carpet, curtain, rope, canvas mills 14

Wood Product 
Manufacturing 

Sawmills, engineered wood products, millwork, pallet, prefab 
building panels

25

Paper 
Manufacturing 

Pulp, paper, paperboard mills. Converted paper  manufacturing 5

Petroleum and Coal 
Products 

Petroleum refineries, asphalt, roofing materials manufacturing 12

Chemical 
Manufacturing 

Basic chemicals, resins, synthetic fibres, pesticide/herbicide/
fertilizer, pharmaceuticals, paints, cleaning products

28

Plastics and Rubber 
Products 

Plastic pipe, packaging, laminated plastic manufacturing 9 Plastic

Tire, rubber hose and belting manufacturing 8 Rubber

Non-Metallic 
Mineral Product 
Manufacturing 

Clay and refractory products, glass products 12

Cement, concrete, lime and gypsum manufacturing 80

Primary Metal 
Manufacturing

Iron and still mills, alumina production, nonferrous metal 
production, foundries

15

Fabricated Metals 
Forging and stamping, cutlery and hand-tool manufacturing, 
architectural and structure metal manufacturing, hardware 
manufacturing

6

Transportation 
Equipment 
Manufacturing

Motor vehicle and parts manufacturing, aerospace manufacturing, 
ship and boat building, railroad manufacturing

4

Miscellaneous 
Manufacturing 

All other manufacturing 13

Heavy and Civil 
Construction

Construction dewatering, utilities construction, pipeline testing 0.8

Dust Suppression 85
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Great Lakes 
Commission 
Category

Sub-Category Types of Operations Coefficient (%)

6. Self-Supply 
Thermoelectric 
Power (fossil 
fuel plants)

None

Coal or natural gas power plants (once through cooling) 0.9

Coal or natural gas power plants (closed loop cooling) 80

7. Self-Supply 
Thermoelectric 
Power (nuclear 
plants)

None

Nuclear power plants (once through cooling) 0.9

Nuclear power plants (closed loop cooling) 80

8. Self-Supply 
Hydroelectric 
Power

None Dams and reservoirs generating hydro 0

9. Self-Supply - 
Other

Environmental 
Needs

Constructed wetlands, low flow augmentation, assimilative 
capacity, navigation purposes

0

Remediation Groundwater remediation, leachate collection 0.9

A graphical illustration of consumptive 
water demand is shown on Figure 
4-13. This figure was developed as 
part of the water budget for the 
Credit River Watershed (CVC, 2009).

4.3.2 Non-Permitted Water Demand 
Estimates

In addition to permitted water use, 
there are various types of water uses 
which do not require permits, such 
as livestock watering and unserviced 
domestic use (typically rural residents). 
If these water uses are considered 
substantial, their demand should also 
be estimated. Non-permitted water 
uses are estimated from population 
or agricultural surveys and per capita 
water use rates, as outlined below.

Non-Permitted Agricultural  
Water Use

Legal, non-permitted agricultural 
water use includes livestock watering, 
equipment washing, pesticide/
herbicide application or any other use 
of water related to agriculture, with 
the exception of irrigation.

Figure 4-13. Consumptive groundwater demand by subwatershed for the 
Credit River Watershed (adapted from CVC, 2009)
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It is not possible to reliably determine the source of 
water for non-permitted agricultural water users. In the 
absence of knowing the actual water source, it can be 
assumed that half of the demand is serviced through 
groundwater sources, and half is serviced through 
surface water sources. 

The consumptive nature of the non-permitted 
agricultural water use is also a source of uncertainty.  
To conservatively estimate consumptive non-permitted 
agricultural water demand, one can assume that 100% of 
the water taken is consumed. If the non-permitted water 
use represents a relatively small volume compared to the 
total consumptive water demand, the assumption that 
100% of the water taking is consumed is a reasonable 
assumption.

Unserviced Domestic Water Use

Unserviced domestic water use is any household water 
use that is not supplied by a municipal water supply 
system. Typically, these rural households are supplied 
with water from groundwater sources. Again, the water 
source and the consumptive nature of the takings 
are uncertain; however, assuming 100% groundwater 
sources and, due to the return of pumped water to the 
groundwater system within a reasonable amount of 
time via septic systems, it is reasonable to assume 20% 
consumptive water use.

4.3.3 Future Water Demand Estimates

Future water demand is estimated by increasing or 
decreasing the municipal water demand, according 
to population growth estimates. When future water 
demand estimates are not available from municipalities, 
it can be estimated by multiplying the current 
average daily per capita water use for each municipal 
system by future population estimates.  The future 
population estimates can be based on data supplied 
by municipalities or through residential development 
plans. The Statistics Canada 2006 Census for Ontario 
states that each residential unit has an average of 2.6 
persons. The Environment Canada 2004 Municipal Water 
Use Database has average per-capita water-use rates for 
select cities in Ontario.

4.4 Models

The next step in the water budget process is to develop 

a water budget model to represent conditions within 
the area of interest. The development of a water 
budget model involves a detailed representation of 
the physical conditions (physiography, geology, surface 
water bodies, precipitation, evapotranspiration, water 
takings, hydraulic structures) within a numerical model. 
The numerical model can then be used to estimate 
hydrologic and hydrogeologic flow parameters that 
represent a watershed, a subwatershed or a local area. 

Depending on the scale of assessment of technical 
requirements, water budgets can be calculated with 
either a simplified approach or more detailed tools. 
The first approach uses simple, yet structured means 
to estimate surface water and groundwater flows and 
water demand for each subwatershed (e.g., spreadsheet, 
GIS, streamflow separation, etc.). When a more detailed 
assessment is required, more complicated water budget 
tools (e.g., numerical groundwater and surface water 
flow models) can be used. For example, a calibrated 
surface water flow model and a three-dimensional 
groundwater flow model can be developed to simulate 
all significant hydrologic and hydrogeologic processes 
that are important in the water budget analysis.

Additional data will be required to improve the 
representation of surface and subsurface conditions 
throughout the subwatershed. This data will include 
streamflow measurements, hydraulic conductivity 
estimates, detailed pumping rates, improved climate 
data and other data as required. For more detailed 
assessments using numerical groundwater and surface 
water flow models, consideration of the following is 
required: 

• The spatial and temporal scales 
• The modelling methods (What is the most 

appropriate modelling method given previous work 
and the types of hydrological processes?) 

• The detailed and refined water budget estimates 
(what are the greatest water budget uncertainties and 
where might uncertainty impact the results?)

The following sections provide detailed discussions of 
groundwater and surface water flow models.

4.4.1 Groundwater Flow Models

Groundwater models are computer programs that use 
numerical methods to solve the mathematical equations 
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that govern groundwater flow (Figure 4-14). In order 
for these models to accurately represent the real-
world physical system, input parameters (i.e., geologic 
layering, geologic material, boundary conditions such as 
lakes, rivers and recharge) should be defined in as much 
detail as possible.

The first step in the groundwater modelling process 
is the creation of a conceptual model, which involves 
detailed analyses of data, as described in Section 4.2.  
A conceptual model should include the following: 

• The distribution of geological and hydrogeological 
units. This refers to the elevation, extent and thickness 
of geologic layers (stratigraphy) and how these 
geologic layers relate to the groundwater flow system 
(hydrostratigraphy).

• The physical properties of the geologic layers that 
affect groundwater flow (i.e., porosity, hydraulic 
conductivity). 

• The processes that add water to (e.g., infiltration/
recharge) or remove water (e.g., pumping wells, 
evapotranspiration) from the groundwater flow 
system. 

• The transient conditions that affect groundwater flow 
(e.g., changes in pumping rates, drought conditions).

The next step in the modelling process is to express 
the conceptual model in the form of a mathematical 
groundwater flow model. These mathematical models 
solve the groundwater flow equation, which assumes 
the conservation of mass. Conservation of mass implies 
that the difference between the amount of groundwater 
flowing into and out of a given volume must equal the 
change in storage of water within that volume. These 
governing flow equations, in turn, use parameters 
that represent the hydrogeologic structure, the ability 
of water to flow through and be stored in geological 
materials and the boundary conditions that govern how 
water is transferred in and out of the groundwater flow 
model. 

With any numerical groundwater flow model, 
assumptions must be made in order to represent the 
conceptual model. These assumptions relate to the 
spatial and temporal distribution of the following items: 

• Hydraulic conductivity. A parameter that reflects the 
ability of groundwater to flow through soil or rock. 
Hydraulic conductivity values can vary not only in 
between geologic layers but also in the vertical and 
horizontal directions within the same geological unit. 

• Groundwater recharge. These recharge rates 
represent the flux of water that moves from 

Figure 4-14. Example of FEFLOW groundwater model 3-D cross section (AECOM & AquaResource, 2011)



Water Budget Reference Manual

62

ground surface and shallow soils into the saturated 
groundwater system, and can vary both spatially and 
temporally (Figure 4-15).

• Boundary conditions. Various types of boundary 
conditions can be present in a groundwater flow 
model to represent the addition or removal of 
groundwater from the flow system. Groundwater can 
be removed from a model where it discharges to 
surface water features such as streams and wetlands 
on the land surface. It can also be removed via 
groundwater pumping wells and evapotranspiration.

Groundwater flow models vary in the methods they 
use to include the different processes. Specifically, 
the manner in which unsaturated flow processes such 
as recharge are represented in hydrologic models 
varies greatly from model to model. Some models 
include only saturated groundwater flow (e.g., 
MODFLOW, Harbaugh, 2005). In these models, recharge 
contributions to the saturated zone have to be defined 

as model input by the user. Variably saturated flow 
models such as FEFLOW (DHI-WASY, 2010) can be used 
to simulate both saturated and unsaturated groundwater 
flow. Although subsurface flow models like FEFLOW 
include both saturated and unsaturated flow processes, 
recharge rates and distribution still need to be specified 
by the user. In addition, most groundwater models 
neglect or grossly simplify surface water processes.

4.4.2 Surface Water Flow Models

Surface water flow models are used to predict the 
movement of mass and/or energy through the 
hydrologic cycle. These models provide a quantitative 
understanding of hydrologic regimes by establishing 
continuous mathematical relationships between the 
various components of the hydrological cycle. The 
numerical hydrological model divides up a watershed 
into smaller parts (e.g., grids, subwatersheds) and for 
each individual area, calculates the change in storage 

Figure 4-15. Example of FEFLOW groundwater recharge rates output (AECOM & AquaResource, 2011)
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(e.g., water and/or energy) over time due to the 
influence of hydrological processes (e.g., evaporation, 
infiltration, etc.).

Hydrological processes are defined in hydrological 
models by algorithms that mathematically represent 
how water or energy is redistributed over time. Each 
hydrological process is usually represented using a 
physically or conceptually-based process algorithm 
(Dingman, 2002). Physically-based process algorithms 
use equations that are derived from basic physics 
(i.e., conservation of mass/energy, discussion, etc.). 
Conceptually-based process algorithms use empirical or 
regression relationships established from field data (i.e., 
cases where a process is considered to be proportional 
to the amount of water/energy stored in a particular 
storage unit; Dingman, 2002). These two types of 
process algorithms make up the majority of hydrological 
model components.

Surface water models can be classified into two 
categories: lumped and distributed (Chow et al., 
1988). Lumped models treat a watershed as a single 

system without lateral variability, whereas distributed 
models are spatially discretized. Both types of 
models require temporal discretization and simulate 
the movement of water within a watershed over a 
period of time (Dingman, 2002). However, because 
distributed hydrological models are discretized, they 
can simulate and predict the spatial variability of 
water and/or energy movement within a basin. They 
are capable of calculating watershed runoff and the 
amount of water routed through channels and rivers, 
like a lumped model, but can also be used to calculate 
other diagnostic variables, such as soil moisture. 
Distributed models can be spatially discretized into 
grids, hydrological response units (HRUs) and/or 
grouped response units (GRUs). The grids and response 
units are used to represent unique combinations of 
land use, land cover and soil characteristics that are 
used to parameterize the model (Dingman, 2002). The 
sub-basins require spatially distributed meteorological 
data such as temperature, precipitation, wind speed 
and other necessary forcing functions (e.g., shortwave 
radiation, longwave radiation). 

Models are typically designed for either short-term 
forecasting (e.g., storm events) or long-term forecasting 
(Borah & Bera, 2003, 2004). Short-term forecasting is 
beneficial for urban design and storm water planning. 
Long-term forecasting is necessary for water budget 
management and climate prediction. 

Multiple concerns must be considered when evaluating 
surface water model results. These concerns include: 

• The time step used within the model. Too large a 
time step may result in generalized results that are 
incapable of representing the finer details of the 
simulated watershed. Too small a time step may result 
in simulation runtimes that are excessively long with 
no benefit to simulation accuracy. 

• Choice of model. Different models have different 
purposes (i.e., short-term versus long-term 
simulations). Models also differ in their choice 
of numerical solver (i.e., operator splitting, finite 
difference or finite element). 

• Surface water models are subject to multiple variables 
and to a large number of threshold constraint 
behaviours that are not easily replicated by numerical 
models. Variables must be given plausible values 
based on the physical world (e.g., leaf area index, 
vegetation classes, soil classifications). The handling 

Figure 4-16. Credit River
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Figure 4-17. MIKE SHE integrated model process schematic (DHI, 2009)

of threshold behaviours (i.e., how models deal with 
processes that contain on/off switches, such as snow 
melt, which will continue until no snow remains, 
then it turns off) needs to be considered so that 
evaluation of simulation results are done with a full 
understanding of the models representation of the 
real world.

4.4.3 Integrated / Conjunctive Water Resources Models

In the previous two sections, groundwater and surface 
water models are discussed, and as mentioned, one 
of the limitations of these types of models is that they 
both simplify the representation of the other. In other 
words, groundwater flow models tend to over-simplify 
(or neglect) surface water processes and surface water 
models tend to over-simplify (or neglect) groundwater 
flow processes. To overcome these limitations, 
integrated hydrologic models have been developed. 
These integrated models can be used to simulate 
both surface and subsurface flow of water, as well as 
the interactions between the two. Integrated models 
typically include surficial processes such as surface 
water flow, evapotranspiration, interception storage, 

depression storage and infiltration, as well as a three-
dimensional representation of unsaturated and saturated 
groundwater flow.

Figure 4-18. Integrated models are beneficial in 
representing surface and groundwater interactions at 
wetlands (Wasyl Bakowsky)
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In integrated flow models, surface and subsurface 
flow systems are coupled by groundwater recharge 
and discharge. Recharge is the process whereby 
water reaches the water table from ground surface, 
and discharge represents water that flows from the 
groundwater system to surface water in streams. 
The coupling of surface and subsurface processes 
in integrated models  improves the water budget 
calculations when compared to individual groundwater 
and surface water models. Moreover, the impacts of 
groundwater and surfacewater withdrawals can be 
examined with more confidence. For example, users 
can evaluate the effect of increasing the pumping rate 
of a municipal supply well on the streamflow in nearby 
streams.

The methodology for setting up an integrated model 
follows those described in previous sections for 
both groundwater and surface water models. Data 
requirements for the surface water and groundwater 
components of an integrated model correspond to 
the uncoupled models. More detailed descriptions of 
integrated modeling can be found in the Ministry of 
Natural Resources’ Integrated Water Budget Modelling 
Guide (AquaResource, 2011).

4.4.4 Integrated Water Budget Model Calibration

A model represents a synthesis of what we know about 
water flow in a study area. It is also a “water budget 
machine”, in which the equations that underlie the 
model are local statements of water balance. A basic 
check on the reliability of a modelling analysis is that 
the model internally balances flows. The calculated 
components of the overall water budget should also fall 
within physically realistic bounds that are consistent with 
the conceptual model for the study area. In addition 
to these essential checks, in order for a model to be fit 
for use it must be shown that the model is calibrated 
appropriately. 

Once initial estimates of input parameters have been 
made to either a surface water or groundwater model, 
the values of these parameters are “fine-tuned” through 
a process called model calibration. The calibration 
process follows an iterative series of parameter 
adjustments to arrive at an endpoint where the model’s 
estimation of surface water and groundwater flow 
conditions reflects measured real-world values as 
accurately as possible. 

Modelling requires significant expertise and professional 
judgment, and not all models are equally reliable. In 
calibration, one must recognize two general views:

1. The process of calibration should be holistic; it should 
consider as many elements of the hydrologic cycle 
as possible. A surface water model cannot be well 
calibrated or understood without also understanding 
the process of groundwater flow. In the same way, 
a groundwater flow model must take into account a 
reasonable reflection of surface water processes.

2. As posed by Kircher (2003), the ability of a model to 
replicate a real world hydrograph is not indicative of 
a properly calibrated system. This is because multiple 
parameter sets are usually capable of replicating the 
same hydrograph. Therefore, it becomes necessary 
to understand how each aspect of the hydrological 
system being modelled is affected by the parameters 
chosen for the simulation.

Presented on Figure 4-19 is a process of holistic 
calibration where both above-ground processes and 
subsurface processes are considered. The surface water 
model is calibrated by comparing simulated streamflow 
to observed streamflow wherever observed data is 
available. Once the model has been calibrated to 
observed conditions and all water budget estimates fall 
within the acceptable range of values identified in the 
conceptual model, the model’s estimate of groundwater 
recharge is used as an input to the groundwater flow 
model. This effectively “couples” the groundwater 
model and surface water model together. The 
groundwater flow model is then calibrated to observed, 
measured, groundwater levels and baseflow estimates. 
Outputs of inter-basin transfers and groundwater 
discharge from the groundwater model are finally used 
in the water balance to inform the reliability of the 
model calibration. This process ensures that neither 
the subsurface nor surface processes are calibrated 
without direct consideration of the other. While ensuring 
the parameters of the model fall within accepted and 
realistic ranges of what is understood about the physical 
environment being modelled, a “check” on these 
parameters is that both groundwater and surface water 
models can replicate observed conditions while being 
roughly linked together via the process narrated above.

In an ideal world, a model simulation would replicate 
the surface water and groundwater systems with model 
parameters specified completely from independent 
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Figure 4-19. Holistic process of coupled model calibration

evaluations. We would not require a discussion of the 
adjustment of model parameters or an evaluation of the 
match between observations and model calculations. In 
reality, natural water flow systems are dynamic and can 
never be characterized completely. 

Measurements of real-world water systems are never 
truly representative. Monitoring equipment is expensive 
to install, maintain and monitor and provides relatively 
sparse spatial coverage. Errors may also arise in 
measurement that must be analyzed and corrected. 
Parameter estimates are sparse and are determined 
from tests that simply “sample” environmental 
properties at different scales. The interpretations of 
these tests are based on idealized analyses and are 
inherently approximate. Since a model can provide only 
an approximate representation of a complex physical 
system, calibration of the model and an evaluation of 
the match between the observations and the model 
calculations is an essential part of modelling.

The confidence with which we can use a numerical 
groundwater model for predictive purposes is 
strengthened if it can be shown that the model can 
match observed water levels for different conditions and 

the model parameters are constrained by the available 
data. 

The process of model calibration should be approached 
with a deliberate reluctance to add complexity to the 
model unless clearly warranted. A key guideline has 
been to make as many simplifications as necessary, but 
not more. This is an important element in developing a 
model that is useful for predictive purposes, but remains 
defensible. A model that incorporates all available detail 
is unwieldy and may ultimately be useless.

Qualitative assessment of whether a model is 
reasonable

Qualitative assessment of a groundwater model is made 
with visual comparisons and may include:

• Examination of the overall match between observed 
and calculated water levels 

•  Examination of residuals at individual wells 
• Evaluation of the shape of the water level contours 
• Evaluation of flow patterns 
• Evaluation of hydraulic gradients
• Evaluation of absolute groundwater levels 



Water Budget Analysis

67

• Evaluation of consistency between the calibrated 
parameters and parameter estimates that have been 
obtained independently of the calibration 

• Evaluation of key hydrologic features such as 
groundwater flow divides

Qualitative evaluation also includes the preparation of 
scatterplots of computed versus observed water levels, 
as shown on Figure 4-20. Scatter plots are a standard 
method of providing a visual impression of the quality of 
fit for a steady-state model (American Society for Testing 
and Materials, 1993). For a perfect match between the 
model calculations and the observations, the points 
fall on a straight line. The scatter plot is inspected for 
deviations of the data from the solid line. “Patterns” of 
these deviations are used to evaluate changes needed 
in the model. For example, if the slope of a line through 
the data points is steeper or shallower than the solid 
line, this suggests an error in the overall hydraulic 
gradient.

Qualitative assessment of a surface water model is 
made with visual comparisons between observed and 
simulated streamflow. Several aspects are evaluated and 
may include: 

• Examination of the overall match between observed 
and calculated daily streamflow at a given location, 
with a focus on how well the model simulates low 
flows and peak flows 

• Evaluation of how closely median monthly flow is 
replicated (as shown on Figure 4-21a) 

• Evaluation of the match between simulated and 
observed mean monthly and mean annual flow 
(displayed as depth (mm) over the upstream area) 

• Evaluation of the match of ranked flow duration, 
where simulated daily flows are ranked from high to 
low and plotted against observed ranked daily flow 
(as shown on Figure 4-21b) 

• Evaluation of consistency between the calibrated 
evapotranspiration and recharge parameters

Figure 4-20. Example scatterplot of observed vs. calculated water levels
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Figure 4-21. Streamflow statistics used to calibrate simulated values to observed values (adapted from AquaResource, 2010)
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Quantitative assessment of whether a model is 
reasonable

Beyond visual comparison of the match between 
simulated and observed characteristics of surface water 
and groundwater flow variables, standard quantitative 
statistics are also run on the results of modelling that can 
provide an objective evaluation of model accuracy. 

These statistics include the Nash-Sutcliffe Efficiency 
statistic as well as the coefficient of determination (R2) 
statistic for surface water models. A value of “1” for these 
statistics correlates to a perfect fit between simulated 

and observed values, while a value of 0 (or less) denotes 
no correlation. A value between 0 and 1 is acceptable, 
with better calibrated models having values closer to 1 
than 0. 

Groundwater model results are also assessed using mean 
residual error, mean absolute error, root mean squared 
error and normalized root mean squared error statistics 
for model accuracy evaluation. Applied Groundwater 
Modelling	–	Simulation	of	Flow	and	Advective	Transport 
(Anderson and Woessner, 1991) is a good resource for 
further explanation of these statistics.

Table 4-3. Summary of Water Budget Models Used in Ontario

Hydrologic 
Model

Developer Description Contact Information

Surface 
Water 
Models

GAWSER
Hugh Whiteley 
and S.R. Ghate, 
1977

•  GAWSER is the Guelph All-Weather Storm 
Event Runoff Model. 

•  It is a lumped parameter, continuous 
simulation model and uses “Hydrologic 
Response Units” to represent surficial 
geology and land cover. It does not handle 
water quality simulation. 

•  Periodic support and training is provided by 
Schroeter & Associates.

http://www.schroeter-
associates.com/index.html

HEC-HMS, 
Ver. 3.5 
(August 
2010)

U.S. Army Corps 
of Engineers

•  HEC-HMS, Hydrological Modelling System, 
is a deterministic model used for both 
event modelling and continuous hydrologic 
simulation. 

•  It does not model water quality analyses but 
focuses on hydrologic responses. 

•  Support is provided for users within the 
Corps of Engineers. For users not within the 
Corps, it is recommended that an internet 
search engine be used to locate a vendor 
that can provide support.

http://www.hec.usace.army.
mil/software/hec-hms/

SWMM 5.0

US 
Environmental 
Protection 
Agency, 1971

•  SWMM, Storm Water Management Model, 
was designed specifically for urbanized 
watersheds and is used to model single 
event and long term, continuous, runoff, 
flow and water quality responses. 

•  No formal support is offered for SWMM. A 
SWMM Users Listserv is managed

http://www.epa.gov/nrmrl/
wswrd/wq/models/swmm/

CREAMS

USDA 
Agriculture 
Research 
Service, 1980

•  The CREAMS, Chemicals, Runoff and 
Erosion from Agricultural Management 
Systems, model is a physically-based model. 

•  It was specifically purposed for modelling on 
an agricultural field scale.

http://www.schroeter-associates.com/index.html
http://www.hec.usace.army.mil/software/hec-hms/
http://www.epa.gov/nrmrl/wswrd/wq/models/swmm/
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Hydrologic 
Model

Developer Description Contact Information

Surface 
Water 
Models 
(cont’d)

SWIMv2.1, 
1992

CSIRO Division 
of Soils, 1990

•  SWIM is the Soil Water Infiltration and 
Movement model. 

•  The model is based on solving the Richards 
equation and advection-dispersion 
equation. 

•  Ongoing support is provided by CSIRO.

http://www.clw.csiro.au/
products/swim/

GLEAMS 3.0

USDA 
Agriculture 
Research 
Service, 1987

•  GLEAMS, the Groundwater Loading Effects 
of Agricultural Management System, is a 
modification of the CREAMS model. 

•  It is a continuous simulation, nonpoint 
source pollution model that models 
sediment transport, nutrients and pesticide 
response on an agricultural field scale. 

WMS9.0 Aquaveo

•  WMS, Watershed Modelling System, is a 
graphical modelling software for watershed 
hydrology and hydraulic modelling that 
supports other industry-standard models 
within its software to compute peak 
flows, hydrographs and water quality, etc. 
Supported models include: HSPF, HEC-
1,HEC-HMS, TR-20, TR-55, MODRAT, 
OC Rational, OC Hydrographic, National 
Streamflow Statistics, and Rational Method. 

•  Ongoing support is provided by AquaVeo 
for WMS license holders.

http://www.aquaveo.com/
wms

HSPF v11.0, 
1997

US 
Environmental 
Protection 
Agency, 1960s

•  HSP-F, Hydrological Simulation Program 
- Fortran is designed to handle watershed-
scale simulation of hydrology and water 
quality parameters. 

•  It is a continuous simulation model for time 
periods ranging from a few minutes to 
several hundred years. 

•  Support and training is at times provided by 
USGS, USEPA, HydroComp Inc., and Aqua 
Terra Consultants.

http://www.epa.gov/
ceampubl/swater/hspf/ 

http://water.usgs.gov/
software/HSPF/

PRMS v3.0.4, 
2013

USGS, 1983

•  PRMS, Precipitation Runoff Modelling 
System 

•  PRMS is a distributed model for modelling 
time periods of several days to several 
hundred years. It can model both long-term 
and single-event simulations. 

•  Limited support for correcting model 
bugs and clarifying the modelling code is 
provided by the USGS MOWS project.

http://wwwbrr.cr.usgs.gov/
projects/SW_MoWS/PRMS.
html

http://www.clw.csiro.au/products/swim/
http://www.aquaveo.com/wms
http://www.epa.gov/ceampubl/swater/hspf/
http://water.usgs.gov/software/HSPF/
http://wwwbrr.cr.usgs.gov/projects/SW_MoWS/PRMS.html
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Hydrologic 
Model

Developer Description Contact Information

Surface 
Water 
Models 
(cont’d)

ANSWERS

US 
Environmental 
Protection 
Agency, 1980

•  ANSWERS, Areal Non-Point Source 
Watershed Environment Response 
Simulation, simulates water quantity and 
quality responses for largely agricultural 
watersheds. 

•  It is a distributed hydrologic model that uses 
distributed (rather than lumped) parameters 
and is event (rather than long-term) 
oriented.

SWAT2012,  
July 2012

USDA 
Agricultural 
Research 
Service

•  It is a continuous flow model that uses 
a daily time step and is not designed to 
simulate single storm events. 

•  Both water balance and water quality 
parameters can be modelled. 

•  SWAT is supported by the USDA 
Agricultural Research Service and several 
user groups are available for SWAT 
modellers to exchange ideas.

http://swat.tamu.edu/

Visual 
OTTHYMO 
v2.4, 2011

Cole 
Engineering

•  OTTHYMO is a hydrologic model that 
models single events, simulating runoff from 
statistical storm events. 

•  Technical support, seminars, and workshops 
are available for Visual OTTHYMO.

http://www.visualotthymo.
com/

AVGWLF 
7.2.3, April 
2009  
 
GWLF-E 
9.0.0, 2010

Haith and 
Shoemaker, 
1987

•  GWLF, Generalized Watershed Loading 
Functions measures point and non-point 
pollutant loading, including nitrogen, 
phosphorus and sediment yield on 
streamflow. 

•  It is a continuous simulation model that 
combines distributed/lumped parameter 
watershed model methods (AVGWLF 7.1 
User’s Manual, 2008). 

•  As of August 2011, AVGWLF is no longer 
being supported. The enhanced GWLF 
watershed modelling tool is being used in 
the new MapShed software.

http://www.avgwlf.psu.edu/  
 
http://www.mapshed.psu.
edu/

Ground- 
water 
Models

FEFLOW 
v6.1, 2012

DHI

•  FEFLOW is a finite element subsurface flow 
and transport simulation system. 

•  It is used for modelling fluid flow and 
transport of dissolved constituents and/or 
heat transport processes in the subsurface in 
both transient and steady state modes. 

•  It can be used in a 2D or 3D environment 
and uses fully-distributed parameters. 

•  Support is provided by experienced 
groundwater modellers at DHI-WASY.

http://www.feflow.info/

MODFLOW- 
2005 Version 
1.9.01, May 
2012

USGS

•  MODFLOW, Modular Three-Dimensional 
Groundwater Flow Model 

•  MODFLOW is used to simulate groundwater 
flow within the aquifer using a block-
centered finite-difference approach. It is run 
in either steady-state or transient mode. 

•  Support is provided by USGS for correcting 
bugs and for clarification around how the 
code is designed to function.

http://water.usgs.gov/nrp/
gwsoftware/modflow2005/
modflow2005.html

http://www.visualotthymo.com/
http://www.mapshed.psu.edu/
http://water.usgs.gov/nrp/gwsoftware/modflow2005/modflow2005.html
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Hydrologic 
Model

Developer Description Contact Information

Integrated 
Models

MIKE-SHE DHI

•  MIKE SHE is a physically-based, continuous 
flow model that is distributed, deterministic 
and fully integrated between surface and 
groundwater flow. 

•  It uses MIKE-11 to simulate channel flow and 
MOUSE to simulate interactions between 
a sewer drainage system and groundwater. 
It also has the capability to perform water 
quality analyses. 

•  Ongoing support is provided by DHI.

http://www.mikebydhi.com/
Products/WaterResources/
MIKESHE.aspx

GSFLOW 
Version 1.1.5, 
February 
2012

US Geological 
Survey, 2008

•  GSFLOW: Coupled Groundwater and 
Surface water Flow model 

•  This integrated model is based on 
MODFLOW-2005 version 1.8, MODFLOW-
NWT version 1.0.3 and PRMS version 3.4179 

•  Support is provided by USGS for correcting 
bugs and clarifying the code functionality.

http://water.usgs.gov/nrp/
gwsoftware/gsflow/gsflow.
html

http://www.mikebydhi.com/Products/WaterResources/MIKESHE.aspx
http://water.usgs.gov/nrp/gwsoftware/gsflow/gsflow.html
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4.5 Ontario Applications of Water Budgets

As introduced in Chapter 1 of this guide, water budgets 
are required to support numerous water management 
projects in Ontario. This section provides an overview of 
water budget applications as they relate to the following 
activities: 

• Source water protection 
• Subwatershed and watershed planning 
• Dam and reservoir management 
• Water permitting 
• Aggregate extraction 
• Agriculture – irrigation 
• Forestry 
• Low water response

4.5.1 Source Water Protection

The Clean Water Act (2006) was introduced by the 
Province of Ontario to identify threats to drinking water 
quantity and quality and to develop source protection 
plans to manage those threats. In order to implement 
the Clean Water Act, source protection committees 
formed for each of 19 Source Protection Regions in the 
Province. Source protection committees are required 
to prepare and submit an assessment report for their 
region that identifies threats to water quantity and water 
quality. 

Water budgets are used in support of the Clean Water 
Act as follows: 

• Tier One, Tier Two and Tier Three Water Budgets. 
A water budget under the Clean Water Act, 2006, 
establishes a means to quantitatively measure the 
hydrologic cycle components and water uses of a 
watershed and to understand the processes and 
pathways in which water flows through a watershed. 
Outcomes of the water budget include detailed 
documentation of current understanding and the 
representative surface water and groundwater flow 
models. 

• Subwatershed Stress Assessments. The Tier One and 
Tier Two Subwatershed Stress Assessments estimate 
the hydrologic stress of subwatersheds and identify 
subwatersheds that are potentially stressed based on 
provincial thresholds of water use compared to water 
availability. The subwatershed stress assessment is 

dependent on hydrologic parameters estimated in 
the water budget. 

• Significant Groundwater Recharge Areas. Significant 
groundwater recharge areas (SGRAs) are areas where 
the estimated groundwater recharge is greater 
than provincial thresholds and where the area has a 
hydrological connection to a surface water body or an 
aquifer that is a source of drinking water. (See Case 
Study #2, Section 2.2.7)

• Local Area Risk Assessment. A Tier Three Water 
Budget and Local Area Risk Assessment is completed 
to estimate the likelihood that a municipality will be 
able to sustain its allocated (existing plus committed 
plus planned) water supply pumping rates. It also 
identifies threats to the drinking water supply that 
may influence the municipality’s ability to meet its 
allocated pumping rates. A Tier Three Water Budget 
uses groundwater and/or surface water numerical flow 
models refined from the Tier Two models whenever 
possible. These models should be developed with 
the accuracy and refinement needed to evaluate 
hydrologic or hydrogeologic conditions at a water 
supply well or surface water intake.

Figure 4-22. Mississagi Delta on Lake Huron (Wasyl 
Bakowsky)
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The Mill Creek Subwatershed has an area of 100 km2 
within the Grand River Watershed, as illustrated on 
Figure 1. The predominant land cover of the region 
is agriculture, with forests and wetlands making up 
the remainder; surficial geology is dominated by till 
and gravel deposits. The headwaters of Mill Creek are 
located southeast of Guelph and the mouth of the river 
meets the Grand River in downtown Cambridge (Galt).

The Ministry of Natural Resources selected Mill 
Creek Subwatershed as a case study in an evaluation 
of integrated modelling products (AquaResource, 
2011). The pilot study included a review of several 
integrated modelling codes and the subsequent 
application of three codes to modelling a single test 
watershed. The main outcome of the study was a 
guidance document produced for other water resource 
practitioners preparing integrated models, addressing 
the applicability and usability of integrated models 
for Source Water Protection and other water budget 
activities.

Modelling Surface Water and Groundwater

Surface water models incorporate a detailed 
representation of surface water processes but have a 
limited, empirical, representation of the groundwater 
system. Likewise, groundwater models have a physical 
representation of the groundwater system but simplify 
surface water processes. 

Integrated models include dynamic physical 
representation of both surface and groundwater systems 
and allow interactions and feedback between the 
two systems to be characterized. For example, runoff 
characteristics can be influenced by the depth to the 
water table and stream leakage to the groundwater 
system can be limited by the amount of streamflow. 

Integrated models offer a more complete representation 
of hydrological conditions than either a surface water or 
groundwater model alone.

Despite their benefits, integrated models also have their 
challenges:

1) Data-intensive and complex – the data required 
for a physically-based integrated model can be 
extensive, and the cost required to collect it could 
be prohibitive. The complexity of the model, while 
especially beneficial in fully understanding local 
processes, is not always necessary.

Figure 1: Mill Creek Subwatershed

To cut down on the time required to develop a calibrated model, a 
step-wise approach should be used.

1) Build a simplified integrated model, focusing on surface water 
processes. Do a rough calibration to start (e.g. calibrate annual 
flow volumes).

2) Develop and initially calibrate a groundwater model in a traditional 
groundwater model code (eg. MODFLOW or FEFLOW).

3) Incorporate the calibrated saturated zone properties (e.g. layer 
structure, conductivities) into the integrated model. Conduct a 
final calibration.

Figure 2: Mill Creek average annual ET at 50 m grid resolution. Steps to 
Model Development and Calibration
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2) Long calibration time – due to the fully distributed nature 
of integrated models, computation time for calibration is 
extensive and should be factored into the project plan.

3) Inter-disciplinary collaboration – integrated models require 
knowledge of hydrology, open-channel hydraulics and 
hydrogeology. Therefore, inter-disciplinary teams are 
essential.

One of the key benefits of integrated models is their ability to 
represent key hydrologic processes and features at a local scale 
in detail.

Wetlands pose a significant challenge for the water resource 
practitioner when using traditional models. These important 
ecological features are created and sustained through two 
processes: 

1)  They are fed and sustained throughout dry periods by 
groundwater discharge

2)  They rely on precipitation and runoff to sustain their moisture. 

Traditional hydrologic models, without the ability to simulate 
the interaction between groundwater and surface water around 
wetlands, do not correctly represent these processes. They 
require the user to pre-define the locations of wetlands and the 
type of hydrologic processes involved. Integrated models do not 
require the location of wetlands to be pre-determined.

Figure 3 illustrates areas of saturated soil computed by the 
integrated model during the spring. These areas show a strong 
correlation to mapped wetland features. Figure 4 shows the 
extent of those two wetlands in the autumn of the same year. 
It is evident that Wetland A is significantly drier in the Figure 
4, while Wetland B is still relatively saturated. This integrated 
model was able to identify a wetland that is influenced by 
surface water processes (Wetland A) and one that is governed 
largely by groundwater processes (Wetland B).

Integrated models can also assess impacts of new development 
or new groundwater withdrawals better than traditional models. 
Figure 5 shows the output of an integrated model simulating 
the change in groundwater discharge along streams due to 
a new groundwater withdrawal. Figure 6 shows the change 
in streamflow in response to a new groundwater withdrawal. 
The value of this capability of integrated models cannot be 
underestimated, especially with higher water demands and 
increased development projected for the future.

Summary

Integrated modelling provides the ability to understand 
groundwater and surface water interactions and actual 
conditions to a high degree of detail. Although not appropriate 
for every modelling situation due to complexity and cost, there 
are many opportunities for integrated models in the future.

Figure 3: Wetland saturation – April 13

Figure 4: Wetland saturation – September 15

Figure 5: Change in groundwater discharge

Figure 6: Change in streamflow

Case Study 5 Integrated Modelling–Mill Creek Subwatershed
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Towns of Orangeville and Mono and the Township of Amaranth

As part of the Tier Three Assessment, surface water and groundwater 
models were developed to help assess the sustainability of the 
municipal water sources. The models were developed based on 
detailed characterizations of the groundwater and surface water 
systems and were refined around wells. As illustrated on Figures 2, 
3 and 4, the models were calibrated to represent typical operating 
conditions under average (steady-state) and variable (transient) 
pumping and climate conditions.

The groundwater and surface water modelling approach was 
designed to simulate average and drought conditions; represent 
the detailed hydrologic and hydrogeologic conceptual models; 
and integrate the inputs and outputs of the surface water and 
groundwater models (e.g., groundwater recharge, baseflow). 
The groundwater flow model was developed using MODFLOW 
(USGS; Harbaugh et al., 2000) based on the best geological and 
hydrogeological data available for the study area. The HSP-F 
surface water model (Hydrological Simulation Program – FORTRAN; 
v12, Bicknell et al., 2001) previously developed by Credit Valley 
Conservation was refined, re-calibrated and validated.

Within the Tier Three Assessment, the water budget models are
used to make precise predictions of the impacts of water takings
and climate variability on the availability of water and municipal
wells and intakes. In order to make these predictions, the water
budget models must be calibrated to the best extent possible.
Surface water models are calibrated both to runoff events and
average streamflow conditions. Groundwater models were
calibrated to average and transient water level conditions.

A Tier Three Water Budget and Local 
Area Risk Assessment (Tier Three 
Assessment) (CTC & MNR, 2010) was 
completed for the municipal drinking 
water systems servicing the Towns 
of Orangeville and Mono and the 
Township of Amaranth (Figure 1). As 
a requirement under the Province’s 
Clean Water Act (2006), the purpose 
of the Tier Three Assessment was to 
identify the water quantity threats 
to these municipal drinking water 
systems.

Figure 1: Local Area, Towns of Orangeville and Mono and the Township 
of Amaranth

Figure 2: Observed and simulated hydraulic 
head

Figure 3: Observed and simulated drawdown

Figure 4: Observed and simulated 
groundwater levels
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After calibrating the water budget models, 
a significant amount of effort is put forth 
in the Tier Three Assessment to estimate 
allocated quantities of water for existing 
and planned wells and intakes. Once the 
allocated quantities of water have been 
estimated, the calibrated models are used 
to assess the ability for the wells and intakes 
to pump the allocated quantities of water.

For groundwater wells, the water budget 
model is used to delineate the Local Area. 
The Local Area is delineated to include 
the vulnerable wellhead protection areas 
(WHPAs), WHPA-Q1 and WHPA-Q2. 
The WHPA-Q1 (Figure 5) is delineated 
by estimating the cone of influence for 
the existing land use and existing plus 
committed plus planned pumping rates 
scenario. The cone of influence is estimated 
by calculating the maximum water level 
drawdown for the scenario as compared to 
drawdown under nonpumping conditions. 
The WHPA-Q2 is delineated to include 
additional areas where groundwater 
recharge reductions would influence 
drawdown at a municipal well.

The Risk Assessment evaluates the impact 
of municipal pumping on other water uses 
such as cold water fisheries or wetlands. 
The risk assessment guidelines specify 
thresholds relating to the reduction in 
baseflow to cold water fisheries that must 
be evaluated. Figure 6 illustrates the 
impacts to the cold water fisheries for the 
Orangeville/Mono/Amaranth assessment.

Each of the risk assessment scenarios 
must evaluate whether or not a well or 
intake can sustain the allocated pumping. 
Figure 7 illustrates predicted drawdown 
at a municipal pumping well over the 
simulation period with comparison to the 
safe additional drawdown estimated for 
that well. Where predicted drawdown 
exceeds the safe available drawdown for 
any well during a scenario, the Local Area 
associated with that well is classified as 
having a significant risk level. Significant 
water quantity threats are then identified 
within the Local Area.

Figure 5: Delineation of WHPA-Q1s

Figure 6: Evaluate impacts to other uses

Figure 7: Safe additional drawdown
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 4.5.2 Subwatershed and Watershed Studies

The population in Canada as of 2011 was 33.4 million 
people, 38.6% of whom (~12.9 million people) resided 
in Ontario. Of those 12.9 million people in Ontario, 
85% live in urban areas (Human Resources and Skills 
Development Canada, 2010). Urbanization of the 
landscape can substantially change a given region’s 
hydrologic cycle and influence the pre-urban water 
budget.

The primary physical changes imposed on a system by 
urbanization that can influence pre-urban water budgets 
include (Cumming Cockburn Limited, 2001): 

• A reduction in canopy interception of precipitation 
due to tree removal 

• Reduction in natural vegetation and alteration of 
natural drainage patterns 

• A general smoothing out of the landscape which 
results in a loss of depression storage (depression 
storage can temporarily store water after storm 
events) 

• Loss of the rainfall absorbing capacity of humus and 
litter on the forest floor 

• A significant increase in impervious areas due to the 
construction of roofs, roads, sidewalks and parking 
lots 

• The introduction of anthropogenic drainage systems 
such as sewers, culverts, detention ponds and gutters

The subsequent changes to the hydrologic cycle and the 
water budget can include (Cumming Cockburn Limited, 
2001): 

• Rapid stormwater runoff rates with larger peaks 
• Greater volumes of stormwater runoff 
• Reductions in baseflow rates and volumes
• Reductions in evapotranspiration 
• Reductions in a system’s capacity to temporarily store 

water on its surface 
• Increases in erosion 
• Increases in the frequency of surface runoff 
• Modifications to the manner in which snow 

accumulates and melts

One of the major concerns associated with urbanization 
involves changes to the manner in which precipitation 
is partitioned between infiltration/recharge, runoff and 
storage. Urbanization will tend to reduce the amount of 

infiltration/recharge and storage, thereby proportionally 
increasing the amount of precipitation that becomes 
runoff. These changes in water flow patterns due to 
urbanization are complex and manifest themselves in 
different ways depending upon site conditions. For 
example, it is generally assumed that the reduction in 
infiltration due to the presence of impervious surfaces 
will cause a corresponding reduction in recharge, 
thereby resulting in the eventual decline of water table 
levels (and, where applicable, baseflow contributions 
to streams). However, a large body of research out of 
the United Kingdom suggests that this may not always 
be the case. In some cases, the water supply and storm 
drainage infrastructures in an urban setting may (at least 
partially) compensate for the loss of natural recharge due 
to leakage (e.g., Lerner, 2002). In addition to inadvertent 
sources of recharge in urban environments, a number of 
mitigation measures have also been implemented in the 
province of Ontario and elsewhere to reduce the impact 

Figure 4-23. Urban water flow (OMNR-SWMC)
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Figure 4-24. Aerial shot of Sydenham Lake and Dam, Community of Sydenham (Cataraqui Region Conservation Authority)

that urbanization can have on the natural hydrologic 
cycle: (1) many new subdivision developments include 
enhanced infiltration galleries, (2) the downspouts on 
individual homes can direct their discharge onto the 
soil instead of storm drains, and (3) increases in runoff 
rates and volumes and decreases in surface storage can 
be compensated for via detention ponds. The overall 
objective of these types of mitigation measures is to 
maintain the manner in which water moves through the 
hydrologic cycle as close to predevelopment conditions 
as possible while simultaneously minimizing impacts to 
local and downstream ecosystems.

Watershed and subwatershed studies are carried out to 
better understand the impacts of urban development 
on a watershed or subwatershed and to recommend 
planning and management practices to mitigate those 

impacts. Historical land use planning has not always 
provided sufficient protection of water resources. It 
is now known to be unwise to impair water quality, 
degrade aquatic/terrestrial habitats, reduce baseflows, 
lower groundwater levels, drain and sewer large areas 
or line watercourses with concrete to the point where 
hydraulic integrity is lost. 

Watershed and subwatershed studies do not determine 
land use; instead, these plans establish constraints, 
opportunities and approaches for input into land use 
planning decisions. It is the purpose of the watershed/
subwatershed plan to identify areas of concern and 
requirements for additional study at latter stages in the 
planning process. 
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Municipalities and conservation authorities work 
cooperatively to develop and to implement 
subwatershed plans. The subwatershed planning 
process involves an integrated team of planners, 
scientists, engineers and the public to develop 
environmentally sound approaches to guide land use 
planning and development decisions. Subwatershed 
plans are developed to: 

• Understand key hydrologic functions of a 
subwatershed or watershed 

• Develop and recommend land development 
strategies that will maintain hydrologic functions and 
ecosystems 

• Foster early integration of environmental and 
ecosystem considerations in preparation of land use 
plans 

• Assist municipal and government agencies, 
consultants and the development industry in 
understanding the needs of the watershed 

• Enhance the efficiency and effectiveness of land use 
plan preparation and review process

Water budgets (often conducted with the aid of 
numerical models) are one of the primary tools that allow 
hydrologists to quantify the impacts of urbanization 
on the predevelopment hydrologic cycle. These tools 
can provide a baseline of information that can be used 
by city planners, developers and regulators to identify 
particularly sensitive regions and to assess the success 
of mitigation measures. For example, groundwater 
models can be used to identify regions of the landscape 
that receive the greatest amount of recharge. Similarly, 
surface water models can be used to design and to 
evaluate the effectiveness of detention ponds, drainage 
canals and sewer systems in routing surface runoff 
through an urban area. 

Historical storm water management practices relied on 
“end of pipe” solutions such as stormwater retention 
and recharge ponds. Many current subwatershed studies 
evaluate the effect of low-impact development (LID) on 
a subwatershed or watershed. LID is a new stormwater 
management approach with a basic principle that is 
modelled after nature: to manage rainfall and runoff 
at the lot-level as opposed to the traditional “end-of-
pipe” solutions. The LID concept is intended to address 
all aspects of the hydrologic cycle as opposed to the 
traditional desire to manage only stormwater volumes 
and flow rates.

The “Low-Impact Development Case Study” describes 
pilot projects being carried out by Credit Valley 
Conservation and the City of Mississauga. Water 
resource managers are challenged to develop water 
budget tools to evaluate the long-term performance of 
LIDs and to incorporate them into their subwatershed 
and watershed modelling tools.

4.5.3 Water Reservoirs and Flood Control Structures

Dams and flood control structures should be considered, 
in a water budget, for multiple risks and impacts to 
the environment. Typical water resource assessments 
associated with dams consider low flow augmentation 
for waste assimilation and ecological water needs; 
hydropower; flood potential which may arise from 
large storm events; dam failures or land slides into 
the reservoir; and the development of reservoir 
management guidelines to optimize performance. 

Other impacts include the volume and timing of 
discharge to the river from the dam. The timing and 
volume of these releases may have a significant impact 
on both the natural environment and the hydrological 
processes that take place within and around the 
reservoir. Reservoirs trap water (i.e., precipitation, runoff) 
and are subject to increased evaporation. This could 
alter the water budget for the area.

The amount of water and timing of release from a 
reservoir poses some risk and needs to be carefully 
determined. If too much water is released, there may 
be insufficient water available later in the season when 
needed. Conversely, if too little water is released, 
runoff, precipitation and other events may trigger 
flooding. Both situations can have serious consequences 
and indicate some of the difficulties that arise 
when operating dams and flood control structures. 
Understanding the reservoir’s water budget is essential 
for the management of water discharge from the 
reservoir.

Reservoirs can change the water budget for a watershed 
or subwatershed. They capture precipitation, runoff and 
several other hydrological processes that discharge to 
stream channels. They may also create new recharge 
zones for the groundwater system, increasing the 
amount of water added to groundwater. The large area 
of open water that is present in reservoirs is also subject 
to increased evaporation.
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Perhaps the most important aspect relating to dam 
and reservoir management in the future relates to the 
impact of climate change. Changes in the quantity and 
timing of river inflows, together with increased reservoir 
evaporation, decreased snow/ice cover depth and 
duration and timing of spring melt will have a number 
of effects on the operation, effectiveness and safety of 
dams, regardless of their purpose. Dams are designed 
and constructed to operate over a long period of time. 
Hydrologic changes associated with climate change 
may have an impact on the assumptions made with 
respect to the design of the facilities and their operating 
procedures. From a safety perspective, the design of 
dams is based on extreme hydrological events, and 
there is potential for climate change to alter both the 
frequency and the magnitude of these events.

In addition to extreme events, seasonal shifts in 
streamflow will have to be considered with respect 
to a reservoir’s operational rule curves. Operational 
rule curves dictate, to the reservoir operator, what 
the appropriate water level should be at any given 
day throughout a year. In multi-purpose reservoirs, 
which are designed to both provide flood protection 
and hydropower generation/low flow augmentation, 
these curves have been designed to optimize the 
effectiveness of the structure for all purposes. For such 
reservoirs, rule curves generally specify a low elevation 
during winter months, to allow flood reduction during 
the spring freshet period. Subsequently, they specify 
a high elevation in late spring to ensure adequate 
water to maintain hydropower generation or low flow 

augmentation throughout the summer (Figure 4-26). 
With climate change having the potential to move 
the spring freshet earlier into the year, modified rule 
curves may be required to reflect this seasonal shift in 
streamflow. 

As demonstrated by the various considerations 
described above, there are many opportunities to 
apply current water budget tools in the field of dam 
and reservoir management. Case Study 8 provides an 
example of the application of water budgets to predict 
the impacts of climate change on an Ontario dam and 
reservoir.

4.5.4 Permits to Take Water

Introduction to the Permit to Take Water Program

In Ontario, anyone who takes more than 50,000 litres of 
water a day from a lake, river, stream or groundwater 
source must obtain a Permit to Take Water (PTTW) from 
the Ministry of the Environment (with a few exceptions). 
Three exemptions exist, for which no PTTW is needed: 1) 
takings for residential water use; 2) takings for watering 
livestock and poultry and 3) takings for firefighting. 
Other takings, such as municipal drinking water supplies, 
agricultural irrigation or water taken for beverage 
manufacturing, must be permitted through Ontario’s 
PTTW program. These permits help to ensure the 
conservation, protection, management and sustainable 
use of Ontario’s water. 

The MOE has published the Guide	to	Permit	to	Take	
Water Application Form (MOE, 2007) which introduces 
the water budget concepts required under the PTTW 
program. The MOE’s	Permit	to	Take	Water	(PTTW)	
Manual (MOE, 2005) sets out the decision making 
process generally followed by the Ministry. It is intended 
to explain to applicants, proponents and the public the 
requirements and considerations that are generally taken 
into account when reviewers are evaluating a proposed 
or existing water taking.

Permit Application Categories

Water takings that must be permitted include include 
both those taken from surface water sources and those 
taken from groundwater sources. When applying for 
a water taking permit, applicants fit into one of three 
categories in the permitting process. The categories 

Figure 4-25. Seine River dam (Wasyl Bakowsky)
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LID is defined as “a	stormwater	management	strategy	that	seeks	to	mitigate	the	impacts	of	increased	runoff	and	stormwater	
pollution	by	managing	runoff	as	close	to	its	source	as	possible.	LID	comprises	a	set	of	site	design	strategies	that	minimize	
runoff	and	distributed,	small	scale	structural	practices	that	mimic	natural	or	predevelopment	hydrology	through	the	
processes	of	infiltration,	evapotranspiration,	harvesting,	filtration	and	detention	of	stormwater.	These	practices	can	effectively	
remove	nutrients,	pathogens	and	metals	from	runoff,	and	they	reduce	the	volume	and	intensity	of	stormwater	flows.”  
(CVC & TRCA, 2010)

Acknowledgement: Christine Zimmer, Credit Valley 
Conservation

Credit Valley Conservation (CVC) is an Ontario 
Conservation Authority dedicated to protecting, 
restoring and managing the natural resources of the 
Credit River Watershed. Established by the provincial 
government in 1954, CVC is one of 36 conservation 
authorities in Ontario.

CVC’s jurisdiction can be divided into three distinct 
zones - the Upper, Middle and Lower Watersheds, shown 
in Figure 1. The Upper Watershed lies above the Niagara 
Escarpment and is generally characterized by hummocky 
topography and thick deposits of coarse-grained soils 
that both promote recharge and contribute a significant 
amount of baseflow to the cold water streams. The 
Middle Watershed includes the Niagara Escarpment 
Area, the Greenbelt and the Oak Ridges Moraine. Steep 
slopes, outcroppings of bedrock and often thin soils 
characterize this zone. Relatively flat plains in the Lower 
Watershed result in slow runoff; however, predominantly 
fine-grained soils result in infiltration rates that are much 
lower than those of the Upper Watershed.

All three zones face development pressures and as 
such have undergone comprehensive environmental 

studies and monitoring. Findings from these recent 
studies suggest that implementing Low Impact 
Development (LID) measures for both new development 
and existing urban areas is needed to mitigate adverse 
water quantity and water quality impacts traditionally 
associated with urban development. Water budget tools 
play an important role in identifying the need for LID 
measures and assist in the design of those measures to 
reach the important goal of maintaining key hydrological 
processes in the watershed.

LID has proven within CVC’s jurisdiction to be the 
stormwater solution for small, medium and large 
municipalities. For small municipalities in the upper 
portion of the watershed that are groundwater 
dependent, such as the Town of Orangeville, 
groundwater studies have found baseflow reductions in 
the headwaters ranging from up to 70% for some creeks. 
This is due to cumulative influences of the increased 
municipal groundwater takings and the reduction in 
groundwater recharge in response to urban expansion. 
This may have implications for the assimilative capacity 
of streams and the health of cold water fisheries, such 
as Brook Trout. For large municipalities in the lower 
portion of the watershed, in tighter soils, instream 
flow monitoring of recently developed urban areas 

Figure 1: Credit 
Valley Conservation, 
Upper, Middle and 
Lower Watersheds
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Figure 2: Artistic rendering of Elm Drive “Green Street” 
initiative

Figure 4: Elm Drive bioretention planter installation – 
“during” construction

Figure 3: Elm Drive bioretention planter installation – 
“before” construction

Figure 5: Elm Drive bioretention planter installation – 
“after” construction

found increasing trends in wet weather streamflow 
and pollutants despite end-of-pipe stormwater 
management ponds. To mitigate these impacts, CVC 
has developed new stormwater criteria (CVC, 2012) for 
new developments and is partnering with municipalities, 
such as the City of Mississauga, to implement LID within 
existing urban areas, such as Cooksville Creek.

Elm Drive Road Retrofit Project

To help address rising stormwater concerns, the City 
of Mississauga partnered with the Peel District School 
Board and Credit Valley Conservation (CVC) to develop 
a “First of its Kind Green Street” demonstration site for 
Elm Drive located just south of Square One in the City 
of Mississauga. The Elm Drive project will incorporate 
green features, such as permeable pavement and 
bioretention planters, that will filter and store water 

washing off roads before it enters Cooksville Creek and 
Lake Ontario. Preliminary data for 2011 found little to 
no runoff produced for rainfall events below 13 mm, 
suggesting rainfall is either infiltrated or lost through 
evapotranspiration. Larger events showed a delay in 
the time to peak and a reduction in runoff volume. CVC 
and the City have also installed 6 more LID sites within 
residential neighbourhoods, schools and public parks. 
For more information visit www.bealeader.ca.

Figure 2 is an artistic rendering that illustrates the 
conceptual plan for the Elm Drive retrofit project. The 
plan includes sidewalks on both sides of the road. 
Permeable parking lay-bys and bioretention facilities 
are incorporated to provide water quality treatment and 
quantity control of storm water runoff before entering 
Cooksville Creek. Figures 3, 4 and 5 show before, during 
and after photos of the bioretention planter installation.
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have been structured to manage permit applications by 
risk as summarized below: 

• Category 1 applications (unlikely to pose adverse 
environmental impacts) 

• Category 2 applications (short-term water taking, 
requires a scoped assessment) 

• Category 3 applications (requires a detailed 
ecological/hydrological/hydrogeological study)

Applications that have a lower risk of causing 
undesirable impact on local habitat, creating 
interference with other users or having a harmful effect 
on water availability in the watershed or local area would 
be classified as Category 1. Category 1 includes those 
applicants that are applying for a renewal of a taking that 
was previously evaluated and approved. It also includes 
takings from small, isolated, groundwater or surface 

water ponds and takings less than 1 million L/day from 
the Great Lakes. 

Those applications with a higher level of risk of impact 
receive a greater amount of attention and evaluation 
before being approved; they are either designated as 
Category 2 or Category 3. A permit application may 
be considered higher risk based on the magnitude of 
the proposed taking or the potential for a sensitive 
area to be affected by it (i.e., a wetland or significant 
groundwater recharge area). If the watershed in which 
the taking is located is classified as a Medium or High 
use watershed by the Ontario MOE, or if the taking is 
known to interfere with another water user’s taking, the 
application may also be classified as Category 2 or 3.

Figure 4-26. Example reservoir rule curve (GRCA, 2008, river data)
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Water Budget Requirements

Applications for all categories of permits require that 
water takings be considered as part of a local and broad 
water budget. Applications for all categories require the 
completion of “Schedule 1 – Implementation of Water 
Conservation in accordance with Best Management 
Practices and Standards for the Relevant Sector”. 
The purpose of this Schedule is to allow applicants 
to document in the application all water conservation 
measures and practices that are currently being 
undertaken or that are anticipated to be undertaken for 
the duration of the permit.

The degree to which water budgets are considered as 
part of a permit application increases for the Category 
2 and Category 3 permits, which require a completed 
Schedule 2 (groundwater) and/or Schedule 3 (surface 
water) signed by a qualified person. The Province 
provides criteria for a qualified person for both 
groundwater and surface water takings. 

Relating to Schedule 2 for groundwater, the water 
budget consideration incorporates an assessment of 
the proximity to other water uses and to surface water 
that may be affected by the taking. Relating to Schedule 
3 for surface water, the qualified person confirms that 
the permit meets the quantity criteria published for 
the specific nature of the taking. Factors that should 
be considered in a Category 2 application include (but 
are not limited to): the scale of the taking; cases where 
a sensitive area (i.e., stream or well) may be impacted; 
known or documented interference; or watershed 
conditions. 

A Category 3 requires a detailed ecological/
hydrological/hydrogeological study answering questions 
concerning four main areas for the specific water taking:

1. Natural Functions of the Ecosystem – What is the 
impact of the taking on the natural ecosystem? How 
are surface water stream flows or groundwater levels 
affected? Is there a change in groundwater and 
surface water interaction?

2.  Water Availability – Is the watershed able to 
sustainably provide enough water for the new water 
demand while also satisfying the demand of existing 
uses and ecosystem needs?

3.  Water Use – Are water conservation practices being 
used or proposed and are they in line with best 

water management practices for the given sector? Is 
the water likely to be used to the extent the permit 
applicant is requesting?

4.  Other Issues – Will the water taking interfere with 
other known water users?

Each applicant is responsible, to some extent, to 
conduct a local-scale impact assessment of their 
proposed water taking to address the above concerns. 
Sometimes, certain conditions will trigger the Ministry 
to initiate a larger-scale study of the water resources 
in a given area (i.e., a water budget), either for a 
subwatershed or a specific aquifer, before approving 
the application. This larger study, done with a 
geographically-based approach, is intended to consider 
water balance and sustainable yield for a broader area 
and to assess the impact of cumulative water takings 
on that area. As set out by the Ontario MOE (2005), 
circumstances that can lead to initiating a larger-scale 
study include: 

• Level II or III low water conditions declared in 2 of the 
previous 5 years (refer to Section 4.5.8) 

• A pattern of significant decline in hydraulic head in 
the aquifer over the previous 5 years 

• The watershed is classified as high or medium water 
use for summer low flow conditions

• A high density of permitted water takings within a 
given area (MOE 2005)

The MOE’s PTTW Manual sets out specific scientific 
expectations for Category 3 studies. 

Water budgets are critical for evaluating the larger 
impact of cumulative takings on water balance and 
the sustainable yield for a subwatershed. Different 
watersheds have different data and analyses available; 
therefore, the MOE relies on a variety of tools in such 
cases to study the impact. Field measurements and 
tests, numerical models and analytical water budget 
methods, combined with maps of water use and 
streamflow conditions, are useful to predict local impacts 
of water takings.

There are two main areas in which a water budget can 
inform and support the PTTW process. First, it assesses 
the water supply reliability of the source identified. A 
water budget evaluates the water availability of the local 
source and the seasonal and historic variability of that 
supply. A standard parameter of evaluation used is the 
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Acknowledgement: Paul Lehman, P.Eng., General 
Manager, Mississippi Valley Conservation

The Mississippi River is a tributary of the Ottawa River 
in eastern Ontario in Canada. It is 200 km in length from 
its source in Upper Mazinaw Lake, has a drainage area 
of 3,740 km2 and has a mean discharge of 40 m3/s. From 
its headwaters at Mazinaw Lake to its confluence at the 
Ottawa River near Fitzroy Harbour the river drops 323 
m in elevation. Following a southerly course through 
Mazinaw Lake, the Mississippi River turns eastward and 
runs a direct east-west course to its junction with the Fall 
River near the Village of Lanark. From this point, it flows 
north through the towns of Carleton Place, Almonte, 
Pakenham and Galetta until it enters the Ottawa River.

Water control structures were first constructed on the 
Mississippi River and its tributaries in the mid 1800s, for 
timber or grist mill purposes. At the turn of the century 
many of these structures fell into disrepair. Between 1910 
and 1920, hydro-plants were constructed to generate 
power from the river along with a series of storage 
reservoirs to augment stream flows over the summer and 
winter months. From 1950 to 1965, seasonal recreational 
development changed the nature of the operation of 
the water control structures in the watershed. In 1968, 
Mississippi Valley Conservation (MVC) was created with a 
mandate to conserve and manage the natural resources 
of the watershed and to protect the life and property of 
residents from flooding. MVC accomplishes its mandate 
through flood forecasting and warning, planning 
development control programs and the operating 

existing water control structures. Currently there are in 
excess of 30 water control structures in operation on the 
Mississippi River and its tributaries. Figure 2 provides a 
map of the Mississippi River Watershed and the water 
control structures contained within. MVC owns and/or 
operates 19 dams and liaises with other dam operators, 
including five hydro generation plants, to coordinate 
management of lake water levels and river flows on a 
watershed basis for anthropogenic and environmental 
requirements.

MVC recognized the need to assess hydrological 

Figure 1: Water control structure

Figure 2: 
Location of 
water control 
structures
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impacts of climate change and how those impacts would 
affect reservoir performance and operations. MVC’s 
methodology to conduct this assessment is summarized 
as follows:

•  Develop a scientific basis to quantify potential impact 
of climate change on watershed hydrology and 
reservoir performance

•  Assess potential for secondary impacts (fisheries/
water quality)

•  Utilize the A2 emissions scenario – CGCM II climate 
model downscaled to Mississippi River Watershed. 
Utilize temperature and precipitation projections.

• Utilize MVC’s existing water budget model (Mike 11) 
and the MRWM reservoir operation model

• Assess four climate periods
• Base period 1974 – 2002
• Future periods (2010 – 2039, 2040 – 2069, 2070 – 

2099)

Figure 3 illustrates the mean daily reservoir outflow for 
each climate period for one of the MVC’s reservoirs. 
The peak daily flow is expected to occur earlier in the 
year at a lower rate than the current climate.

Using the same rule curve (shown in red below), future reservoir outflows (shown in blue in Figure 5) will
be much higher in the early winter months than those currently experienced (shown in blue in Figure 4).

Primary Water Management Implications
• Streamflows
 •  Freshets 28% lower/6-7 weeks earlier
 •  Minimum summer flows may be 44% lower and  

 persist 28% longer
 •  Fall/winter flows may be70% higher
•  Greater flood risk in fall and winter
•  Increased shoreline erosion
•  Increased frazil ice generation
•  Greater variability in summer water levels

Secondary Water Management Implications
•  Higher evapotranspiration rates
 •  10% increase in precipitation
 •  16% increase in evapotranspiration
 •  26% reduction in annual streamflow
•  Higher surface water temperatures
•  Lower flushing rates and degraded water quality
•  Shift to warm water fisheries species

Figure 4: Current reservoir operation versus streamflow Figure 5: Future reservoir operation versus streamflow

Figure 3: Simulated 
future reservoir 
outflows
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median monthly flow for a certain location as well as 
total annual flow. Flow volumes presented over time can 
give an overview of the trends of flow changes that point 
to specific issues, concerns or opportunities. Median 
monthly flow, as well as 10% and 90% exceedance flows 
for each month, help contextualize the variability of flow 
within a single month. 

Second, the water budget focuses on other water users 
both upstream (or upgradient) and downstream (or 
downgradient) of the permit location. An evaluation 
of the demand of upstream users, taking into account 
varied demand based on seasonal/monthly use 
coefficients, is completed to determine the feasibility of 
additional demand being met by the source throughout 
the year. The water supply requirements for water supply 
for downstream takings, ensuring the stream can still 
provide for other water users with the additional water 
taking, are also measured. For downstream water users, 
an assessment of the assimilative capacity of the water 
source can be done, ensuring the water quality remains 
high enough to meet standards.

Further to the external study of water supply reliability 
and impacts on other users, the water budget can 
also help support the conservation of water use in the 
operation of the applicant’s facility or municipality, etc. 
Understanding where and how water is being used, 
how much water is being incorporated into a product, 
how much wastewater is produced and how it is treated 
before being returned to the source (i.e., temperature 
change of the wastewater discharge) can help identify 
deficiencies in the system that require improvement. The 
consumptive nature of the water taking is evaluated, as 
explained in Section 4.3.1, for monthly use coefficients 
and seasonal variation. Overall, the water budget 
applied to water taking operations can be combined 
to understand where water inefficiencies are occurring 
in the operation and how to mitigate against those 
inefficiencies.

4.5.5 Aggregate Extraction

Ontario’s aggregate resources are the sand, gravel, clay, 
earth and bedrock that underlie our natural landscape. 
Aggregates play a significant role in the everyday life of 
all Ontario residents. They are an integral part of roads, 
sidewalks, sewers, subway tunnels and airports, as well 
as our homes, offices, hospitals, schools and shopping 
centres. Aggregates are critical ingredients in a number 

of manufactured products such as glass, coated paper, 
paint and pharmaceuticals. Aggregates are also used in 
several manufacturing processes, including the making 
of steel, aluminium and plastic. 

The removal of aggregate from the ground is done at 
extraction sites called “pits” for unconsolidated material 
(i.e., sand and gravel) and “quarries” for consolidated 
material. These extraction sites are open excavated 
areas that can sit well above the water table but may 
also extend below the water table. Southern Ontario 
contains many aggregate extraction sites that originate 
from deposits made during the Quaternary period; 
today they act as important groundwater recharge/ 
discharge locations and are valuable mining sites that 
support Ontario’s economy.

Aggregate extraction in Ontario is governed by the 
Aggregate Resources Act (1990). The Act’s purpose is 
to manage and to regulate the aggregate extraction 
industry in the province on both private and Crown lands 
to meet demand for aggregate resources. It exists to 
minimize any adverse impacts on the environment due 
to aggregate extraction and requires the rehabilitation 
of aggregate operations after extraction is complete. 
Three application categories are specified in the Act 
for anyone looking to undertake aggregate extraction 
operations in the Province, as follows: 

• Aggregate permit: mandatory for extraction from 
Crown-owned land or of Crown-owned aggregate, 
plus any extraction done beneath natural water 
bodies. 

Figure 4-27. Above water table gravel extraction, 
Southern Ontario



Water Budget Analysis

89

• License: mandatory for extraction from private lands 
in locations specified in the Aggregate Resources Act. 
Class A license: for removing more than 20,000 tonnes 
of aggregate in a year. Class B license: for removing 
20,000 tonnes of aggregate or less in a year. 

• Wayside permit: mandatory for extraction from 
private lands in locations specified in the Aggregate 
Resources Act but where a public authority will 
be using the material for road construction or 
maintenance (MNR, 2012a).

The Aggregate Resource Act does not place any 
requirement for water resources studies. These 
requirements are set forth under other provincial and 
federal acts and regulations. The Ministry of Natural 
Resource has developed a set of standards for each of 
the following types of aggregate extraction situations 
(MNR, 2012b):

Aggregate Licences (Private Land, Designated Areas) 

• Provincial Standards of Ontario - Category 1 - Class A 
Pit Below Water 

• Provincial Standards of Ontario - Category 2 - Class A 
Quarry Below Water 

• Provincial Standards of Ontario - Category 3 - Class A 
Pit Above Water 

• Provincial Standards of Ontario - Category 4 - Class A 
Quarry Above Water 

• Provincial Standards of Ontario - Category 5 - Class B 
Pit Below Water 

• Provincial Standards of Ontario - Category 6 - Class B 
Quarry Below Water 

• Provincial Standards of Ontario - Category 7 - Class B 
Pit Above Water 

• Provincial Standards of Ontario - Category 8 - Class B 
Quarry Above Water

Aggregate Permits (Crown Land) 

• Provincial Standards of Ontario - Category 9 - Pit 
Above Water 

• Provincial Standards of Ontario - Category 10 - Pit 
Below Water

• Provincial Standards of Ontario - Category 11 - Quarry 
Above Water 

• Provincial Standards of Ontario - Category 12 - Quarry 
Below Water 

• Provincial Standards of Ontario - Category 13 - 
Aggregate Permit Extraction for Land Under Water

Forest Industry 

• Provincial Standards of Ontario - Category 14 - Forest 
Industry

Wayside Permits 

• Provincial Standards of Ontario - Category 15 - 
Wayside Permits for Public Authority Projects

Standards for each of the above categories are 
modified to reflect relevant circumstances of the specific 
operation. The following types of standards are provided 
for each of the categories: 

• Site plan standards 
• Report standards 
• Prescribed conditions 
• Notification and consultation 
• Operational standards 
• Annual compliance reporting

Two of the components directly relate to the preparation 
and use of water budgets in relation to the aggregate 
industry; site plan standards and report standards. 

The site plan standards pertain to the information that 
must be included and shown on the site plan of the 
proposed operation. As an example for Category 10 - 
Pit Below Water, some of the requirements having water 
budget relevance are summarized below: 

1.16  the topography of the site, illustrated by two 
metre contour intervals or spot elevations 
referenced to a permanent benchmark on the site

1.19  existing and proposed surface water drainage and 
drainage facilities on and within 120 metres of the 
site 

1.30  the location of existing berms and the location 
and minimum height of proposed berms 

1.32  the sequence and direction of the pit 
development 

1.36  any proposed water diversion and points of 
discharge to surface water on the site 

1.37  the area in hectares to be extracted on the site 
1.44  the estimated final elevations of the site 
1.48  a cross section showing the following information: 
 (a) existing condition
 (b) final floor elevation
 (c) final slope gradients



Water Budget Reference Manual

90

 (d) the water table
1.51  the elevation of the established groundwater table 

on site
1.52  any recommendation(s) and/or monitoring 

program(s) identified in the technical reports 

Report standards include the requirements of technical 
reports accompanying an application for a permit. 
Hydrogeology technical reports may be prepared at one 
of two levels as described below: 

• Hydrogeological Level 1: Preliminary hydrogeologic 
evaluation to determine the final extraction elevation 
relative to the groundwater table and the potential 
for adverse effects to groundwater and surface water 
resources and their uses 

• Hydrogeological Level 2: Where the results of Level 
1 have identified a potential for adverse effects of 
the operation on groundwater and surface water 
resources and their uses, an impact assessment is 
required to determine the significance of the effect 
and the feasibility of mitigation.

When assessing a site for the purpose of extracting 
aggregate, a Hydrogeological Level 1 evaluation must 
be done to determine if any harmful impacts on either 
groundwater or surface water resources may occur as 
a result of the operation. This assessment must also 
determine the elevation of the groundwater table over 
the extent of the site and define the elevation of the final 
excavation to determine if the excavation will be within 
1.5 m of the water table. 

If the potential for adverse effects on water resources 
is found in the initial assessment, then a more detailed 
impact assessment, a Hydrogeological Level 2 study, 
of the affected area is further required for the permit or 
licence application. The purpose of the detailed impact 
assessment is to determine the extent and significance 
of the impacts and also to assess the viability of 
mitigation against these negative impacts.

4.5.6 Agriculture and Irrigation

Agriculture is an essential activity for human survival, 
producing food both for livestock and humans. 
Agriculture requires a significant amount of water on a 
regular basis. The water used by the agriculture sector 
is mainly applied as irrigation for crops but also includes 

requirements for washing agricultural equipment and 
property, watering livestock and various other purposes. 

According to the 2011 census, 3.9% of Ontario’s total 
land area (based on a total land area of 917,741 km2 

(MOF, 2012) and crop land of 3,613,821 ha (Statistics 
Canada, 2011)) is devoted to agricultural crop fields. 
In Ontario, those crops that are of high value and are 
more sensitive to drought are more likely to be irrigated. 
The 2011 census notes that, in total, 41,849 ha of land 
is irrigated, representing only 1% of the Province’s 
agricultural area (Statistics Canada, 2011).

Although the total percentage of land irrigated may 
seem small, when many irrigated farms and irrigation 
water permits are concentrated together, the impact on 
local water resources can be significant. One such area is 
in Norfolk County, in which irrigation is a dominant water 
use and is a key focus of local water budget studies. In 
the Long Point Region, close to 13% of agricultural land 
is irrigated (AquaResource, 2009b). 

Water used for irrigation comes from both groundwater 
and surface water features. The large amount of 
water required for irrigation and the impact the taking 
may have on local water resources must be taken 
into account when calculating a water budget for a 
subwatershed or watershed with significant amounts of 
irrigated land. Not only is irrigated water used by crops 
but it is also depleted through evapotranspiration and 
surface runoff. Most agricultural land is open field where 
it is exposed to long hours of daylight, which increases 
potential evaporation rates, leading to increased water 
demand for irrigation. 

Agriculture and irrigation requirements are intrinsically 
linked to and affected by climate variability and low 
water conditions. Periods of dry climate and low water 
coincide with high water demand for irrigation. Future 
changes to our climate may result in even higher 
irrigation water demands. Irrigation is a risk-mitigating 
approach for farmers and is meant to combat periods 
of dry soil due to low precipitation and/or high 
temperature. Irrigation is a critically important practice 
that provides the agricultural industry sufficient control 
over moisture levels to facilitate consistent crop quality. 
Water budgets are applicable at different scales for use 
with agriculture and irrigation as described below.
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Watershed and Subwatershed Scale: 

• Ontario’s Clean Water Act (2006) was enacted to 
help protect drinking water from source to tap with 
a multi-barrier approach that stops contaminants 
from entering sources of drinking water - lakes, rivers 
and aquifers. Through the implementation the Clean 
Water Act, the Province’s conservation authorities 
have led a large-scale and extremely thorough 
compilation of water budget and water demand 
data. For agriculturally intensive areas, this work has 
resulted in a rigorous assessment of irrigation water 
demand and the identification of subwatersheds that 
have become stressed due to water supply limitations 
or water demand that exceeds what local supply can 
provide for. Water budgets are used extensively for 
determining local supply and demand variability. 

• While PTTWs are required for all irrigation practices, 
the permits specify a substantially larger capacity 
than that which is typically applied through normal 
irrigation practices. Estimating actual total water use 
in an area dominated by irrigation is more complex 
and requires assumptions about management 
practices as well as water budget outputs. Irrigation 
is seasonal and occurs mainly in the summer months. 
Irrigation is also dependent on precipitation; 
therefore, the number of irrigation events changes 
from one year to the next as natural water supply 
varies. Water budget models are useful for estimating 
total water demand in situations where there is 
insufficient reported pumping data available. A case 
study explaining this technique is included at the end 
of this section. 

• Water budgets also predict surface water flow and 
groundwater levels based on historical watershed 
responses to climatic input. These predicted water 
budget components can be used to determine 
whether or not the current irrigation requirements 
can be met in current or future drought or low water 
situations, and whether or not agricultural and 
irrigation permits to take water can continue to be 
approved for a given area. Water budget predictions 
of soilwater content in a study area can also be used 
to compare the irrigation needs of alternative crops 
for future planning purposes. Water budgets can 
be applied to agricultural drought management 
planning. By identifying those areas most at risk 
for having water stress occur during either normal 
or drought conditions, action plans for staggered 
water takings, mandatory or voluntary conservation 

practices, or reduced irrigation takings can be 
created.

Managing Local Water Resources: 

• At the scale of considering a single water source 
such as a well, a lake or a stream, simple water 
budgets can be used to estimate monthly and annual 
water supply available for irrigation. Local irrigation 
advisory committees, found in some agriculture-
heavy subwatersheds of Southern Ontario, could 
rely on these simple water budgets to provide better 
understanding of water availability and impacts 
to the surrounding environment. Local irrigation 
advisory committees are community committees of 
neighbouring irrigators that informally coordinate 
local water takings so that existing resources can be 
shared and managed (Shortt et al, 2004). They also 
act as arbiters when an issue due to water use or low 
water availability becomes a problem. 

• Water budgets are necessary for estimating water 
quality impacts to receiving water bodies and 
assimilative capacity of surface water bodies. These 
assessments are necessary in areas with intense 
irrigation activities which may produce runoff carrying 
increased levels of nitrates, phosphorous, turbidity 
and biological contaminants. 

• Local water budgets may help identify surface 
water and groundwater sources that are being 
overextended and those that are not being utilized 
to their full potential for water provision. A common 
example of managing water takings from a local water 
resource is to stagger pumping from the resource, 
having different irrigators pump water from the source 
at different times so that demand is spread out. Local 
water budgets may be used to optimize irrigation 
strategies in situations where multiple users rely on 
the same stressed source. 

• A 2010 study (Bernier et al, 2010), assessed on-farm 
irrigation for several farms in Southern Ontario 
and found that irrigation scheduling practiced by 
irrigators did not efficiently or consistently predict 
irrigation needs. Most growers that were part of the 
study “based their irrigation decisions on weather 
forecasts, visual inspection of plants and a subjective 
soil moisture examination”. The study showed that 
efficiency in irrigation scheduling could be increased 
by simple technology, a water balance approach to 
irrigation scheduling was recommended.
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Introduction: The watershed managed by the Long 
Point Region Conservation Authority (LPRCA) borders 
Lake Erie, located directly south of the Grand River 
Watershed. The region is well-known for its agricultural 
value and contains the Norfolk Sand Plain, which is 
suited for growing high-value crops such as tobacco, 
sod, vegetables and ginseng. Agricultural irrigation 
is extensive in the region. Figure 1 illustrates the 
high density of agricultural Permits to Take Water in 
the Norfolk Sand Plain area. As part of the Tier Two 
Water Budget and Subwatershed Stress Assessment 
completed in support of the Clean Water Act, local 
water demand due primarily to irrigation was compared 
against water supply to make an assessment of 
subwatershed stress.

The ability to accurately characterize the irrigation 
demand was extremely important for the Tier Two study 
due to the large number of permits in the area and 
historical influence of irrigation on local water resources. 
Although each irrigation permit was associated with a 
maximum permitted water taking rate, the agricultural 
industry does not normally use water at the fully 
permitted rate and the frequency of pumping was 
unknown. Therefore, the locations of permitted takings 
were known for the region, but actual water demand 
was not. To assist with the estimation of irrigation 
water demand and its temporal variability under 
different climatic conditions in the Norfolk Sand Plain, a 
methodology for estimating irrigation demand was used 
which relied upon the Tier Two water budget model 
prepared for the Long Point Region.

Irrigation Event Model: The technical team applied the 
Tier Two water budget model to estimate the frequency 
of irrigation events based on climate and hydrology 
data. The GAWSER model developed for the Long Point 
Region simulated hydrology during the period of 1961 to 
2004. The model was calibrated by comparing observed 
streamflow to simulated streamflow and adjusting model 
parameters accordingly. A daily time series of simulated 
soil moisture content in the agricultural areas was 
produced using the model. This output was then used in 
a simple irrigation event model, developed originally by 
the Grand River Conservation Authority, to estimate the 
number of irrigation events in the summer months each 
year.

The irrigation model is configured to track soil water 
content and introduce an irrigation event when needed 
to maintain soil moisture at sufficient levels. When 
available soil water content reaches the halfway point 
between field capacity and wilting point, crops begin 
to experience water stress. At this point, the irrigation 
event model “triggers” a new irrigation event, if the 
previous irrigation event did not occur within the 
preceding 7 days. When an irrigation event is triggered, 
the model increases the soil moisture by a specific 
irrigated depth and moves to the next time step. A 
simple evaporative process estimates the loss of the 
applied water.

Figure 2 shows an example of the irrigation event  
model output. The soil moisture labeled as “soil 
moisture before irrigation” is direct output from the 

Figure 1: Long Point 
Region groundwater 
permits to take water



Water Budget Analysis

93Case Study 9 Irrigation Water Demand Variability  
in the Long Point Region

Long Point Region water budget modelled using 
GAWSER. The figure illustrates soil moisture increasing 
following summer precipitation events. From June to 
September, when irrigation events were expected to 
occur, the irrigation event model predicted irrigation 
events, shown as green peaks on the figure.

Figure 3 illustrates the number of irrigation events 
estimated using the irrigation model. There is wide 
variability due to changes in climate from year to year. 
For example, in the year 2000, a wet year, only two 
irrigation events were triggered by the model. Ten 
events were triggered in 2001, which is considered a dry 
year. On Figure 2, the soil moisture drops to the wilting 
point between irrigation events as opposed to having a 
new event triggered when the soil moisture reached 50% 
storage. This is due to the constraint of having seven 
days between consecutive events.  From 1961-2004, 
the irrigation event model predicted an average of one 
event in June, two events in July, three events in August 
and two events in September, totaling eight events each 
year.

Determining Water Demand: The next step was to 
estimate the water use for each irrigation event.

• The actual reported pumping rates are approximately 
60% of the Permit to Take Water maximum permitted 
rates, based on a comparison done by the GRCA.

• It was assumed that 25% of pumped water returns 
to the source within a short time through runoff or 
recharge; therefore, a 0.75 consumptive use factor 
was applicable.

• Irrigators indicated a standard length of time for an 
irrigation event was 4 days.

Taking into account the above factors, the maximum 
permitted rate for every permit was first multiplied by 
60% to represent actual rates, then by 75% to represent 
the consumptive use factor, and finally by 4 days to 
represent the length of time pumping occurred. This 
determined a water demand per irrigation event for each 
permit. By summing all the demands of every permit in a 
subwatershed, the water demand per subwatershed per 
irrigation event was calculated. 

Finally, by multiplying the subwatershed water demand 
for each irrigation event by the average number of 
events occurring each month, the total monthly irrigation 
water demand was estimated.

Looking Forward:

The water budget output was used to estimate average 

irrigation demand in Long Point for each summer month 
to incorporate realistic results into the Subwatershed 
Stress Assessment.The results illustrate the impacts 
of water demand variability on water resources on 
an annual basis. This methodology can be used to 
assess the “double impact” of dry years on local water 
resources; in dry years there is significantly less water in 
the watershed available for use and in those same years, 
irrigation water demand is highest. By studying the 
annual variability of water demand and water supply, it is 
possible to identify subwatersheds that experience water 
stress and to predict the frequency of this stress. These 
areas can then be prioritized for further study or for 
drought management planning.This application, applied 
to the Long Point Region, has led to further detailed 
study of several subwatersheds under Ontario’s Source 
Water Protection program.

Figure 2: Modelled soil moisture before and after 
irrigation events

Figure 3: Number of irrigation events from 1961-2004
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4.5.7 Forestry

Ontario’s forests cover almost two-thirds of the 
Province’s land area and are a cornerstone of its 
economic, social and ecological resources (MNR, 2012c). 
Many of the forests are accessed by over 10 million 
visitors each year through provincial parks and are critical 
to sustaining the health of Ontario’s vast biodiversity and 
water resources (Ontario Parks, 2009). The forest sector 
alone generated $12 billion to the provincial economy in 
2009 (MNR, 2012d).

The Ministry of Natural Resources (MNR) is 
responsible for creating, administering, organizing 
and implementing good forest management policy in 
the Province of Ontario. The Ontario Forest Research 
Institute (OFRI) is home to MNR’s main forest research 
section. Researchers at this institute are working hard 
to better understand forests and their responses to 
human activities. What they learn helps ensure that 
Ontario’s forest management policies, planning, guides 
and practices are firmly rooted in science. One of the 
OFRI’s research areas focusses the understanding of the 
relationships among forest management, soil nutrient 
and water cycles, water quality and forest productivity, 
including in peatlands in Ontario’s far north. 

Forest management (and other land use) activities have 
the potential to adversely impact hydrology and aquatic 
ecosystems. Impacts could range from small scale 
changes in aquatic habitat to watershed scale changes 
in water quantity and quality. The Comparative Aquatic 
Effects Program (CAEP) evaluates the effectiveness 
of Ministry of Natural Resources forest management 
guides designed to protect aquatic ecosystems. The 
focus is primarily on small stream systems which, due to 
their size and abundance in the forest, are particularly 
vulnerable to disturbance. The results of CAEP’s research 
include improved forest guides, planning tools and 
monitoring techniques that all contribute to support 
the management of aquatic resources in Ontario. CAEP 
is also providing important science support to the 
development of waterpower as part of Ontario’s goal to 
increase the role of renewable energy. 

The CAEP uses detailed monitoring data from five areas 
of research and field-validated GIS based models to 
assess water budgets of heavily-forested watersheds. 
By quantifying how the changes to the water budget 
that occur after a natural or human-initiated event (i.e., 

harvesting) drastically alters the vegetation cover, they 
are able to verify and to suggest improvements to 
forest management guidelines. The CAEP focuses on 
changes to water availability for biological habitat and 
preventable water quality changes to inform their policy 
recommendations. 

The CAEP’s areas of research focus on:

1. Small Stream Systems – Ontario forests are full of 
small stream systems and ecologically-significant 
hydrologic features that are neither mapped nor 
known to local water managers. Knowing where these 
small waterways are helps in understanding forest 
watersheds and how forest management impacts the 
aquatic system. The CAEP identifies locations of these 
features and verifies this information through their 
field program. These streams are relatively sensitive 
to changes in vegetation cover because of the very 
small watersheds in forested locations. The CAEP 
also evaluates how changes such as temperature or 
discharge volumes or even plant varieties affect the 
local ecosystems created around these features.

2.  Watersheds – Studies across North America have 
shown that higher peak flows and increased water 
yield result after harvesting. To more fully understand 
and characterize how changes to land cover, either 
through natural processes or through harvesting, 
are impacting Ontario’s forests, CAEP is carrying out 
extensive monitoring of the vegetation change in 
forest management units. They are monitoring stream 
discharge in 18 small watersheds in Nipigon Forest 

Figure 4-28. Northern Ontario Forest (OMNR-SWMC)
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to assess impacts of harvesting in those areas, as 
each watershed has varying degrees of harvest. This 
data collection improves CAEP’s ability to understand 
hydrologic impacts and the water budget calculation 
for areas impacted by vegetation cover at different 
watershed scales.

3.  Hydrologic Connectivity – Because reaches of 
streams have relatively small terrestrial “reach 
contributing areas” (RCAs), the streams are very 
sensitive to disturbance in the reach contributing 
areas. Stream thermal fluctuation, sediment and wood 
debris presence in the reach, and species inhabitation 
are all impacted by changes to the RCAs. This area 
of research exists to understand this connectivity and 
best practices to mitigate against negative impacts to 
forest streams.

4.  Mercury – By monitoring increased levels of mercury 
found in streams affected by forestry operations, 
this research area aids in determining the extent and 
reasons behind a specific water quality issue created 
by harvesting.

5.  Brook Trout – As a common species used to measure 
the relative health of an aquatic habitat, brook 
trout are found in abundance where cold, clear 
groundwater discharges to streams. By researching 
impacts to brook trout populations, clarity on impacts 
of harvesting to groundwater levels and changes in 
discharge is increased.

Results of poor management in the forest sector can 
include negative small scale impacts on aquatic wildlife 
or large-scale impacts to entire watersheds. The CAEP 
places a strong emphasis on understanding and 
promoting sustainable habitat protection.

4.5.8 Ontario Low Water Response

In 1998/1999, Ontario experienced very low precipitation 
amounts and extremely dry soil conditions. In response 
to these conditions, the province launched a project 
to develop a response plan, should a similar situation 
occur again. This project, completed in 1999, is known as 
Ontario Low Water Response (MNR et al, 2010). 

Low water conditions since the inception of Ontario Low 
Water Response have tested the plan. These low water 
conditions, especially the low water conditions of 2007, 
brought new issues to light. Gaps and issues identified 
by conservation authorities, their water response 
teams and water users were examined, and various 

recommendations and changes were made. Extreme low 
water conditions experienced in 2007 caused shortages 
of water in some watersheds, resulting in adverse socio-
economic impacts and impacts to aquatic ecosystems.
In general, drought conditions in Ontario occurred 
about every 10-15 years. Recent changes in climate 
and weather patterns as well as an overall increase in 
Ontario’s water demand increase the risk that low water 
conditions will become more frequent. 

Low water response is necessary in situations where 
specific climatic or stream flow thresholds are crossed. 
Voluntary or mandatory restrictions on water use are 
needed in the local area or subwatershed to lower 
demand and counteract potentially adverse impacts of 
low water conditions.

Low Water Response Level Thresholds

As part of Ontario’s Low Water Response, there are three 
levels that a watershed can enter when water conditions 
are a concern. Both precipitation and streamflow are 
monitored against average conditions to determine a 
Level I, II, or III condition, described in Table 4-4.

Indicators of Drought

Measuring drought is a complex process requiring the 
collection of data for water budget parameters such as 
rainfall, streamflow, soil moisture and water in storage. 
The Ontario Low Water Response indicators integrate 
a number of factors and functions, are based on readily 
available data, are useful over a range of time periods 
and allow water managers to speak consistently about 
water supply. 

The Ontario plan currently uses precipitation and 
streamflow (surface water flow) measurements as the 
primary indicators for defining low water levels and 
drought, subject to field verification. Indicators to 
measure groundwater and aquifer levels are currently 
being tested. 

Precipitation is the most important and convenient 
indicator. Reviewing the precipitation data and 
comparing it to trends will warn of an impending water 
shortage. The streamflow indicator offers a specific 
measurement of low surface water conditions. 
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Table 4-4. Low Water Response Level Thresholds and Targets

Condition Levels This level declared when: Target of this Level:

Level I (Conservation) i. Its 3-month or 18-month precipitation drops below 80% of the average 
3-month or 18-month precipitation for those months OR  
ii. Its 1-month streamflow drops below 100% of the lowest average 
summer month flow in the spring or the flow drops below 70% of the 
lowest average summer month flow during other times

A reduction of 10% water 
use through general public 
messaging and voluntary 
reduction

Level II (Conservation, 
Restriction)

i. Its 1-month, 3-month or 18-month total precipitation drops below 60% 
of the average 1-month, 3-month or 18-month precipitation for those 
months and it is already in a Level I condition OR 
ii. There are 2 or more consecutive weeks of less than 7.6 mm 
precipitation (no rain) OR 
iii. Its 1-month streamflow drops below 70% of the lowest average 
summer month flow in the spring or the flow drops below 50% of the 
lowest average summer month flow during other times

An additional reduction 
of 10% water use (total of 
20% reduction of water 
use) through targeted key 
water user messaging and 
voluntary reduction

Level III 
(Conservation, 
Restriction, 
Regulation)

i. Its 1-month, 3-month or 18 month total precipitation drops below 40% 
of the average 1-month, 3-month or 18-month precipitation for those 
months and there is an existing Level II condition OR 
ii. Its 1-month streamflow drops below 50% of the lowest average summer 
month flow in the spring or the flow drops below 30% of the lowest 
average summer month flow during other times

Reduce and manage 
water use demands to the 
maximum extent through 
mandatory reductions

• Precipitation Indicator 1. The Ministry of Natural 
Resources (MNR) compares monthly data from 
each precipitation station to the average monthly 
precipitation for that station by calculating monthly 
data as a percentage of the average. These 
calculations will be made using averages from the 
previous 18 months (long-term), for the previous 3 
months (seasonal) and, under a Level I condition 
or higher, for the previous month (short-term), with 
weekly updates. 

• Precipitation Indicator 2. If a watershed is under a 
Level I or Level II condition, MNR adds up the number 
of consecutive weeks that register no rain (less than 
7.6 mm). 

• Streamflow Indicator. Gauges in streams measure 
water levels and are used to provide indicators 
to show if streamflow meets the basic needs of 
the ecosystem and if water is available for other 
users. MNR compares the monthly flow for each 
streamgauge station with the lowest average summer 
month flow for that station.

Crossing Low Water Response Thresholds

If the indicator for precipitation or streamflow 
crosses a threshold, then a watershed, or a portion 
of it, may warrant a change to a Level I, Level II or 

Level III condition. Level III designation also requires 
documentation of ongoing and significant social, 
environmental and economic impacts. 

A water response is required to be undertaken when a 
watershed condition changes from one level (or no level) 
to another. When a threshold is crossed, usually the 
Province alerts the conservation authority to the change. 
The values of thresholds have been set for precipitation 
and streamflow at selected stations. Indicators will be 
monitored and reviewed periodically to determine if the 
thresholds are set at the correct levels. Conservation 
authorities may develop local minimum in-stream flow 
thresholds as indicators of aquatic ecosystem health 
(adequate water quality, healthy fisheries and biological 
communities). Such a threshold could then become the 
Level III indicator for that watershed. 

Two sets of circumstances are of concern which may lead 
to low water conditions:

1.  Drought conditions, when low rainfall, high 
temperatures, possibly high evapotranspiration 
rates, low surface water levels and dry soils coincide 
and significantly impact anthropogenic water use 
and ecological needs in a local area such as a 
subwatershed or municipality.
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2.  Normal conditions, when anthropogenic and natural 
water demand is simply higher than the average 
supply of water via surface and groundwater 
resources.

These two conditions are explored separately below.

Drought Conditions Leading to Low Water Response

In the event of low water conditions, especially once 
a watershed enters a Level II or Level III condition, a 
response plan is needed. In the Ontario Low Water 
Response documentation (MNR et al, 2010), it is 
recommended that local Water response teams be 
created in each watershed and meet at least once a year. 
This local team should be prepared with knowledge 
of local water data as well as provincial and local 
legislation and regulations in order to react to short-
term drought crises or initiate longer-term proactive 
water supply projects. Their actions may center around 
communication to local water users, advocacy for water 
use reduction in the watershed and documentation of 
local impacts of low water. A comprehensive knowledge 
of key water takings in the watershed is necessary for 
targeting 20% water use reduction in the event of low 
water conditions. Understanding interactions between 
groundwater and surface water resources, as well as the 
location of sensitive areas, is also pertinent information 
for local water response teams.

A tool for managing drought under these low water 
conditions is the drought management plan. This plan 
is developed to prioritize actions for water response 
teams, conservation authorities or other water managers 
to take once a Level III condition has been recognized. 
Two main responses are needed for drought response: 
supply management and demand management. A 
drought management plan will detail suggested actions 
for responding to immediate drought conditions, and it 
may include longer-term suggestions for areas that show 
consistent year-after-year low water conditions. Water 
budgets are instrumental in providing the applicable 
information about supply and demand to support this 
plan development. 

Supply management actions may include finding 
alternate sources of water supply such as trucking in 
water, building new water infrastructure, seeking new 
surface water/groundwater sources and creating supply 
system redundancies (such as hooking into another 

municipal system) to decrease the demand on current 
supply sources. 
Demand management actions may include introducing 
mandatory water use restrictions such as alternate-day 
lawn watering by-laws. A water budget could be used 
to determine hydrologic connectivity of water resources 
and takings to determine water takings that impact 
streamflow most directly so they can be targeted when 
drought conditions are present.

Normal Variability in Supply and Demand

Water budgets are a valuable resource when questions 
of low water response arise. Water budgets are applied 
to define historical norms of expected precipitation, 
streamflow and groundwater levels with respect to a 
defined area or a particular water resource. Further, 
they identify subwatersheds whose water supplies or 
demands are variable enough that in certain years 
demand can outstrip supply. Higher variability indicates 
that water supply reliability is not high and that further 
study could benefit a subwatershed, determining when 
demand may possibly outstrip supply under normal or 
drought conditions.

The following Figure 4-29 shows monthly percent water 
demand for surface water in a subwatershed. It is an 
example of an analysis where water budget results 
for a subwatershed were used to compare monthly 
water demand variability to monthly water availability 
and to calculate the “Percent Water Demand” on a 
monthly basis over a 40-year time period. Under the 
source protection framework, the Province specifies 
that a Percent Water Demand of 20% (surface water) 
or over may indicate a potential for water stress in the 
subwatershed when doing a Tier Two Subwatershed 
Stress Assessment. In this analysis, where monthly 
percent water demand was ranked for over 40 years 
of data, the possibility for water stress exists in the 
subwatershed 40% of the time. This type of analysis 
could suggest ongoing low water conditions being 
present in the subwatershed on an annual basis, even 
with “normal” water supply and demand.

With a greater understanding of the variability of supply 
and demand and how reliable local water supply is, 
further characterization and study of the watershed can 
be suggested. For example, a drought management 
plan may indicate ongoing actions to improve long-term 
low water conditions.
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Long-Term Management and Water Budgets

Restricting water use is only a short-term solution 
and water budget tools provide a scientific basis 
for predicting and managing long-term low water 
response conditions. Best management practices and 
integrated watershed management to ensure long-term 
management of supply and demand should provide the 
foundation for managing water resources in stressed 
watersheds and for climate change adaptation; water 
budget tools can be used to predict the effectiveness of 
these practices. If natural water systems are consistently 
starved of water, major negative effects will be realized. 
The resulting degradation of the water quality and 
quantity can have considerable effects on all users. In 
stressed watersheds, the development of integrated 
water management strategies coupled with the use 
of scientifically-based water budget tools may reduce 
the potential for water systems to reach levels where 
ecological damage occurs.

4.5.9 Other Applications

There are numerous other applications of water budgets 
relating to Ontario’s water management programs as 

listed below: 

• Municipal Water Supplies. Water budgets can be 
used to evaluate alternative water supply strategies 
and to support the requirements of Ontario’s 
Environmental Assessment process. 

• Ecologically Significant Groundwater Recharge 

Figure 4-30. Environmental monitoring (OMNR-SWMC)

Figure 4-29. Monthly variability of percent water demand over 40 Years (adapted from AquaResource, 2009b)
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Areas. Water budgets can be used to identify areas 
that provide significant quantities of recharge to the 
groundwater system and that are specifically linked to 
replenishing ecologically sensitive water sources such 
as coldwater streams and wetlands.

• Wastewater Assimilation. Wastewater assimilation 
studies must make predictions of future stream flow 
under the impact of a changing climate and land 
use. Water budgets are key tools in support of these 
requirements. 

• Environmental Monitoring. Water budgets can be 
used to aid in the design of environmental monitoring 
programs by helping to identify areas or locations 
with high uncertainty or where additional field data 
would improve the reliability of water budget tools.
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“Warming of the climate system is unequivocal 
“(Intergovernmental Panel on Climate Change (IPCC), 
2007c). A two-pronged response is required. First, there 
is a need for global scale implementation of mitigation 
actions to prevent or slow the degree of climate change 
and second, society must develop strategies to adapt 
to the impacts of a changing climate. Natural resource 
managers are recognizing the potential threats of 
climate change and the need to adapt to anticipated 
changes at the local scale. As water resources are 
fundamentally important to humans and ecosystems, 
this field is often central to climate change impact 
assessment activities and has received much attention in 
recent research.

Water budgets and their associated numerical tools are 
developed to characterize existing hydrologic processes 
and to understand impacts that alterations to the 
watershed may have on water resources. Traditionally, 
these impact assessments have focused on land use 
modifications, such as urbanization and deforestation; 
however, recently they have included investigating 
the effects of longer term trends in climate and how 
these trends could result in an altered water budget. 
Investigating the impact of climate change is particularly 
relevant for long term water supply and wastewater 
master plans and part of an overall watershed 
management strategy. 

This chapter qualitatively discusses some of the possible 
hydrologic changes that may occur due to climate 
change, how predictions of future climate are currently 
made, how one can assess quantitative hydrologic 
impacts due to climate change and uncertainty or 
limitation considerations that should be recognized. 
The content in this chapter is derived from the Guide 
for Assessment of Hydrologic Effects of Climate Change 
in Ontario (EBNFLO Environmental and AquaResource, 
2010). A case study is presented in this chapter that 
outlines the application of a water budget model to a 
climate change impact assessment for the Trout/Turtle 
Lake Subwatershed near the City of North Bay, Ontario.

5.1 Potential Hydrologic Impacts due to Climate 
Change

Climatic conditions are the driving forces of the 
hydrologic cycle. As such, perturbations, produced by 
climate change, that alter the historic pattern of variation 
in climate, will impact all components of the hydrologic 

cycle, both in terms of timing and quantity. As such, 
climate change has the potential to significantly modify 
water budget parameters such as overland runoff, 
groundwater recharge and evapotranspiration. 

Climate projections for Ontario indicate a warmer and 
wetter future climate. Winter months are predicted to 
experience the majority of warming, which depending 
on location, may significantly impact snow accumulation 
and melt processes. As winter temperatures increase, 
the number of freezing days will be reduced, causing 
the timing of the spring snowmelt to occur earlier 
in the season. In addition to the earlier spring melt, 
more frequent mid-winter melts would be expected, 
reducing the accumulated snowpack. Warmer winter 
temperatures would also promote rainfall over snowfall 
events, further reducing the accumulated snowpack. 
Due to the winter rainfall events, the frequent mid-winter 
melts and the overall reduced peak snowpack, future 
spring flows may be lower than existing, while winter 
flows may be higher. As winters become warmer, existing 
frozen soil conditions may give way to unfrozen soil 
conditions. Unfrozen soil conditions are more accepting 
of infiltration than frozen soils. The changes in snowpack 
and snowmelt conditions may lead to less groundwater 
recharge. 

Increases in temperature are also expected to elevate 
potential evapotranspiration rates. If vegetative and 
soil water conditions are supportive, this will promote 
greater levels of actual evapotranspiration. Changes in 

5. Climate Change and Water Budgets

Figure 5-1. Climate change impacts existing hydrologic 
features and processes (David Webster)
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cloud cover and solar radiation may also lead to changes 
in the rate of evapotranspiration; however, it is uncertain 
in which direction.

The effects of societal responses to changing climatic 
conditions, such as changes in water demand and 
land use practices, can also alter the local and regional 
behaviour of hydrologic systems.

5.2 Climate Modelling

A number of international climate modelling 
centres exist around the world. These centres use 
Global Climate Models (GCMs) and predictions of 
greenhouse gas emission concentrations to simulate 
the future climate. Eighteen modelling groups, 
using 25 Global Climate Models, performed a series 
of coordinated climate simulations in the Coupled 
Model Intercomparison Project Phase 3. This project 
contributed to the Fourth Assessment Report (AR4), 
the most recent report of the Intergovernmental 
Panel on Climate Change (IPCC) released in 2007. 
The formulations of these GCMs and their simulation 
results are currently the most up-to-date predictions 
on the sensitivity of the climate system to increasing 
concentrations of greenhouse gas (GHG) emissions 
available to date (IPCC, 2007c). Global Climate Models 
and emission scenarios are described below.

5.2.1 Global Climate Models

The primary tool used to estimate future climate 
are GCMs. GCMs are complex physically-based 
three dimensional models that represent the earth’s 
atmosphere, oceans and land surfaces and simulate, 
over several decades, the interactions of processes 
that determine weather and climate. These tools 
have evolved since the 1970s to their present level of 
sophistication. Numerous modelling centres around the 
world have developed GCMs that are used for long-term 
simulations (i.e., 250 year) to characterize the evolution 
of temperature, precipitation, solar radiation, winds and 
other parameters well into the future. GCMs produce 
global scale output at relatively course grid point 
spacings of 250 to 400 km. Simulations are designed to 
characterize future climate on an annual, seasonal and 
monthly basis.

At present, there are more than 60 future climate 
simulations available from the collaborative research 

of the members of the Intergovernmental Panel on 
Climate Change (IPCC). This large set of simulations is 
the result of applying more than 20 GCMs to a series of 
greenhouse gas (GHG) emission scenarios. The emission 
scenarios have been developed by the IPCC and reflect 
atmospheric levels of GHGs under four story lines 
(Table 5-1), each representing a different future trend in 
terms of global economy, demographics, governance, 
technology and GHG emission levels. While the IPCC 
considers each of these outcomes equally plausible, the 
climate outcomes differ significantly in terms of annual 
and monthly temperature and precipitation change from 
existing conditions at all model grid points.

Figure 5-2. Guide for Assessment of Hydrologic Effects 
of Climate Change in Ontario (www.waterbudget.ca)
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Table 5-1. Characteristics of the SRES storylines (Carter et al., 2007; Nakicenovic et al., 2000)

Driving Factor
Storyline

A1 (A1FI, A1B, A1T) A2 B1 B2

World Market-orientated Differentiated Convergent Local solutions

Economy Very rapid growth; GDP 
$550 trillion by 2100

Fastest per capita growth 

Reduction in regional 
differences

Slow, fragmented, even; 
GDP $250 trillion by 2100

Lowest per capita growth

Regionally-orientated

Rapid but lower than A1; 
GDP $350 trillion US by 
2100 

Service, information-based

Reduction in material 
intensity

Intermediate 
economic growth; 
GDP $250 trillion US 
by 2100

Population Low increase 

Peaks 2050, then declines 
(8.7 billion by 2050, 7 
billion by 2100)

High increase 

Continuously increases  
(15 billion by 2100)

Low, same as A1 

Peaks 2050, then declines 
(8.7 billion by 2050, 7 
billion by 2100)

Moderate increase

Continuous but lower 
than A2 (10.4 billion 
by 2100)

Governance Strong regional 
interactions 

Income convergence 
Capacity building

Regional diversity 

Self-reliance Preservation 
of local identities

Global solutions

Economic, social, 
environmental 
sustainability

Local solutions 

Social equity 

Environmental 
protection

Technology Rapid introduction of 
new, more efficient 
technology; adaptation 

Abundant energy and 
mineral resources

Slowest, most fragmented Clean, resource-efficient More rapid than A2 
Less rapid, more 
diverse than A1/B1

Emissions High CO2 range 

3 sub-scenarios based on 
alternative technological 
change: A1F1 (intensive 
fossil fuels), A1B 
(balanced), A1T (non-
fossil fuels)

Medium-high CO2 range Low CO2 range Low-medium CO2 
range

5.2.2 Climate Scenarios

The combination of multiple Global Climate Models 
and multiple emission scenarios results in a large 
number of possible climate scenarios or future climates. 
Even for similar emission scenarios, due to varying 
conceptualizations and parameterizations used within 
each GCM, projections of a future climate can vary 
widely from model to model. For example, Figure 5-3 
shows the predicted shifts in mean annual temperature 
and precipitation from the existing climates, as predicted 
by 58 different climate scenarios for Orangeville, 
Ontario. Mean annual temperature is projected to 
increase by +1˚C to +5˚C and precipitation is projected 
to change by -6% to +17%.

Depending on which climate scenario is selected, 
predictions of temperature and precipitation will 
vary significantly. Due to this wide range of possible 
future climates, impact assessment results can be 
heavily influenced by the Global Climate Model and 
emission scenario selected. Currently, climate science 
is unable to identify any one Global Climate Model, 
or emission scenario, most able to accurately predict 
the future condition of climate. As such, the climate 
science community regards each possible future climate 
generated by a specific Global Climate Model and 
emission scenario as equally plausible. Recognizing 
that there are multiple possible futures, as well as the 
sensitivity of impact assessments to the future climate 
selected, it is recommended that a full range of future 
climates be investigated.
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5.2.3 Future Local Climates

When projecting possible hydrologic impacts from 
climate change, water resource practitioners are faced 
with the challenge of developing or obtaining climate 
datasets that reflect the temporal and spatial level of 
detail needed at the local scale. GCMs lack the local 
scale parameterization and feedback from locally 
significant features (i.e., topography and surface water) 
to reflect local scale climate directly in model output. 

Various methods of downscaling GCM simulations 
continue to be developed primarily by research 
institutions and include statistical downscaling, weather 
generators and regional climate models (RCMs). The 
most established methodology for estimating future 
local climates uses the GCM simulations to estimate 
annual, seasonal or monthly changes for each climate 

variable for a future time period relative to a baseline 
climate period. These relative changes, termed 
change fields, are used to adjust the observed climate 
station data time series to reflect future conditions. 
This approach results in an altered input climate time 
series that reflects the average relative change in each 
parameter and, through the use of local observations, 
the local climate. The change field method is a simple 
approach to develop future local climates that reflect 
large scale average features and allows the use of all 
GCM and GHG emission scenarios.

The Percentile Method for Selecting Future Climate 
Simulations

The IPCC recommends that water resource practitioners 
utilize as many future climate simulations as possible 
when conducting a climate change impact assessment. 

Figure 5-3. Range of predicted changes in mean annual temperature and precipitation for Orangeville, ON for 1961-1990 
to 2041-2070 (www.waterbudget.ca)
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However, in most assessments it is impractical to 
conduct an evaluation with the full set of over 60 future 
climate simulations. The Guide (EBNFLO Environmental 
and AquaResource, 2010) describes a method, referred 
to as the “percentile method” for selecting a smaller 
subset of climate scenarios from the full list that is 
statistically representative of the full set. 

The full list of climate change scenarios are varied based 
on two parameters: a change in precipitation (related to 
impacts to runoff) and a change in temperature (related 
to impacts to evapotranspiration). The “percentile 
method” selects ten scenarios from the full list such that 
the full range of scenarios are statistically represented 
by the smaller subset of scenarios. In order to replicate 
the percentile method, all 60+ climate scenarios must be 
ranked in ascending order of the change in precipitation 
represented by that model. Each scenario is given a 
percentile, equal to the rank of the scenario divided by 
the total number of scenarios (e.g., 1/60 = 2% for the 
first scenario in the ranked list). Then, climate scenarios 
represented by the 5th, 25th, 50th, 75th and 95th percentiles 
are selected as five scenarios statistically representative 
of the full range of precipitation changes. The same 
method is then employed for the temperature change 
field. All climate change scenarios are ranked by the 
change in temperature they each represent and given a 
percentile based on their temperature ranking. Climate 
scenarios represented by the 5th, 25th, 50th, 75th and 95th 
percentiles are selected as five scenarios statistically 
representative of the temperature changes from the full 
GCM list. Put together, the five scenarios representative 
of the precipitation changes and five scenarios 
representative of the temperature changes result in 10 
scenarios statistically representative of the entire GCM 
selection.

Figure 5-4 illustrates a scatter plot of GCM simulated 
annual mean change in temperature and precipitation 
for the period 2041-2070 for 57 scenarios at a climate 
station in Southern Ontario. This figure displays the 
significant level of disparity among GCM models and 
emission scenarios as mean annual temperatures range 
from +1.7ºC to +4.9ºC, while annual precipitation 
changes range from -6% to +17%. The percentile 
method selects ten scenarios from this set. Five 
scenarios are selected based upon the simulated 
changes in temperature and five are selected based 
upon changes in precipitation. This subset represents 
the group’s mean, variability and extremes.

5.3 Hydrologic Modelling

Hydrologic models simulate the natural environment 
using numerical algorithms. There are many different 
hydrologic models, each possessing advantages and 
disadvantages, depending on the use of the model. The 
modelling approach, the selection of a hydrologic model 
and the ability of the model to simulate key hydrologic 
processes will impact the climate change assessment 
and should be selected based on the study objectives 
and available resources.

The accurate representation of key hydrologic processes 
within a numerical model is critical to assessing possible 
impacts of climate change on water resources. The 
ability of a particular assessment tool to represent these 
key processes and the impact of a changed climate 
on those processes should be the primary criterion 
in selecting a tool for climate change assessment. 
Depending on the issues and objectives of the study 
(e.g., peak flow, reservoir yield analysis, low flow habitat), 
different hydrologic processes may be identified as 
“key”. Regardless of the study objective, the following 
are the most important hydrologic processes: 

• Evapotranspiration. In Ontario, evapotranspiration 
is the dominant process in the hydrologic cycle, 
responsible for up to 60% of the water budget, 
and yet it cannot be accurately monitored. The 
selected water resources model should have an 
evapotranspiration algorithm that is physically-based 
in order to represent future rates and fluxes. 

• Soil Water Storage. The availability of storage in the 
soil column affects evaporation and transpiration 
rates. Hydrologic models used in climate change 
impact assessments should have the ability to track 
soil water content and to limit evapotranspiration 
rates based on soil water content. 

• Infiltration. Infiltration algorithms used in hydrologic 
modelling should be sensitive to the onset and 
thawing of frozen ground, especially as these 
conditions are altered by climate change. 

• Snow Accumulation and Melting. In Ontario, the 
spring snowmelt period typically produces the 
majority of overland runoff and recharges the 
groundwater system. Any model assessing the impact 
of climate change within Ontario should have the 
ability to simulate snow accumulation and melting 
processes. 
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Case Study 10 Grand River Water Management Plan –  
Climate Change Scenario Modelling Case Study

Acknowledgment: Stephanie Shifflett, GRCA

The Grand River Conservation Authority (GRCA) is 
working with municipalities, the federal and provincial 
governments, First Nations and other stakeholders to 
update the Grand River Water Management Plan. The 
update has four overarching goals:

1. Ensuring sustainable water supply for communities 
and ecosystems

2. Reducing flood damage potential
3. Improving water quality to maintain river health and 

reduce the Grand’s impact on Lake Erie
4. Building resiliency to deal with climate change

In response to the fourth goal, a climate change study 
was initiated to focus plans for building resiliency 
within the watershed. Climate change data sets were 
run through numerical watershed models, originally 
developed for water budget work, to gain a better 
understanding of possible effects of climate change on 
hydrologic parameters.

MODELS

The GRCA developed and recently updated 
two coupled numerical models for water budget 
investigations. The surface water model is a GAWSER 
model (updated in 2009) and is used to estimate runoff, 
recharge, evapotranspiration (ET) and stream flow. The 
model includes the Linacre ET routine and a Frozen 
Ground Infiltration routine which use daily temperature 
to vary ET and winter infiltration, respectively. The 
groundwater flow model is a FEFLOW model (updated 

Figure 1: Watershed map of the Grand River

Figure 2: Annual temperature and precipitation change 
fields for Waterloo-Wellington Airport Climate Station. 
Scenarios used in study are highlighted and labeled.

in 2008) and was run in steady-state to estimate average 
annual groundwater discharge to surface water, 
groundwater flow between sub-basins and groundwater 
flow into or out of the watershed. The two models are 
loosely coupled with average annual recharge calculated 
from the surface water model used as an input to the 
groundwater model.

SCENARIOS

The percentile method was used to choose ten scenarios 
from the 76 climate change scenarios provided by 
the MNR. The baseline was chosen to be the 1961 to 
1990 time period to capture both large droughts and 
high flow periods in the historical record, while the 
2050’s were chosen as the future period to coincide 
with the planning horizon of the Water Management 
Plan. Chosen scenarios had higher annual and monthly 
temperatures than the baseline and trended towards 
more annual precipitation, especially during the winter 
period, with more scenarios predicting higher annual 
precipitation as shown on Figure 2.
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Figure 3: Annual average percent change from baseline 
for recharge, runoff, evapotranspiration and groundwater 
discharge for ten climate change scenarios

Figure 4: Monthly median flow for New Hamburg gauge on the 
Nith River for ten climate change scenarios and baseline values

PRELIMINARY FINDINGS

For all scenarios used, the seasonal changes 
to the climate affected hydrologic parameters. 
Annually, the majority of changes in parameters 
were within 10% of baseline values as shown on 
Figure 3. Recharge trended towards an increase 
in the northern parts of the watershed but varied 
by scenario in the rest of the watershed. Runoff 
did not have any regional trends. The watershed 
saw a drop in runoff for scenarios with a drop in 
annual precipitation, but only a large increase 
in annual precipitation lead to increased annual 
runoff. ET was higher throughout the watershed 
as a result of higher temperatures, but was 
limited by water availability for some scenarios. 
Groundwater discharge showed a north-to-
south trend with more scenarios reporting higher 
discharge in the north and the opposite result in 
the southern parts of the watershed. This trend 
will be further investigated as part of the next 
steps. Groundwater discharge decreased for many 
scenarios in key subwatersheds in the central 
and lower Grand River Watershed which are 
traditionally supported by groundwater discharge.

Stream flow trends followed climate patterns 
with warmer and wetter winters leading to higher 
winter flows and hotter summers leading to lower 
flows during the summer period. An example is 
shown in Figure 4 for the New Hamburg gauge 
on the Nith River. There was also a shift in some 
seasonal responses with the spring melt and low 
flow season starting earlier and the winter season 
starting later. The amount of stream flow was 
dependent on precipitation, but increased annual 
precipitation did not always lead to increased 
stream flow and was dependent on the time of 
year for the additional precipitation.

SUMMARY

Additional analysis to investigate seasonal 
response of hydrologic parameters to climate 
change scenarios is ongoing and may include 
some transient groundwater flow modelling.

The information gained from this study will be 
used to focus water management projects with 
the purpose of building resiliency within the 
watershed as the update to the Grand River Water 
Management Plan moves forward.
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Figure 5-4. Mean annual precipitation and temperature changes for 57 climate scenarios at a southern Ontario location 
(www.waterbudget.ca) 

• Rainfall Intensity. The intensity of a rainfall event is 
directly linked to the amount of surface runoff that is 
created versus the amount of infiltration that occurs. 
The ability of water resource models to consider 
rainfall intensity is tied to the simulation time step. 
Models employing a daily time step cannot represent 
the impacts of rainfall intensities, or measure the 
impacts of changes in intensity, at scales smaller 
than a day. Hourly (or shorter) time steps should be 
used for watershed scale studies in order to properly 
represent the dynamic between rainfall intensity and 
runoff/infiltration. 

• Baseflow. To determine the impact of climate change 
on groundwater discharge or groundwater levels, 
particularly within watersheds with high groundwater 
– surface water interaction, a three-dimensional 
groundwater model, such as FEFLOW or MODFLOW, 

should be utilized, in addition to a streamflow 
generation model.

Results of hydrologic modelling with multiple future 
climate scenarios show a range of results depicting 
possibilities from all scenarios selected. By viewing 
results of the full range of scenarios modelled, broad 
predictions about future results relative to today’s 
baseline conditions can be made. For example, Figure 
5-5 depicts the future possibilities of mean monthly 
snow water equivalent for ten different scenarios. 
Although the results of a single scenario cannot be 
identified as being “most accurate”, the results give 
both an expected range of possibility (i.e., in February, 
snow water equivalent is expected to decrease by 20 
to 70 mm) and a relative change compared to today’s 
baseline (i.e., all ten scenarios show a decrease in snow 
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Figure 5-6. Streamflow predictions for baseline and ten future climate scenarios

Figure 5-5. Snow water equivalent predictions for baseline and ten future climate scenarios
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water equivalent throughout the winter; therefore it is 
expected that regardless of the future climate, snow 
water equivalent will decrease).

Figure 5-6 depicts possibilities for mean monthly flow 
in the future. It can be viewed and understood in a very 
similar light. Between July and September, there is a 
greater potential to expect lower streamflows. Between 
January and March, almost all scenarios predict higher 
winter flows; therefore it can be expected that winter 
flows will most likely increase in the future.

Future scenarios are dependent on many variables; 

many of those variables depend on global collective 
human behaviour and technology advancements that 
are impossible to predict with accuracy. Nonetheless, 
when downscaling Global Climate Models to measure 
local impact of climate change and choosing scenarios 
that are broadly representative of the full range of 
predictions, the results can inform decision-makers 
about the most probable differences. Confidence and 
certainty in the results are a definite consideration, as 
they are in all hydrologic modelling. The table below, 
Table 5-2, gives a general idea about what changes 
modellers are more confident in and which ones have 
higher uncertainty.

Table 5-2. High and Low Confidence in Future Climate Changes

High Confidence 

There is high confidence that average annual temperature will 
increase. 

Changes in average annual precipitation are expected. 

Due to having a good understanding of historical climate and 
climate variability, it is assumed that future seasonal trends are 
likely to continue.

Low Confidence 

Changes in the temporal variability of temperature and 
precipitation are difficult to predict. 

More extreme events (e.g., drought, storms) are expected but 
not readily quantifiable by climate models. 

Local land and water features have a profound effect on 
local climate and these are not well represented in predictive 
models.

5.4 Guide to Hydrological Assessment Incorporating 
Climate Change

The climate change assessment guide (EBNFLO and 
AquaResource, 2010) recommends a detailed process 
for the assessment of the hydrologic impacts of climate 
change as summarized in Table 5-3. A more detailed 
version is provided in the guide itself with necessary 
supporting material included in the appendices. 

This process is similar to the process followed in any 
thorough water budgeting project, in addition to the 
added work associated with the compilation and analysis 
of future climates. The guide provides a perspective and 
rationale for the recommended procedures. Case Study 
No. 10 summarizes the application of the recommended 
approach to the Trout/Turtle Lake Subwatershed near 
North Bay, Ontario.
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Table 5-3. Recommended Climate Change Assessment Process

Modelling and Assessment 
Steps

Tasks

1. Definition of Problem Identify goals and objectives

Delineate study area

Define temporal aspects of analysis

Strong regional interactions 

Develop an inventory of anticipated data and information needs

2. Select Modelling Methods Consider alternative approaches and select preferred approach

Review models input requirements

Review hydrologic processes

Review output capabilities

Review documentation, technical support and costs

3. Model Setup and Testing Acquire and organize information and data

Setup model for study area

Calibrate and validate

Estimate confidence

4. Select Future Climate 
Scenarios

Establish baseline climate

Download GCM temporal data

Determine GCM/SRES scenario suite

5. Select and Apply Climate 
Methods to Develop Future 
Local Climates

Process monthly GCM temporal data and develop monthly change fields 

Alter existing weather data set to reflect change fields 

Download daily predictor, GCM and RCM data sets, for current and future conditions for 
downscaling 

Generate future climates using statistical model and weather generator (if possible) 

Process RCM data to create future climate data set (if possible) 

Create evapotranspiration time series for all scenarios 

If necessary process daily data to obtain data for sub-daily time steps 

Compare future climates to baseline climate

6. Assessment of Hydrologic 
Impacts of Climate Change

Design Assessment Scenarios and Future Conditions 

Model hydrologic scenarios 

Compare hydrologic conditions and climates 

Compare hydrologic changes in aggregate 

Assess overall uncertainty

7. Provide Recommendations Mitigation and adaptation

Future studies
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Figure 1: The City of North Bay and Trout/Turtle Lake 
Subwatershed

Figure 3: Mean annual precipitation under 
baseline climate and 10 future local climates

Figure 2: Scatter plot of mean annual changes in temperature and 
precipitation for 76 climate scenarios

Background 

The City of North Bay is located four hours north of 
Toronto, between Lake Nipissing and the smaller Trout 
Lake (Figure 1). The City obtains its municipal water 
supply from Trout Lake and discharges treated effluent 
into Lake Nipissing. An enlarged channel connects 
Trout Lake to Turtle Lake. Water levels in both lakes are 
controlled by Turtle Dam, a stop-log control structure. 
Trout/Turtle Lake subwatershed has a drainage area of 
176 km2, of which approximately 20 km2 is Trout/Turtle 
Lake. 

In addition to municipal water supply, the lakes are used 
for recreational purposes (e.g., boating, navigation). The 
purpose of this climate change assessment was to study 
the long-term trends in climate and how these trends 
could impact lake levels.

Climate Scenarios 

The climate change impact assessment compared future 
climate data for 2041-2070 to a baseline of 1961-1990. 
Using 25 Global Climate Models and 3 GHG emission 
scenarios (SRES- A1B, A2, B1), the mean annual change 
in temperature and precipitation for 76 climate scenarios 
are shown on Figure 2. To incorporate the range of 
uncertainty associated with the 76 climate scenarios, ten 
climate scenarios were selected (shown in red) using the 
Percentiles Method to be used for the climate change 
impact assessment. 

The monthly change fields for the ten climate scenarios 
were applied to meteorological data from the North 
Bay Airport climate station to create ten future local 
climates (2041-2070) (Figure 3). The climates were run 
through a streamflow generation model (GAWSER) and 
a reservoir routing model (Excel spreadsheet) developed 
by AquaResource (2009).
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Impact Assessment 

The ten future local climates all predicted 
an increase in potential evapotranspiration 
from baseline conditions. The most probable 
increase is by 15-20% (predicted by 5/10 
scenarios); however, a 25-30% increase is 
possible (Figure 4). 

Figure 4: Percent change in annual average 
potential evapotranspiration from baseline

Figure 6: Ranked daily lake elevations at Turtle Dam

Figure 5: Distribution of future mean monthly inflows 

Figure 5 illustrates the distribution of future 
mean monthly inflows into Trout/Turtle Lake 
as a box-and-whiskers diagram. The box 
represents the 75th and 25th percentiles, the 
square marker inside the box represents the 
median and the whiskers represent the 90th and 
10th percentiles of the future mean monthly 
inflow, based on ten future local climates. 
The baseline mean monthly inflow is shown 
as a solid black line. This chart shows a large 
range in mean inflows in the months of March 
and April, and a small range in mean monthly 
inflows in the summer and fall months. The 
spring inflows are predicted to increase, while 
the summer and fall inflows are predicted to 
decrease. 

The daily lake elevations at Turtle Dam were 
ranked and plotted on Figure 6. The baseline 
lake elevation is shown in black and the 
simulated future lake elevations are in colour. 
The future Trout/Turtle Lake elevations are 
very similar to the baseline lake elevations; 
however, during periods of low flow (droughts), 
the future lake elevations are shown to be up 
to 10-15 cm below baseline elevations. 

Summary 

Climate change impacts as predicted by the ten future local 
climates indicated:
 
• Higher predicted potential evapotranspiration (Figure 4) 
•  Seasonal shift in inflows to Trout/Turtle Lake (Figure 5)
• Small decrease in daily lake elevation (Figure 6) 

It is expected that Trout Lake will continue to be able to 
supply the City of North Bay in the 2050s.
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5.5 Limitations

Understanding and predicting climate change impacts 
on water resources is limited by the current science 
available to the water practitioner. Presently, the most 
significant limitation is the inability to simulate changes 
in rainfall intensity and duration under future climates. 
Changes in rainfall intensity are expected to be a 
significant impact of climate change; however, the 
expected changes are currently not well understood, as 
most methods rely on statistical relationships derived 
from historical climate observations, which may or may 
not be valid in the future. 

Hourly time steps are not yet possible with the currently 
available global and regional climate model output. 
This information is available at daily (GCMs) and 3- 
to 6-hourly (RCMs) time steps. Thus, peak flow rate 
simulation, utilizing smaller time steps and urban flood 
line mapping are not yet practical in the climate change 
assessments. Several studies are underway at municipal 
levels to determine climate change IDF curves that will 
be the basis for stormwater infrastructure design and risk 
assessment; however, these are not readily available and 
not on a widespread basis. 

Due to the current limitations and the transient nature of 
the assessments, it will be important to update climate 
change impact assessments as climate change science is 
improved and additional data becomes available.
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In order for water budgets to accurately assess and help 
manage human impact in the future, it will be necessary 
for water budget criteria to be expanded to include a 
broader range of information. This information can then 
be used to compile better and more accurate water 
resource management plans. Some of the information 
that needs to be considered includes the amount of 
water humans use, the amount of water the environment 
needs, how the water cycle changes over time, how 
humans impact the water cycle, how extensive our water 
supplies are and how confident we are in those values 
(USGS, 2007). 

The information needed to answer these questions will 
need to come from multiple locations, environments 
and people. Some of the most important information 
will come from current and enhanced monitoring and 
field characterization data. Current data collection 
programs must be maintained at a minimum and 
improved upon where necessary in order to provide 
the most comprehensive data possible. Expansion of 
groundwater characterization and monitoring (e.g., 
surface water flow, groundwater levels, precipitation, 
soil moisture, environmental system analysis) will help 
remove uncertainties while providing a more complete 
picture of the resources available. Monitoring and field 
characterization programs should be expanded to 
include more locations, increase data collection, use 
additional experts who can analyze/refine the data and 
incorporate the information into standard Information 
Management Systems for ready use by practitioners.
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