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FORWARD
I am pleased to present you with a copy of the Water Budget on a Watershed Basis
report.
As part of the objectives of the Watershed Management Committee (WMC), we
commissioned this valuable “Reference Study” on water budgeting to form part of the
“Watershed Tool Kit” that was initiated in 1997 and includes the watershed guidelines
and related reports. The Reference Study addresses all of the components of a water
budget/balance and combines these with water quantity decision-making for water use
and demand. It is intended to assist technical professionals, such as hydrologic engineers
and hydrogeologists, in the water resources and watershed management fields. The
results of the studies will be the determination of a watershed, subwatershed or individual
site water budget. We recognize that this is cutting-edge material for Ontario and that the
document does not answer all questions that may be posed on this subject at this time. It
is hoped that through pilot projects and application of the models, that both gaps and
strengths will be identified over time to augment the available reference information. To
this end, the Grand River and Credit Valley Conservation Authorities have kindly agreed
to apply the processes of the Reference Study as part of their ongoing water budget
analysis initiatives and provide a review of the application strengths and weaknesses of
this document with respect to watershed planning and management activities.
The Watershed Management Committee brought together a team of professional water
managers representing various provincial ministries and Conservation Ontario.
Participants included: Donna Mundie, Ontario Ministry of Agriculture Food and Rural
Affairs; Lynne Peterson, Roger Hubbard and Usman Ahmed, Ministry of Municipal
Affairs and Housing; Dale Henry, Zdenek Novak, Pat Lachmaniuk, Irmi Pawlowski,
Karen Jones and Karen Pawlowski Ministry of Environment; Bonnie Fox, Conservation
Ontario; Ian Cameron and Don Greer, Ministry of Natural Resources (Lead). Many
thanks to all of the staff within the respective ministries and agencies who provided
excellent comments through their representatives on WMC. I extend my appreciation for
their dedication, expertise and hard work toward the completion of this timely, technical,
watershed resource management document.
Special thanks to Lorrie Minshall and Dwight Boyd of the Grand River Conservation
Authority, Hazel Breton of the Credit Valley Conservation Authority, Jack Imhof, and
Fred Johnson of the Ministry of Natural Resources, as well as Harold Belore and Lloyd
Logan of Cumming Cockburn Limited, for their valuable contributions.
Yours truly,

Donald E. Greer, Project Manager
Water Budget Project
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Executive Summary
Natural watershed systems maintain a balance between precipitation,
runoff to lakes, rivers and wetlands, etc., infiltration to the groundwater
system, and water which either evaporates (from open water surfaces) or
transpirates from vegetation (evapotranspiration), completing the natural
cycle back into atmospheric moisture and precipitation.
It is necessary to understand this “balance” or “water budget” in order to
sustain the resource and its environmental and human connections in the
watershed. The understanding of the hydrologic cycle on a watershed
basis is essential for development and implementation of appropriate
watershed management policies and procedures.
Watershed managers and field practitioners have expressed the need for
water budget analysis on a watershed basis. The requirements for
improving the state of the art were also confirmed by the final report of the
Work Planning Initiatives Science and Technology Task Group on
“Watershed Planning Initiatives” (WPI) (1997), which concluded that
technical improvement was required in the ability to characterize and
predict the relationship between groundwater and surface water and the
quantification of groundwater recharge.
This reference manual provides information regarding the identification
and selection of procedures for undertaking water budget analyses within
the overall watershed planning process. It provides some insight on the
interaction of surface water and groundwater resources and the potential
impact of land use changes that might affect the natural balance that exists
within the hydrologic cycle of the watershed.
The manual is not a planning document or an implementation manual, nor
is it intended to prescribe techniques for water budget analysis. It is
intended as a reference manual for watershed managers and practitioners
to provide insight to undertake water budget analysis on a watershed basis.
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It is intended that this document will help to:


provide definitions and consistent terminology for undertaking
water budget analyses;



provide technical information and a source of reference material;



describe surface and groundwater linkages;



provide information on the use of water budget analyses in the
undertaking and implementation of watershed management
projects;



identify areas where additional data, models and procedures
should be developed; and



describe some monitoring and modelling procedures relevant to
the solution of specific watershed management problems.

The development of watershed management concepts has generally
recognized a hierarchy of watershed management units (based mainly on
watershed size and demographics). A suggested hierarchy has been
identified which recognizes that the planning and management focus,
agency involvement, and level of detail, etc. is related to watershed scale.
The level of detail of water budget analysis is likewise related to watershed
scale, and the selection of an appropriate water budget model is described
in relation to the level of detail required. The hierarchy of watershed scale
can range from small catchment and project sites up to large watersheds
and regions. The use of distributed watershed models (and GIS) to
account for spatial variation in watershed characteristics is also described,
recognizing the compatibility with and planning land use activities. This
technical reference manual will assist practitioners in the application of
water budget analysis techniques in the watershed and subwatershed
planning process. The water balance (also referred to as the water budget)
connects everything to everything else within a watershed, as illustrated on
Figure E.1.
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Aquatic Habitat

Terrestrial Habitat

WATER
BALANCE

Water Quality

Surface Water System

Groundwater System

Figure E.1 – Water Balance for Watershed Management

The requirement for associated watershed monitoring activities are also
discussed with respect to the data requirements for watershed modelling
and the long-term need for verification and compliance.
The following lists the main topics discussed:


The report contains a complete list of definitions and terms (provided
in the Definitions and Glossary of Terms). This is intended as a
starting point to the development of a consistent terminology for use
by watershed managers in Ontario.



Section 2.0 of the report describes the various components of the water
budget. The concept of a system representation of the hydrologic
cycle is introduced as a means of describing and modelling the
continual movement of water in its various phases within a watershed.
The historical difficulties in providing a suitable linkage between
modelling of the surface and groundwater regimes is recognized and
alternatives to address this problem are discussed. The general
impacts on the hydrological cycle which may be derived from various
land use changes and human interactions are then summarized.



Section 3.0 outlines the role of water budget analysis in watershed
planning. Evolving issues related to the sustainability of water
resources and groundwater management are introduced. A hierarchy
of watershed management units and water budget procedures are
described in relation to watershed scale and function. Examples are
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discussed with reference to selected highlights from recent watershed,
sub-watershed and site scale projects.


Various analytical techniques for undertaking water budget
computations are outlined in Section 4.0. Concepts for modelling
various components of the hydrologic cycle are described with
reference to both statistical and deterministic models. The discussions
of available models includes sources of data, analytical techniques for
each component, data accuracy and precision, the importance of model
calibration and validation, and a detailed review of selected model
components.



Case studies are described in Section 5.0. The examples were selected
to include differences in watershed scale, various management
objectives, discussion of the surface/groundwater interface and
instances of environmental linkages.



Data monitoring requirements are outlined in Section 6.0. The
monitoring requirements are described from the viewpoint of data
needed for ongoing review of performance management. The concept
of monitoring hierarchy is introduced as one means of designing a
cost-effective monitoring program, focussing on watershed needs.



The integration of GIS with water budget analysis is introduced in
Section 7.0. The ability of GIS to improve data handling and model
maintenance is reviewed with reference to various levels of use,
including; data exchange; GIS interface modules; and fully integrated
GIS based water budget modelling. Typical GIS software is
introduced with the view that it may become possible to more fully
integrate all aspects of hydrologic assessment and land use
management with significant benefit to future watershed management
activities.



Additional technical details and model descriptions are provided in the
Appendices, including more detailed information on infiltration
modelling and a summary and comparison of the main features of
several proven surface and groundwater models.
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The information provided in this manual is not meant to be either
prescriptive or static, but rather is intended to provide a focal point for
discussion, ongoing development and upgrading of water budget analyses
in the watershed context.
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1. Introduction
1.1

Scope of the Manual
Ontario watershed managers and field practitioners have expressed a
need for undertaking water budget analyses on a comprehensive
watershed basis. Some of the first initiatives in the implementation of
this ecosystem based approach to water management using a water
budget focus were put forward in the early 1990's (MNR/MOEE,
1993a, and, MNR/MOEE 1993b) and, were subsequently strengthened
with the publication of the Province of Ontario's "Watershed Planning
Initiative" (Science & Technology Task Group, 1997). These first
efforts were drawn together into a final report which evaluated the
overall watershed management practice in Ontario (WPI/PMC et al,
1997). By the end of the decade, recognition of the need for
comprehensive water budget and planning studies was acknowledged
formally by groundwater researchers (Ontario Groundwater
Association, 1998) as well as researchers from other disciplines.
The Province of Ontario now encourages municipalities, Conservation
Authorities, community groups and other stakeholders to participate in
watershed management and planning. This technical reference manual
is designed to assist those practitioners in the application of water
budget analysis techniques at both a watershed and sub-watershed
scale. The manual is founded in an ecosystem approach which
recognizes not only the interconnection of all biological watershed
processes (Figure 1.1), but also, the central function of water, as the
connecting mechanism and driving force within the system.
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Aquatic Habitat
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WATER
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Water Quality

Groundwater System

Figure 1.1: Water Balance for Watershed Management

In essence, a water balance1 evaluation allows the practitioner to
develop an understanding of the inter-relationships among the primary
components of the hydrologic cycle (see Figure 1.2) in order to provide
a background against which the impacts of land use changes can be
assessed and mitigated.

Figure 1.2: Hydrologic Cycle

1

The terms “water balance”, “water budget” and “hydrologic cycle” are used interchangeably in
the context of this manual.
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It embodies watershed related factors which form an integral part of the
planning process and are necessary inputs to a sound management
strategy. These factors include the following:


surface flow regime (i.e. streams, lakes, rivers, wetlands etc.);



groundwater regime (i.e. shallow aquifers, deep aquifers,
baseflow, saturated/unsaturated flow, soil moisture);



terrestrial habitat (i.e. both urban and rural);



aquatic habitat (i.e. lakes, rivers, wetlands, inland wetlands);



water quality regime (i.e. surface, subsurface); and



atmosphere (i.e. air, clouds).

Natural watershed systems seek to maintain a balance between
precipitation, infiltration (to the groundwater system), evaporation
(from open water surfaces) and transpiration (from vegetation). This
completes the cycle from the atmosphere to the land and back again. It
is necessary to understand this “balance” or “water budget” in order to
sustain the resource and its environmental and human interconnections
within the watershed.
Every aspect of environmental protection and water management in a
watershed involves elements of a water budget analysis. The reasons
for completing water budget analyses are often required indirectly by
various forms of legislation.
Water resources are managed by designated regulatory agencies and by
specific water agreements. Examples are as follows: at the federal
level, the Canada Waters Act provides for national management of
water resources, while the Canadian Fisheries Act is directed toward
the protection of aquatic habitat. Relevant provincial statutes in Ontario
include the Ontario Water Resources Act which regulates withdrawals
using a permitting system; the Planning Act which controls
development and directly influences urban water demands and runoff;
and the Lakes and Rivers Improvement Act which, in part, regulates
water quality. Water use agreements may involve all levels of
government (international, federal, provincial and municipal) as well as
other agencies (i.e. Conservation Authorities) and private corporations
such as Ontario Power Generation (formally Ontario Hydro).
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Agreements with participants depend upon the complexity of the
project. For example the Lake Simcoe Environmental Management
Strategy (LSEMS) was jointly sponsored by the Lake Simcoe Region
Conservation Authority, the Ministry of Natural Resources, the
Ministry of the Environment and the Ministry of Agriculture, Food and
Rural Affairs. This comprehensive study addressed all watershed areas
draining to Lake Simcoe.

What is a Water Budget?
Users of water often enquire, “What is a water budget”? In the simplest
form, a water budget analysis is a computational technique that
balances water input and output while accounting for change in storage.
On a watershed scale knowledge of these relationships can be used in
addressing major decisions relating to such issues as:







land use and watershed planning;
ensuring sustainable development;
determining the receiving stream capacity for waste discharge;
assessing risk exposure;
evaluating economic benefit to the community; and
reporting environmental conditions and status.

In practice, watershed managers and decision makers attempt to apply
and enforce a "limits of tolerance" approach by apportioning water
availability to all major water uses, in an equitable manner, without
creating undue stress on the watershed system as a whole.
This manual is designed to provide technical information on optional
approaches to water budget analyses. Its intent is also to provide
direction as to the effective use of water budgets within the watershed
planning process (Table 1.1). Fundamental to the watershed planning
process is a detailed understanding of the hydrologic cycle (Table 1.2)
and the interaction between surface and groundwater resources and the
potential impacts on them imposed by man's activities. In general
effective use of water budgets provides a valuable tool for:


Table 1.1
Watershed Planning*
Watershed planning and
management is a cooperative
effort by stakeholders, municipalities and government
agencies to create a long-term
management plan for water
resources within the watershed.
------------------------------------------------------

* Taken to mean both watershed
and sub-watershed planning in the
context of this guide.

Table 1.2
Hydrologic Cycle
The circulation of water from
the atmosphere to the earth and
back to the atmosphere through
precipitation, runoff, infiltration,
transpiration, evaporation, and
storage.

evaluating long term planning scenarios for municipal water
supply;
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identifying sectors of the hydrologic cycle where potential
deficiencies and other problems may occur;



safeguarding water quality and quantity; and



protecting the environment.

Concepts of Watershed Water Balance
Although a watershed is defined by its surface water catchment area, it
can be viewed as being composed of two separate but inter-related
components; a surface drainage area defined by topography and, a
subsurface region defined by soil and bedrock features. In spatial terms,
the areas and boundaries of each component may not be coincident
implying that "regional" groundwater inputs and outputs to the
watershed area may occur (Table 1.3). Based upon these factors, a
general expression for the watershed water balance on a regional basis

Table 1.3
Physical Concept of
a Watershed




can be expressed as a change in storage, S, which is equal to the sum
of precipitation input, P, and regional groundwater input, Gi, minus the
sum of regional groundwater output, Go, total stream outflow, Q, and
total evapotranspiration, ET; (by equation: S = P + Gi – Go – Q – ET).



A watershed (catchment,
river basin, drainage basin)
is an enclosed area defined
by its topography.
Topography determines
surface flow path from higher
to lower elevation to the
stream outlet.
Mass balance equations are
used to define hydrologic
accounting.

Generally, the change in storage, S, is assumed to be zero for an
annual sequence; and for larger watersheds, one can assume that
groundwater exchange at adjacent watersheds would also be zero,
assuming that groundwater output, Go equals groundwater input, Gi (by
equation: Gi – Go = 0). This simplifies the water budget, whereby the
total precipitation input to the watershed equals the sum of total stream
runoff plus the total evapotranspiration; (by equation: P – Q – ET = 0).
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On the other hand, for shorter time intervals, the rate of change in
storage, S/t, equals the difference between the average inflow, Qi,
less the average outflow, Qo, and evaporation, E; (by equation: S/t =
Qi – Qo – E).
The accuracy of the general water budget equation depends on the
reliability of measurements and error estimation in the hydrologic,
hydrogeologic and climatologic variables.
A second conceptional approach is to evaluate water balance based
upon a soil system water budget. Here, the change in soil moisture
storage, Ss, equals total infiltration, I, less interflow, Qs, recharge, Rg,
and soil moisture evapotranspiration, ETs; (by equation: Ss = I – Qs –
Rg – ETs).
It is of interest to note that spatial and temporal dimensions are major
factors in water budget computation. For an annual water balance, the
change in storage tends to be zero. However, for hourly, daily or
monthly computation, the change in storage is an essential element in
computation.
In summary, this manual was developed to:


provide guidance in undertaking water budget analysis in
watershed planning;



ensure a common understanding of the terminology;



describe surface and groundwater interactions; and



provide reference to models and techniques for undertaking
water budgets and analyzing components of the hydrologic
cycle.

Use Criteria for Water Budget Analysis
Before conducting a water budget analysis for a watershed, it is
essential to determine both existing conditions and designated water
uses within the study area. This should be done in accordance with the
sources of water as described in Table 1.4. The core uses in a
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watershed may include aquatic life, recreational activities, and water
withdrawals (domestic, industrial).
The information provided in this manual is designed to be read in
conjunction with the “Watershed Action Guide - A Practical Guide for
Building Partnerships, Project and Processes for a Sustainable
Watershed” (MNR/MOE, 1998), which provides a comprehensive
description of the watershed planning process and associated
terminology. Investigators must also recognize the importance of
contribution from the atmosphere (Table1.5), movement or storage as
groundwater (Table 1.6), movement and storage as surface water
(Table 1.7), and potential uses in the watershed (e.g. Table 1.6 and 1.7).

1.2

Overview of Manual Contents
This Technical Reference Manual contains the following materials:
1.

2.

Guidance on water budget computation describing calculations
quantifying components of the hydrologic cycle and relative
importance and use in the assessment of surface and groundwater
management practices.
Critical data sources are identified highlighting spatial and
temporal information. The importance of proper data inventory
procedures and a detailed understanding of land use changes are
discussed. The need for a chemical mass balance is addressed as
part of the water budget model procedure including a review on
contaminant transfer.

3.

The scale of application in water budget analysis is an important
consideration for computational accuracy. The importance of
watershed scale (e.g. site, subwatershed and watershed) is
described with reference to hierarchical procedures and relevance
to water quality management.

4.

The practical aspects of analytical techniques relating to data
assimilation, including collection, interpretation, component
processes and computational procedures as described.
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Table 1.4
Designated Uses of
Water in a Watershed
Rivers/Streams
- aquatic life
- withdrawal (domestic,
industrial, irrigation, etc.)
- recreation, etc.
Lakes/Reservoirs
- aquatic life
- water supply (domestic,
agricultural, industrial,
irrigation, etc.)
- recreation, etc.
Wetlands
- aquatic life
- recreation, etc.
Groundwater
- water supply (domestic,
agricultural, industrial,
irrigation, etc.)
- base flow

Table 1.5
Atmospheric Water
Water in a gaseous state
derived by evaporation and
transpiration.
Liquid water as a spray or
drifting snow derived
mechanically through the
agency of wind, and
Condensation water as cloud
and fog, rain snow, hail and
sleet.
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5.

Practical examples of water budget analyses are described
through case studies. Applications employing differing watershed
scales, various aspects of water supply and treatment are
addressed for use scenarios ranging from urban development to
industrial uses (e.g. mining)
The need for water budget monitoring is recommended to
determine the effectiveness of management solutions based on
water budget analyses. Discussions addressing measurement
through routine real-time monitoring, and a progressive approach

6.

to design of the monitoring network are described
Aspects of spatial (GIS) integration for a water budget at
different scales are addressed with reference to current GIS
profiles.

7.

In addition, a literature review was undertaken to supplement the
professional experience of the project team. References to literature
materials:

Table 1.6
Groundwater
Water that has infiltrated below
the earth’s surface.
It moves in response to gravity.
Relatively impermeable rock or
clay layers may restrict its
movement.
Located in voids within soil and
rock matrices.

Table 1.7
Surface Water
Surface snow and ice, glaciers,
and surface water such as
streams, rivers and lakes.
Ocean or sea water.



a listing of selected models and water budget analysis
techniques (Appendix C-1); and



a listing of additional references describing relevant scientific
information on various components of the water budget, and
relevant experience in Ontario (see the Reference Section).
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2. Hydrologic Cycle and
Concepts
2.1

Description of Hydrologic Cycle
The demand for water is continuous. In order to appropriate the available
water, one should be familiar with elements that dictate the movements of
water. For simplicity, where does the water come from? When is water in
motion, and is it in liquid or vapour form? Are there factors that intercept,
trap and remove water by some means? Is the water stored during
movement? How much is withdrawn by users? Since the hydrologic cycle
describes the process of water movement it is essential to thoroughly
understand the concepts of hydrology which provides a basis for the
underlying principles of a water budget. This section describes the
hydrologic cycle and its components, as one would observe in the
watershed.
The hydrologic cycle describes the processes of motion, loss and recharge
of the earth’s water. The processes can be visualized as shown in Figure
2.1. The cycle may be divided into the following principle components or
phases:
a)
b)
c)
d)
e)
f)
g)
h)

Precipitation
Interception
Evaporation / Evapotranspiration
Infiltration
Percolation
Runoff (Surface and Groundwater)
Storage (Surface and Groundwater)
Water Use and Demand

At any point in each of these phases, water may be in the state of
transportation, a state of temporary or long-term storage, or in a state of
change between solid, liquid and gaseous flow.
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Figure 2.1:

Hydrologic Cycle - Visual Definition of Main
Hydrologic Components (after EPA, 1998)

Any exposed surface may be considered as a unit area on which the
hydrologic cycle operates. For example:


an isolated tree;



the roof of a building;



the drainage basin of a river system or any of its tributaries;



a lake;



an ocean;



a country;



a continent; and



the earth as a whole.

A water balance is based upon the above noted factors and, is expressed as
a mathematical equation showing the relationship among the various
hydrologic components. The equation is as follows:
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P - E -T - Int - Ds + Qin + Gin - Qout - Gout ± S = 0
where:
P
E
T
Int
Ds
Qin
Qout
Gin
Gout

=
=
=
=
=
=
=
=
=

Precipitation;
Evaporation;
Transpiration;
Interception;
Detention Storage;
Surface Inflow;
Surface Outflow;
Groundwater Inflow;
Groundwater Outflow; and

S

=

Changes in Storage.

While precipitation generates the main input to the cycle, evaporation and
transpiration constitute the main losses of water from the groundwater and
surface water systems to the atmosphere. A schematic representation of
the hydrologic cycle is shown on Figure 2.21.
From a global perspective, the world’s supply of water is stored mainly in
oceans (97.2%), while 2.15% is frozen water (ice caps) and 0.65% is fresh
water on land. Of this fresh water component, only 2.5% makes up
quantities in air, soil, lakes and rivers, while the remainder is groundwater,
most of which is unavailable for human use (Vander Leeden et al, 1990).
In a watershed, about one half to one third of precipitation enters the earth,
while some of the available water remains at the surface. The quantity of
precipitation that is available for runoff is a function of the topography, the
soil infiltration and the holding capacity of the surface. The mass balance
expresses the relationship of rainfall excess or runoff, R, to be equal to the
product of the precipitation, P, times the runoff coefficient, C, (R = CP),
where the storage is S = (1-C) P. This runoff may be routed to streams,
sewers, detention ponds or reservoirs. Typical uses of the stored water are
recreation, dilution capacity, water supply, irrigation, hydroelectric power,
flood control, low flow augmentation, navigation, and natural resources
enhancement.
1

A complete list of definitions and terms is provided in the List of Symbols, Abbreviations and
Glossary (Appendix A).
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Figure 2.2: A System Representation of the Hydrologic Cycle*

In Canada, major water uses are broken down as follows. Thermal and
hydroelectric power generation use about 60%, manufacturing 20%,
agriculture 9% and municipal about 11% (Environment Canada, 1992,
Freshwater Series A-6) as shown in Figure 2.3.

Figure 2.3: Canada – Water Uses

Cumming Cockburn Limited

Water Budget Analysis on a Watershed Basis

2-4

2.2

Surface and Groundwater Interactions
As water condenses in clouds and falls as rain to the surface, portions are
intercepted, evaporate or are converted to runoff. The remainder infiltrates
into the soil. Some of the infiltrated water is stored in the upper regions of
the soil profile for plant use, while the remainder penetrates to greater
depth to recharge groundwater storage. For example, in Ontario, about
29% of the population depends on groundwater for domestic uses (MOE,
DWIMS, Drinking Water Surveillance Program, 2000). The following
sections provide a description of terms and interactions between surface
and groundwater components of the hydrologic cycle.

2.2.1

Precipitation
Precipitation includes rainfall, snow, hail and sleet. It is the process by
which atmospheric moisture, through condensation, becomes the precipitation that falls to the earth and replenishes surface or subsurface water
supplies. The rate of precipitation is expressed in depth of water (inches or
millimetres) per unit time.
Rain is the liquid portion of precipitation, while snow, hail and sleet form
its solid states including sublimation. These solids undergo melting at
temperatures greater than 0C and are expressed in units convertible to
rainfall depth.
A portion of the precipitation is intercepted before reaching the ground by
vegetation (foliage), structures (roofs), etc. and is stored temporarily before
being removed by evaporation processes.

2.2.2

Runoff
Runoff is the portion of water supplied through precipitation that is
converted to overland flow. It is the surface discharge component of the
hydrologic cycle and represents the net amount of surface water removed
from the watershed area (Table 2.1).

Table 2.1
Mean Annual Runoff for
Large Watersheds in Ontario
(MNR, 1984)
Hudson Bay

320 mm

Nelson River

220 mm

L. Superior/
L. Huron

360 mm

Ottawa River

320 mm

L. Ontario/
L. Erie

290 mm

3

A unit of runoff may be expressed as a depth (mm) or a volume (m ) from
a given surface area.
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The rate of runoff is usually expressed as a volume per unit time (cubic
metres per second cms or m3/s). Alternatively, runoff rate can also be
shown as a depth per unit area expressed in inches or millimetres per unit
of time.
Over a long period of time, the total runoff at time t, R(t) equals
precipitation at time t, P(t) minus infiltration, I(t), initial abstraction, Ia(t),
evaporation, E(t), and transpiration, T(t), all at time t.
R(t) = P(t) - I(t) - Ia(t) - E(t) - T(t).
The long-term mean annual total runoff for Ontario amounts to
approximately 309 mm, which is equivalent to about 43% of mean annual
precipitation.
2.2.3

Interflow
Interflow is described as quick subsurface flow accompanying or
immediately following a precipitation event. It is generally a lateral flow of
water in a perched saturated soil horizon. Interflow continues down slope
from the point of infiltration until it reappears at the surface (as seepage
and springs). The occurrence of an impermeable soil layer immediately
below a more permeable surface soil encourages interflow.

2.2.4

Infiltration
Infiltration is the entry of water into the soil through pores in the soil
media. Understanding infiltration is essential to describing the groundwater recharge component of the hydrologic cycle. Texture and structure
determine soil porosity, permeability and the rate at which water can move
into the soil (Table 2.2). In the event that rainfall intensity exceeds
infiltration capacity, surface runoff occurs.
The mass balance for infiltration may be expressed by the change in
storage over a given period of time, where S equals the difference

Table 2.2
Porosity, n, for Soil Types
Material

Avg. Porosity

Clay

0.42

Silt (fine)

0.46

Gravel (fine)

0.34

between the inflow rate, Fin(t), and outflow rate, Fout(t) (by equation:
S = Fin(t) - Fout(t)).
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INFILTRATION CAPACITY ( cm/hr )

Several empirical equations and conceptual theoretical equations have
been developed for infiltration (see Appendix F – Infiltration Modelling).
In small watersheds with homogenous soil characteristics, a single
infiltration-capacity curve can be used (Figure 2.4).
10
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Figure 2.4: Infiltration Capacity Curve

2.2.5

Recharge
Recharge is the process by which water moves from the unsaturated to the
saturated zone. A recharge area is a surface zone where water infiltrates
the soil and may eventually percolate to a deeper groundwater storage
area, defined as an aquifer.
The water volume uptake for a given recharge area can be expressed as a
depth of over its entire surface which equivalent to the volume supplied to
the zone of saturation. The catchment area of an aquifer comprises all
areas that contribute to the recharge area. Figure 2.5 shows the water table
as the top of the zone of saturation.
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zone of aeration
flow lines

zone of aeration

Figure 2.5: Water Table Depicting Zone of Saturation
(after Watson and Burnett, 1995)

2.2.6

Groundwater
By definition, groundwater is water that fills the voids of underground
rocks and soils. It begins as recharge of precipitation that soaks into the
ground and flows through various aquifer systems. In many cases, shallow
aquifer systems feed rivers, lakes and streams, returning groundwater to
the surface. Once on the surface, it evaporates or is transpired by plants.
In general, groundwater remains in storage for long periods of time and
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therefore groundwater aquifers tend to moderate the rapid changes in the
transfer of surface water within the earth’s hydrologic cycle.
Also shown on Figure 2.6, groundwater is defined using several different
terms depending on its concentration. Generally, groundwater saturation
increases with depth and the point where total saturation occurs (ie. filling
all pores with water) is referred to as the water table (WT). Above the
water table unsaturated conditions occur with both air and water contained
in the soil pores. Water movement in this zone is vertical. Below the
water table, soil voids are filled with water and soils are completely
saturated. Water movement is often horizontal.

( ZONE OF SATURATION ) ( ZONE OF AERATION )

PHREATIC WATER

SUSPENDED WATER

LAND SURFACE

SOIL WATER
INTERMEDIATE VADOSE WATER
WATER TABLE

FRINGE WATER
GROUNDWATER
INTERNAL WATER

Figure 2.6: Division of Subsurface Water Storage Zones

The top of the saturated zone is the water table. Vadose water is the water
held in suspension in the aerated zone or periodically drained saturated
zone. In some areas of the province, interstitial or subsurface and ice
water that is held below in permafrost, may also be considered as part of
the water budget. Also there is an internal water held in the interior of the
earth, where the pressure of the over laying rocks is so great that interstices
do not exist.
Groundwater flow is the movement of water within the saturated zone
from the point of recharge to discharge. Groundwater discharge can be
divided into hydraulic discharge and evaporation discharge. Examples of
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hydraulic discharge are springs, wells and streams. Evaporation discharge
is the removal of water from the groundwater reservoir by evaporation or
transpiration.
2.2.7

Importance of Groundwater/Surface Water Interaction
Competing demands for water have reached critical levels in some Ontario
watersheds. As a result, watershed planning procedures must incorporate
groundwater protection strategies as part of the best management practices.
It should be recognized that contamination of drinking water could have
broad health and economic implications. Drinking water supply source
areas and areas that contribute to maintaining the water supply must be
protected under the watershed management plan. In some cases, aquifers
can encompass areas that are regional and include several surface
watersheds. In this context different strategies for source-water protection
may be considered, each with its own priority.
The potential for groundwater contamination may be reduced by slow
water passage through soil that filters out some pollutants and microorganisms, and by attachment (adsorption) of organic compounds and
metals to clay minerals. Susceptibility to groundwater contamination
should be acknowledged in water budget allocation in terms of recharge
and withdrawal (Table 2.3). Within any given watershed the three phases
of groundwater movement can be described as storage, input, and output.
Storage: describes the volume of water stored in the ground:


change in storage is the difference between input and output.

Input: recharges groundwater storage by:


deep percolation from precipitation;



subsurface inflow;



percolation from floodwater, irrigation, seepage, leaky aquifer
or surface water transport, and artificial recharge; and



stream bed percolation.
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Table 2.3
Groundwater
Contamination
 Groundwater is important
for drinking water and
baseflow.
 Pollutants that contaminate
the groundwater may
originate from leaching
from a contaminated source,
such as surface water laden
with pesticide residues, oils
and grease, industrial
organics etc.
 Groundwater pollution is
difficult to remedy once
contamination has occurred.
 Large areas may be affected
due to regional infiltration
and the hydraulic
complexity of groundwater
systems.
 Concerns are expressed for
nutrient, chlorides and toxic
contamination.
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Output: is the discharge from groundwater storage to the surface by:


direct surface discharge from spring, artesian well, stream
bank seepage, etc.;



deep root vegetative transpiration; and



pumpage.

Example of Surface/Groundwater Mass Balance Relationships
A simplified water budget approach from a regional groundwater system
can be described by the mass balance equation, which states that the
change in storage, s, is equal to the boundary recharge input, Qin, less the
boundary discharge output, Qout, less the water taking, Pws, plus the sum of
vertical leakage from the top of the aquifer, Lt , less the vertical leakage
from the bottom of the aquifer, Lb , (by equation: S = Qin - Qout - Pws + Lt
- Lb).
Where transmissivity measurements in the aquifer are lacking, one may
use the baseflow separation technique. This simplification assumes
groundwater inflow and outflow are equal, and that the other terms in the
latter equation can be ignored.
A graphic representation of a similar groundwater budget calculation is
shown in Figure 2.7.
Similarly, typical municipal use of water in Ontario is shown on Table 2.4.

Table 2.4
Municipal Water Use
in Ontario (Mm3/d)
Surface Water

3.15 2.98*

Ground Water

0.70 0.12*

MOE, DWIMS, 2000
*MNR, 1984
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Figure 2.7: Demonstrated Groundwater Balance Computation
(from USGS / Adolphson et al, 1998)
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2.2.8

Recharge/Discharge Issues
The protection and management of the quality and quantity of water in
Ontario is best carried out on an integrated holistic basis which considers
the dynamics of the hydrologic cycle and the inter-relationship between
surface and groundwater. Watershed planning and water budget analysis
are tools which may assist in this process.
Groundwater generally accounts for 90% of domestic supplies in rural
Ontario, and is an important part of the water required for agricultural
purposes (MOE, DWIMS, 2000). Some areas which rely on this source
are facing shortages, and new urban developments continue to increase
pressures on the demand for groundwater.
Excessive groundwater withdrawals by pumping for domestic and
industrial uses has the potential to change the pattern of natural inflow and
outflow relationships. As a result, these groundwater aquifers could enter
a state of overdraft, thereby influencing the overall water balance and longterm sustainability of land uses occurring within the area.
Appropriate maintenance of groundwater recharge capability can be
viewed from a watershed management (or regional) perspective. Overall,
on a provincial basis, only a general level of information regarding
groundwater resources is available (i.e. see Figures 2.8a and 2.8b). A
more detailed understanding requires the analysis of the hydrogeological
nature or structure of the recharge areas and the local or regional
movement of groundwater. To date, these issues have not generally been
analyzed on a comprehensive watershed basis. Watershed studies have, in
general, not included an assessment of groundwater dynamics which
identify surface areas and put forward protection options. Spatial
variations in surface recharge and linkages to groundwater could assist in
describing flow paths on a watershed and subwatershed basis (Howard et
al, 1993; Raven and Beck, 1996; Russel et al, 1997).
As a minimum, investigators must describe the hydrogeological interactions beneath the watershed area, with specific emphasis on:


the location and extent of recharge and discharge areas;



the rate of subsurface transmission or replenishment;
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the storage capacity and rate of storage replacement;



the groundwater flow patterns; and



the discharge relationships among streams, lakes, wetlands, and
regional groundwater, etc.

Estimating groundwater yield is a major issue in terms of the quantity of
human usage and can be affected by recharge and discharge. Only a
detailed study of the watershed will provide fair estimates of specific yield
and information on recharge/discharge. From a human use perspective,
Figures 2.8a and 2.8b identify general groundwater yields from wells
based on bedrock and overburden. Water bearing overburden aquifers of
sand and gravel are found in Alliston and Kitchener/Waterloo. Water
availability from bedrock is limited, since the yield from the bedrock is in
the order of 1 litre/second (common to Precambrian rocks), unlike the
overburden with a yield in excess of 4 litres/second (common to Paleozoic
rocks) as found in the Guelph-Amabel, Detroit River and Nepean
formations.
There are two other groundwater features that will affect well yields;
namely, fractures and surficial sands and gravels. Fractures in bedrock
create high permeability, especially if they are wide and interconnected.
The surficial sand and gravel on the other hand permit rapid infiltration of
rainfall and immediate recharge to the aquifer. Many sandy deposits, such
as the Oak Ridges, may be the primary groundwater source for domestic
supplies. In addition, many deposits of sands and gravels can be found in
southwestern, and southcentral Ontario.
In many parts of Ontario, groundwater outflows are the main contribution
to streamflow. In most cases, during summer or drought, the permanent
portion of streamflow is groundwater discharge. In sandy and gravel
deposit areas, the annual contribution of groundwater contribution to
streamflow amounts to 60% of the mean annual flow. Hence, groundwater
is an intimate component of streamflow hydrologically.
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1 – 4 L/S

< 1 L/S

> 4 L/S

Figure 2.8a: Groundwater Yield from Bedrock in Ontario (from MNR, 1984)
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> 1 L/S

< 4 L/S

1 – 4 L/S

Figure 2.8b: Groundwater Yield from Overburden in Ontario (from MNR, 1984)
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Shallow aquifers are frequently used for drinking water in Ontario. From a
human use perspective, these shallow aquifers are very susceptible to
potential contamination and to dewatering. Some factors which may cause a
change in hydrologic regime include excessive pumping, drilling, tiling and
excavation. In some cases, the demand for water may upset the natural
balance in a watershed. This can lead to changes in the surface water system
(i.e. reduced baseflow and environmental impacts) and reduced groundwater
levels. Hydrologic and environmental impacts may affect groundwater
development or conjunctive water uses. Water budget analysis is a useful
tool in helping to manage conjunctive water uses (Figure 2.9a).
2.2.9

Spatial Aspects
Spatial variations in factors affecting the water balance can occur both
vertically in the soil profile, and horizontally across the watershed. The

Surface Water System

Demands

Groundwater System

Figure 2.9a: Conjunctive Water
Use Concept for
Surface and
Ground Systems

lack of proper evaluation of the spatial variations in the subsurface and
subsurface flow of water on a watershed basis has been cited as one of the
main limitations of implementing effective watershed management
practices. Spatial variations in surface and sub-surface hydraulics can
affect the potential for contamination, particularly important in shallow
aquifers.
A water budget analysis approach which includes detailed spatial
variations can result in a more refined description of surface and
groundwater interactions. Recent investigations on the Oak Ridges
Moraine provide an example wherein refined spatial investigations
(including digital elevation modelling) have led to a better description of
recharge processes as well as local and regional groundwater movement
(Howard et al, 1993; Russel et al, 1997).
Various investigators (Bear, 1972; Cherry and Ungs, 1975) have
demonstrated the need for consideration of as much spatial detail as
possible when dealing with groundwater problems. For example, the
migration of plumes from a landfill leachate system requires water budget
analysis for both flow and solute transport (Figure 2.9b). Other examples
include vertical leakage around well casings or through improperly
abandoned wells.
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Figure 2.9b: Possible Profile of Plume of Leachate From Landfill (after Ertas and Jones, 1993)

The use of Geographical Information Systems (GIS), for addressing spatial
variation in water budget parameters across a watershed is discussed in
more detail in Section 7.0.
2.2.10 Concepts of Model Linkages
Various types of surface and groundwater models are available at different
levels of detail (see Section 4.7 and Appendices). However, in general,
detailed models describing groundwater movement within a watershed
have not been compatible with detailed surface water models, primarily
due to differences in the time (temporal) scale. Surface water models
typically have hourly, daily or monthly time steps whereas groundwater
models typically reflect seasonal or annual variations in groundwater
levels in a watershed.
Ideally, an overall water budget model would provide a complete
description of all significant linkages between surface and groundwater
resources within the defined watershed area. Such a model could be
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utilized to allocate water supplies so as to meet the competing demands of
uses, while concurrently minimizing environmental impacts potentially
caused by a major shift in the water budget.
The desire is to describe a model or linkage of surface and sub-surface
models capable of accounting for all components acting at the surface and
groundwater interface (See Figures 2.10 and 2.13).

SURFACE WATER MODEL

LINKAGE MODULE

GROUNDWATER MODEL

Figure 2.10: Interface Schematic for Surface and Groundwater Models

At present, a variety of spreadsheet water budget models are available
which simulate overall hydrologic interactions on a simplified basis. Some
examples of the linkage of more complex models for more detailed
analyses are also available (see Appendix C). Two of the more
sophisticated and complex models include the United States
Environmental Protection Agency’s Better Assessment Science Integrating
Point and Non-Point Sources or BASIN model (USEPA 1998); and United
States Geological Survey (USGS) multi-disciplinary modelling framework
of The Modular Modelling System (MMS) (USGS, 1998).
In addition, there are a number of surface water models of different
dimensions capable of detailed accounting for the surface water balance
components. These include the development of the hydrological modelling
system (HEC-HMS), a surface water based model, which builds upon the
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above models by not only addressing water budgets for surface runoff, but
in addition treats groundwater input conceptually within the water balance
analysis.
Other surface water models such as the Precipitation Runoff Management
System (PRMS), Storm Water Management Model (SWMM), and Soil
and Water Assessment Tool (SWAT) model, incorporate simplified
groundwater storage factors in the water balance approach.
The following models also incorporate sub-surface flow components and
describe groundwater exchange between saturated and unsaturated zones:
SHE

-

European Hydrologic Model.

ANSWERS

-

Areal
Non-point
Source
Water
Environment Response Simulation.

CREAMS

-

Chemical Runoff and Erosion from
Agricultural Management Systems.

HSPF

-

Hydrological
Fortran.

PRZM

-

Pesticide Root Zone Model.

SWRRB

-

Simulation of Water Resources in Rural
Basins.

HYMO

-

Simplified Soil Moisture Accounting
Procedures.

GAWSER

-

Generalized Water Budget Model using
Simplified Water Accounting Procedures
(Guelph All-Weather Watershed Storm–
Event Runoff Model).

Simulation

Program

-

In some cases, groundwater models incorporate surface water interactions
and also address sub-surface water movement. These include:
PRZM-2

-
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Which
incorporates
PRZM
and
VANDORF for simulating the fate of
pesticides.
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PESTAN

-

Which describes vertical flow of
dissolved organics through the Vadose
zone.

CHEMFLO

-

Which uses Richard’s unsaturated flow
equation for simulating contaminant
movement in groundwater.

VLEACH

-

Which describes loading of volatile and
sorbed contaminants.

MOFAT

-

Which addresses flow balance and
transport of non-aqueous liquids.

WPA, MODFLOW, MT3D -

Which are complex three dimensional
programs used to model wellhead
protection areas, evaluate multi-phase
aquifers, and address groundwater
changes caused by external stresses.

All of the models described above contain elements that are applicable to
water budget analysis on a watershed basis. It is interesting to note that
there have also been attempts to provide linkages to surface water models
of different kinds through expert systems (Lam et al, 1995; Vescovi and
Villeneuve, 1995), and attempts to apply a complex groundwater model
(MODFLOW) to a groundwater balance in a watershed (Gerber and
Howard, 1998). Recent developments (USEPA, 1998) have also seen
linkages to non-point source models (HSPF, QUAL2E, TOXIROUTE)
for watershed management purposes. More information on various
models, including those noted above, is provided in Section 4.7 and in the
Appendices. In Ontario, the Guelph All-Weather Watershed Storm Event
Runoff Model (GAWSER) include storm events for rural and urban as part
of the watershed drainage area. This model considers runoff calculations
including channel, reservoir, and subwatershed routing.
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2.2.11 Example Problem Areas
There are several types of groundwater and surface water related problems
in Ontario. Potential problems are identified with reference to recent
investigations of the Oak Ridges Moraine, encompassing approximately
3200 km2 (Howard et al, 1993; Russel et al, 1997). The primary focus of
these studies was on land use planning and environmental issues, such as
the maintenance of cold water fish habitat.
One of the main objectives was “to understand the Moraine’s interior
structure in enough detail to identify the geological elements that control
groundwater recharge, flow and discharge”. A significant amount of effort
was undertaken to describe the hydrogeology of the Oak Ridges Moraine
(Raven Beck Environmental Ltd., 1996; Singer et al, 1997), and its
groundwater flow paths (Howard et al, 1993). Several concerns related to
further exploitation of the groundwater resource were identified. They
included:


potential over-use of the groundwater resource in future;



the drilling of deep wells which may induce recharge from the
upper aquifers, thereby depleting shallow aquifers;



potential flow changes along the basal and coalescing melt water
channels of the Moraine caused by a diminishing groundwater
discharge (Hunter/Raven Beck, 1996); and



changes to the chemistry of the existing potable groundwater
supplies.

To understand the above concerns in more detail, one requires a
comprehensive knowledge of all elements of the water budget and their
inter-relationships. At this time, however, multi-faceted approaches to
such studies are in the minority. Most studies address individual
hydrologic components with limited emphasis on interaction among
related elements. The identification of watershed management practices
based upon this myopic approach are therefore limited in terms of their
overall impact.
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2.2.12 A Model Profile for Groundwater and Surface Water Interaction
There are several model profiles that may be applied to address surface
and groundwater interactions. As outlined in section 2.2.10, it is necessary
to find analytical ways to link these models in order to understand the
overall surface and groundwater movement within a watershed planning
context.
Donigian et al, 1991, employed a linked version of the watershed model
HSPF-PERLND with associated water quality modules as a means of
solving non-point source pollution problems. It should be noted that HSPF
(an extended version of the Stanford Watershed Model) captures the
watershed scale runoff as summarized in Table 2.5. The PERLND and
IMPLND modules are algorithms which consider the potential for nonpoint source pollutants. This is a classical watershed model that describes
the various components of the hydrologic cycle (Figures 2.11a and 2.11b).
A portion of precipitation is intercepted by vegetation which later
evaporates. The net precipitation goes to the surface flow which is
augmented by lateral surface flow. The surface flow produces surface
outflow by way of the surface detention storage, external lateral flow
together with interflow. A linkage to a simplified mass balance type
groundwater component is provided via infiltration from the surface to
upper and lower storage zones. The net flow is the recharge to the
groundwater aquifer, a portion which is lost to deep percolation and
groundwater outflow to the surface system. The final result accounts for
storage and groundwater discharge.
The groundwater component of the HSPF model is essentially a mass
balance, with no detailed modelling of the groundwater hydraulics (i.e.
does not model the phreatic surface of horizontal groundwater movement
etc.). However, where additional detail is required, linkages to more
detailed groundwater models such as MODFLOW (developed for the
USGS by McDonald 1984) have been carried out (see Figure 2.12). The

Table 2.5
Main Features of HSPF Models
Surface
Components

Groundwater
Components**

Precipitation

Infiltration/

Snow Accumulation
/Snowmelt
Evapotranspiration
External Inflows
Interception Storage
Detention Storage
Interflow
Sediment Washoff*

Percolation
Upper Zone
Storage
Lower Zone
Storage
Groundwater
Storage
Evapotranspiration
External GW
Inflow
Groundwater
Outflow

Pesticide Washoff*

* With PERLND
** Mass balance; does not model
phreatic surface or horizontal
groundwater movement etc.

Table 2.6
Main Features of MODFLOW
Groundwater
Groundwater Level
Groundwater Movement
Pollutant Plume Movement
Mass Balance
Evapotranspiration
Analysis of Drains
Analysis of Wells/Pumping

main features of MODFLOW are listed in Table 2.6.
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Linkage to groundwater

Figure 2.11a: Flow Diagram of Surface Water Movement - HSPF Model
(after Donigian and Huber, 1991 - HSPF)
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Linkage to
surface water

Figure 2.11b: Diagram of Groundwater Movement – HSPF Model
(after Donigain and Huber, 1991, HSPF)
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PLUME AFTER 3.5 YEARS
Location
Location
of Spill
of Spill

Sampling Locations

Modelled Plume

Figure 2.12:Stratigraphy Version of MODFLOW (after SSG, 1998)

The groundwater flow in the aquifer is more complex than surface flow.
This has to do with the heterogeneous nature of the aquifer and many
anomalies present in the system. In the case of steady state modelling
under homogeneous and unconfined aquifer conditions, the water budget
computation is simpler. However, with artesian aquifers, heterogeneous
and transient situations, leaky aquifers, wellhead protection and induced
infiltration, the computation procedures become more difficult. Difficulty
arises from the fact that use of the dynamic flow and solute transport
equations under the porous media and definable boundary conditions make
the budget equation unsolvable by the traditional methods. The type of
numerical solution technique for groundwater flow and solute transport
problems therefore becomes relevant. There are several numerical solution
techniques; typical are the finite-difference and the finite-element methods
(Wilis and Yeh, 1987). The extent of difficulty in numerical solution for
groundwater modelling can be imagined from the stratigraphy version of
example MODFLOW output at the time interval shown in Figure 2.12.
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Change in groundwater levels and pollutant concentrations are much
slower than corresponding changes in the surface water system.
The surface water model (HSPF) and a groundwater model (MODFLOW)
can be used as a springboard for ground/surface model linkage (Figure
2.13). Additional information for various models is given in Sections 3
and 4.

Figure 2.13: Concept of Model Interface - Surface/Groundwater
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2.3

Water Budget Data In Ontario
Water budget data available for Ontario includes meteorologic data,
hydrometric data and groundwater data. Geological and physiographical
data provide information to describe the structure of the watershed.

2.3.1

Meteorological Data
In order to calculate moisture flux and account for the transfer of moisture
through the system, the following meteorological data are required:


temperature (mean, daily minimum and maximum, or even hourly
depending on the study requirements);



wind speed and direction;



radiation;



vapour-pressure;



heat exchange rate;



precipitation, including rainfall and snowfall (annual, monthly,
weekly, daily or hourly intervals); and



evaporation.

Meteorological data from over one thousand stations in Ontario can be
obtained from the Climatology Division, Atmospheric Environment
Service, Environment Canada.
In the past few years, extensive analyses have been undertaken to update
various data sets, which are useful in regional water budget analysis (CCL,
1999). The data are available in digital and hard copy formats and include:


mean annual precipitation map, Ontario;



mean monthly precipitation map, Ontario;



mean annual and monthly snowfall;



mean annual runoff map for Ontario;



mean annual and monthly evaporation/evapotranspiration;



locations of meteorological stations;



locations of hydrometric stations;



1:2 year seven day low flow (7 Q2) isolines and grid files;



1:20 year peak flow isolines and grid files;
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1:100 year peak flow isolines and grid files; and



the base flow index (BFI) isolines and grid files.

The design rainfall intensity-duration-frequency isoline and grid files for
1:2, 1:5, 1:10, 1:20, 1:50 and 1:100 year return periods and 5 minute, 10
minute, 30 minute, 1 hour, 3 hour, 6 hour, 12-hour and 24-hour durations
are also available.
2.3.2

Hydrometric and Physical Data
Available hydrometric data includes the following list of information:


Hydrological Data:
- stream flow;
- water level;
- historical groundwater table;
- soil water moisture content;
- sediment concentration; and
- snow surveys.



Watershed physical parameters include the following:
- watershed area;
- land use information
- channel and valley slope;
- vegetation cover (type of covers and their distributions);
- soil types and distributions;
- soil particle size distribution;
- soil porosity ratio;
- soil moisture field capacity;
- soil moisture wilting point;
- soil infiltration rate; and
- soil hydraulic conductivity.

The hydrological data is available at Inland Waters Directorate, Water
Resources Branch, Water Survey of Canada. A CD-ROM which contains
the hydrometric data for all stations across Canada is released annually,
which summarizes all gauged streamflow and sediment concentration
measurements in Ontario.
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The physical parameters are typically derived from available topographic
mapping, previous reports, and field surveys of the watershed. The
accurate determination of watershed boundaries is an important component
of water budget analysis. It should also be noted that surface and
groundwater boundaries may not coincide. Topographic mapping at a
scale appropriate to the problem at hand should be utilized. The Ministry
of Natural Resources can also provide watershed boundaries and locations
of agricultural tile drains (Kenney, MNR Geomatic Services, 1995) based
on GIS analysis. Digital elevation model data (DEM) is also available
from the Ministry of Natural Resources (MNR, 1994, 1996).
2.3.3

Groundwater Data
Groundwater data is essential to water budget analysis; various available
data are discussed in the following sections:
Geology
Basic information describing Ontario’s geology can be found in several
studies (e.g. Howard et al, 1993) and from geological maps of Ontario
(Chapman and Putnam, 1966; MNR, Ontario Geological Referencing
Grid, 1985; Barnett et al, 1991; Gupta, 1991; Sharpe and Finley, 1997;
Sharpe et al, 1997).
Availability of the most current geological information is generally contained in borehole data and can be ascertained by contacting:


ORC (Ontario Realty Corporation);



OGS (Ontario Geological Survey);



GSC (Geological Survey of Canada);



CA's (Conservation Authorities);



MOE (Ministry of Environment);



GAC (Geological Association of Canada); and



(OPC) Ontario Power Corporation.

There are several known groundwater resource regions in Ontario (see
Figures 2.8a and 2.8b). Studies in some areas have also identified
groundwater probability in Ontario (MOE, 1981).
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Groundwater Compilations
General information on water level data can be found in the Ontario
Ministry of the Environment Water Well Records database and provincial
groundwater monitoring networks. Other information on hydraulic head
and groundwater flow paths have been identified by MOE (Smart, 1994;
Hunter, 1996; Sibul et al, 1977; Boyce et al, 1997).
Several area-wide water resources assessment studies carried out in
Ontario collected site-specific data using well and borehole installations,
including piezometric nests. Typical is the work of Russell et al, 1997,
who used piezometric nest data in a kettle lake area to determine vertical
hydraulic gradient and recharge associated with these lakes.
Researchers at the University of Toronto (Elyes and Howard, 1988; Gerber
and Howard, 1992, 1997) and the Waterloo Centre for Groundwater
Research have also described techniques for collection of data. These
include sampling techniques for analyzing the movements of groundwater
contaminants.
Monitoring guidelines and protocols for well construction, and data
collection, are also available which describe procedures to obtain
consistent data sets (MOE, 1995).

Table 2.7
Internet Sources of Data
MOE:
http://www.ene.gov.on.ca
GAC:
http://www.esd.mun.ca
OGS:
http://www.gov.on.ca
/MNDM/MINES/OGS/
MMDOGSE.htm
Oak Ridges Moraine:
http://sts.gsc.nrcan.gc
/page1/envir/orm/orm.htm

Selected data sets can also be obtained through the Internet (e.g. see Table
2.7).
2.3.4

Groundwater Mapping
The Ministry of the Environment has mapped groundwater availability on
a regional scale by addressing:


probability water quantity available;



depth at which water is commonly found;



water quality at sampled locations;



scaling and mapping; and



supplies in shallow overburden.
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These data collections and analysis approaches have been viewed from a
watershed management perspective (Sibul et al, 1977; Howard, 1981;
MOE, 1981, 1988; Hill, 1982; Sanderson, 1991; Holysh, 1998; Beatty,
1998).
The following general information has been developed to characterize the
overall groundwater resources in Ontario:


water resources reports (e.g. Sibul, 1980);



water resources bulletins (e.g. MOE Publication No. 2-30, 1979);



groundwater probability map series (e.g. MOE Publication 1969,
1970, 1971, 1974, 1979, 1981, 1984, 1986); and



major aquifers in Ontario map series (e.g. MOE Publication 1970,
1971, (No. 1), 1978 (No. 1-6)).

The Ministry of Environment previously developed (data up to 1984) an
inventory of observation wells in Ontario. The information provided is
summarized as follows:


Type I – wells that show natural background fluctuations in water
levels, classified as “index wells”;



Type II – wells essential for assessing and preventing water
shortage problems caused by excessive withdrawals; and



Type III – wells which are related to groundwater resources
inventory and special interest studies, such as water-level
interference complaint problems.

Multi-purpose wells also provide several functions that may include those
within the Type I, II or III categories.
The availability of observation well information for specific watersheds
can be determined by examining observation well map sheets that show
the areas of interest (MOE, 1980). The locations are provided on the
national topographic series map, scale 1:250,000.
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Although no longer published, older traditional well data has been
provided in MOE’s Publication Data for Observation Wells in Ontario.
This information should be field checked for errors since existing data has
proven to be difficult to use for subwatershed studies.
A recent investigation (CCIW, Pigott 1998) has summarized water well
construction records in Ontario using GIS techniques:


85,000 records covering 27,600 km2;



period 1908 to 1992 (most records during 1950-1980);



temporal and depth resolution is limited; and



adequate spatial information for regional studies.
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2.4

Contaminant Transfer Pathways
Many pollutants move through the biosystem via water transport. Each
type of pollutant has its own pathway and transport mechanism depending
on the occurrence and physical state of the water. Although the
contaminants travel along with flow, they have their own dynamics. The
various pathways, mechanisms and changes of state for entry of chemicals
into the ecosystem are shown in Figure 2.14.

Atmosphere

Vo

Vo

Chemical
Ab

Ad
Dls

Ad

Soil

Water

Source of Chemical

Figure 2.14: Transport of Chemicals in the Environment
(after Thibodeaux, 1979)

Contaminants of concern are usually conservative substances not
vulnerable to attenuation. They move from the atmosphere to water by
absorption (Ab), from the atmosphere to the soil by adsorption (Ad), and
from the water and soil to air by volatilization (Vo). Chemicals move
from water to soil by adsorption, and from soil to water by desorption
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(Des). The chemicals from potential source areas enter the soil by
adsorption and the water by dissolution (Dis).
Each interface has at least a single liquid phase associated with it. The
movement of fluid near the interface regulates the rate of transfer of the
contaminant.
As an example, oxygen in equilibrium between air and water, accounts for
the 21% volume of oxygen in the atmosphere. Dissolved oxygen (DO)
solubility in water is inversely proportional to temperature. There is also a
decrease in dissolved oxygen residual and biodegradable contaminating

SOLUTE

material with time (Figure 2.15).

DO

BOD

TIME

Figure 2.15: Reaction of DO and BOD with Time

Discharge of municipal wastes or other organic impurities rely on the instream dissolved oxygen for assimilation. That is, the aerobic breakdown
of organic matter and consequent mineralization results in a loss of oxygen
in the water.
The carbonate system is essential to lakes, streams and aquifers. This is
that buffers aquatic
due to an equilibrium among CO2,
environment systems (USEPA, 1985).
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In some watersheds, acidity and alkalinity are important considerations.
More efforts are now being placed on understanding the alkalinity in the
system as a buffer to acidic conditions from organic acids or other noncarbonic weak acids.
Tables 2.8 and 2.9 respectively, outline the presence of nitrogen and
phosphorous cycles, and related biochemical conversion respectively.

Table 2.8
Nutrient Cycles:
 Nitrogen cycle
 Phosphorus cycle
 Nutrient interaction for
carbon, nitrogen, and
phosphorus
 Nutrient interaction for silica

The movement of nutrients (nitrogen, phosphorus, carbon, etc.) in the
environment affect the ecosystem (e.g. refer to Figure 2.16). It should be
noted that oxidation of ammonia to nitrate during the nitrification process
consumes oxygen and represents a major portion of the Biochemical
Oxygen Demand (BOD). Unionized ammonia concentrations (as N) as
low as 0.1 mg/l are reported to be acutely toxic to fish. Levels as low as
0.02 mg/l can be chronically toxic (MOEE, July 1994). Nitrogen is
present in many different forms in the aquatic system (Table 2.10).

Table 2.9
Biochemical Conversion
The biochemical conversion of
one gram of oxygendemanding matter requires one
gram of molecular oxygen.
The replacement of this oxygen
by re-aeration occurs through
the water surface exposed to
the atmosphere, and
replenishment of algae during
photosynthesis.

Table 2.10
Nitrogen Dynamics
 Ammonia – release of
nitrogen due to decay.
 Nitrification – oxidation of
ammonia to nitrate.
 Denitrification – reduction of
nitrate to nitrogen under
anaerobic conditions.
 Uptake – accumulation of
nitrogen by plants.
 Nitrogen fixation – reduction
of nitrogen gas from air to
ammoniated compounds.

Figure 2.16: Nitrogen Movement (after Agriculture Canada, 1994)
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In some basins, phosphorus loading becomes a critical consideration,
especially in lakes with species such as lake trout that require high
dissolved oxygen levels and in lakes susceptible to cultural eutrophication.
Coliform bacteria in natural waters have been used as an indicator of
potential pathogen contamination. A more recent trend is the use of other
indicators such as Escherichia coli and Pseudomas aeruginosa. Coliform
concentrations change with time and environmental conditions (see Figure
2.17).

COLIFORM BACTERIA

100%

COLD WEATHER

WARM WEATHER

TIME

Figure 2.17: Schematic Decay Curve for Coliform Bacteria

Contaminant movement in soil and groundwater occurs in all directions.
The common element in all transport processes is the movement of water
on a spatial and temporal basis. Therefore, a suitable water budget
analysis plays an important role in understanding the basic elements of
contaminant movement and distribution.
Physical processes influencing contaminant transfer analysis include flow
transport and circulation patterns produced by mixing and dispersion,
density distribution and influence of temperature. Most analysts utilize
only a one-dimensional representation, while realistically, the variation
and transport of contaminants within an aquifer (or other media) occurs in
three dimensions.
In summary, water management includes concerns about the degree to
which contaminants associated with human activities may affect the
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environment. Watershed managers must determine in-stream water
availability for assimilation and relevant wastewater treatment. Typical
associations of water quality conditions and the use of the stream by
human communities are summarized in Table 2.11.
Table 2.11
Water Quality Conditions and Stream Uses
USE

QUALITY

Recreation / Fishing

Colour, lignins, tanins, turbidity, pH, bacteria, DO,
toxicity, taste, odour, temperature

Potable Water

Same as above

Food Products / Agriculture

DO, pH, suspended solids, dissolved solids, salts,
temperature, toxicity

Industry / Navigation

Debris, pH, suspended solids
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2.5

Impact of Land Use Changes on Water Budget

2.5.1

Forestry
"On a global scale, the largest change in terms of land area, and arguably
also in terms of hydrologic effects, is from deforestation and afforestation." (Calder, 1996).
Removal of forest cover from a watershed can result in significant
hydrologic changes, including:


decreased interception of rainfall by the tree canopy (net
precipitation);



decreased evapotranspiration;
decreased rainfall interception by surface litter; and
increased runoff volumes.




Interception by the tree canopy is one of the most thoroughly researched
topics in the hydrologic literature (Gray, 1970). Research has shown that
the tree canopy can intercept 10-40% of incoming precipitation
(commonly 10-20%) depending on factors such as:







tree species;
density of stand;
age of stand;
location;
rainfall intensity; and
evaporation during or after the rainfall event.

Forest disruption, such as logging, forest fires and wind damage, etc., can
have major effects upon the canopy characteristics of forest stands and
hydrological processes in the watershed. Forest canopy can recover within
time periods up to 25 years where the forest canopy is allowed to
regenerate. Where forest cover is permanently removed for the purposes of
agriculture or urbanization, the hydrologic effects are more long-lasting
(Table 2.12).
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Table 2.12
Forest Watershed Yield
Average increase in annual
watershed yield for a 10%
reduction in forest cover:
Pine
Deciduous
Scrub
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The layer of litter on the forest floor can prevent the net precipitation from
small events from reaching the mineral soil. The amount of water which
can be stored before infiltration occurs ranges between 3 to 50 mm,
depending on the type of forest, with a typical value of about 25 mm for
temperate forest litter.
Litter on the forest floor also reduces overland flow and maintains
infiltration rates. The presence of surface (vegetative) litter can also
prevent surface erosion. Its removal may constitute a more important
impact on the watershed than canopy renewal or thinning.
Litter can be removed as a consequence of development, or other factors
such as burning. Soil infiltration rates in forested areas can be reduced by
20-60% after burning, although this impact may recover after several
years.
Removal of forest cover generally increases the soil moisture content due
to reduced evapotranspiration. In some cases, shallow water tables may
rise where clear cutting significantly reduces evapotranspiration. Factors
affecting evapotranspiration due to vegetative differences include depth of
roots, density of cover, soil depth and degree of surface modification (see
Figure 2.18).

Figure 2.18: Factors Affecting ET from Vegetation
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In cases where forest cover has been removed from watersheds having
shallow and highly permeable soils with a low water holding capacity,
overall changes in evapotranspiration and runoff may not be significant
(Dugar et al, 1998).
Removal of vegetation in watersheds with deep soils will generally
increase runoff. The increase in runoff has been found to be proportional
to the area of vegetation removed. For areas where 20-100% of the timber
was removed, measurements have shown that yield (runoff) increases up
to 100-300 mm/year, or corresponding to a 5-30% increase in annual yield
(Figure 2.19a and 2.19b). The world-wide average impact of afforestation
on watershed yield is reported to be approximately 34 mm/year reduction
for a 10% increase in watershed forest cover.

Figure 2.19a: Percentage Change in Yield vs. Percentage Change in Forest Cover
(after Hibbert, A.R., 1967, and Dugar, W.A., 1998)
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Figure 2.19b: Increase in Flow vs. Percentage in Forest Area
(after Hibbert, A.R., 1967 and Dugar, W.A., 1998)

Many changes in the forest ecosystem are driven by changes in hydrology.
Changes in water chemistry, nutrient flux, erosion and aquatic habitat may
be associated with the increases in water tables, soil saturation, water yield
and peak flow that follow extensive deforestation, soil disturbance and
compaction (Steedman, R., et al, 1997).
The cumulative hydrologic effects are scale dependent, i.e. a function of
the spatial distribution of forest management activities within a watershed.
Research is continuing into the refinement of Hydrologic Impact Factors
(HIF) as a means of comparing relative hydrologic disturbance among
watersheds with varying degrees of forest management activities
(Steedman, R., et al, 1998).
2.5.2

Agricultural Changes
Prior to agricultural settlement, Ontario was covered in forests, wetlands
and natural meadows. The removal of forests and wetlands created
agricultural opportunities, while at the same time increasing the amount of
surface runoff.
Conversion to agricultural uses may result in the following changes in the
watershed:
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the amount of free water surfaces (e.g., ponds and wetlands);



the availability of soil water to plants (e.g., when short-rooted
agricultural crops replace deep-rooted trees the availability of
water will be reduced in dry periods or when drainage reduces soil
moisture content in the root zone);



replacement of crops with different total leaf area per unit area of
watershed and different evaporation characteristics; and



groundwater levels due to the degree and type of agricultural
drainage or irrigation.

Agricultural intensification alters transpiration rates and affects runoff.
The overall increase in yield on a watershed scale has generally been
found to be marginal. However, the timing of storm runoff is greatly
impacted through land drainage (ie. drains, field tiles etc.). The movement
of surface runoff also carries pesticides, farm waste and sediment to the
receiving stream (Calder, 1996).
An additional variable in an agricultural water budget is the inclusion of
irrigation (Figure 2.20, Boss et al, 1996). The crop receives water through
irrigation, precipitation and capillary rise. Water losses are primarily due to
evapotranspiration, drainage and groundwater recharge (Table 2.13).

Table 2.13
Water Portioning
Typically, when water falls on
a bare field, 60% to 66% is
evaporated back to the
atmosphere, approximately 25%
runs off to ponds, watercourses,
lakes and other depression areas,
and the remaining 9% infiltrates
the soil.

Figure 2.20: Water Budget of an Irrigated Area (Boss et al, 1996)
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If the depth to the water table is less than about 3 metres in fine textured
soils, capillary rise can contribute a significant volume of water to the root
zone of the crop.
Large variations of evapotranspiration occur in agricultural watersheds due
to farming operations and type of crop. Evapotranspiration depends on
several factors, including (Sakton, 1994):


solar radiation;



type of plant (stomatal characteristics, leaf density, and rooting
depths);



cropping patterns;



soil moisture availability;



soil type;



solar radiation;



climatic characteristics;



physical factors (local elevation, aspect orographic effects); and



agricultural drainage.

Agricultural crops play a significant and dynamic role in
evapotranspiration processes within a watershed as the phases move from
bare soil evaporation through ET during early to mature growth and
ultimate removal at harvest. These variations in ET occur both in time and
space. A typical plant utilization of water is depicted in Figure 2.21.

Figure 2.21: Transpiration from a Corn Plant
(1.3 to 3.8 litres/day)
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Best management practices to mitigate the effects of agriculture include
various measures such as cover crops, vegetative buffer strips, irrigation
scheduling, erosion control structures, grassed waterways, residue
management practices, conservation strip cropping and terracing
(Agriculture Canada, 1997).
2.5.3

Urbanization
Over 80% of the population of Ontario lives in urban areas. The impacts
of urbanization on surface runoff and associated hydrologic changes has
been recognized for over 60 years (USDA, 1986). The changes in
watershed characteristics, which influence the water budget, are illustrated
on Figures 2.22 and 2.23 (Vanierendonck, 1996).
CANOPY
INTERCEPTION

EVAPOTRANSPIRATION

SURFACE
RUNOFF

INTERFLOW

BASEFLOW

Figure 2.22: Pre-Urban Watershed Hydrology
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TRANSPIRATION

SURFACE
RUNOFF

INTERFLOW

BASEFLOW

Figure 2.23: Post-Urban Watershed Hydrology

The main physical changes resulting from urbanization and affecting the
water budget are:


reduced interception of rainfall due to removal of trees;



removal of natural vegetation and drainage patterns;



loss of natural depressions which temporarily store surface water
(i.e. regrading of areas results in a change in topography);



loss of rainfall absorbing capacity of humus on the forest floor;



creation of impervious areas (rooftops, roads, parking lots, sidewalks, driveways, etc.); and



provision of man-made drainage systems (e.g., culverts, curbs,
gutters, storm sewers, channels, detention ponds, etc.).
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The significant physical changes to the drainage characteristics within
urbanized watersheds result in modifications to several components of the
hydrologic cycle. For example, the following effects may occur:


higher and more rapid peak surface discharge (two to five times
higher than pre-development levels (Figure 2.24);



increased surface runoff volume during storm events (Figure
2.25);



reduced base flow rate and volume;



reduced evapotranspiration;



reduced infiltration and groundwater recharge;



reduced interception and depression storage;



reduced time needed for surface runoff to enter the receiving
waterbody (i.e., shorter time of concentration);



increased frequency of surface runoff;



increase in erosion and contaminants discharged to receiving
waterbodies;



increased water temperature in surface runoff; and



modified snow accumulation and snowmelt regime.



RATE OF FLOW

POST URBAN

PRE URBAN

TIME

Figure 2.24: Urbanization Increases Peak Flows and Runoff Rate
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In undeveloped areas, most rainfall (and snowmelt) soaks into the soil,
from which it evaporates or percolates downward to the groundwater
aquifer. The stored groundwater slowly drains to streams, lakes and
wetlands or to regional groundwater systems. When ground surfaces are
paved and surface litter removed more surface runoff occurs, water is lost
to groundwater storage, groundwater levels drop and stream base flow
decreases accordingly. Typical uncontrolled impacts (Table 2.14) are
illustrated on Figures 2.25 and 2.26 (MOE, 1998).

Table 2.14
Main Impacts of Urbanization
Higher peak flows and runoff
volumes.
Reduced infiltration and
groundwater recharge.
Increased frequency of surface
runoff.

Figure 2.25: Pre-Urban Water Budget

Figure 2.26: Post-Urban Watershed Hydrology
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Best management practices to mitigate the effects of urban development,
include various measures such as on site storage, infiltration basins,
infiltration trenches, filter strips, buffer zones, etc. (MOE, 1994).
2.5.4

Wetland Changes
As a result of land use changes many wetlands were lost (up to 80% lost in
southern Ontario). Wetlands play an important role in the provision of
below buffering, aquatic habitats and in nutrient cycling (Table 2.15).
The Ontario government has acknowledged the importance of wetlands
and established a wetland classification system, as a means to protect these
sensitive areas.

Table 2.15
Wetland Functions
 Biological
Hydrological
 Social
 Special Features

Some of the hydrological functions of wetlands are (USEPA, 1999):


contribution to a significant portion of the hydrologic cycle,
including evaporation, recharge and discharge;



groundwater discharge (i.e. increases evapotranspiration);



providing fish habitat, for spawning, feeding and rearing;



offering habitat for various wildlife species;



shoreline stabilization;



streamflow maintenance;



nutrient and sediment control; and



flood attenuation and storage.

Remaining factors which may affect the water budget of wetlands include:


altering runoff and groundwater flow characteristics on adjacent
lands;



constructing agricultural drains adjacent to wetlands;



using wetlands for wastewater treatment;



removing peat for commercial uses;



allowing clear-cutting in wetlands or removing buffering areas
around wetlands;



using wetlands as dump sites for landfill, sewage sludge, and other
solid wastes; and



excessive water withdrawals.
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Water managers should be aware of the impacts of wetland loss to the
ecosystem and effects on the water budget. These relate to erosion, lake
level rises, drought, and lake subsidence.

2.5.5

Other Development
2.5.5.1

Industry

Changes in land use that influence the distribution of users or source of
water supply will affect the water budget.
It has been estimated (MNR, 1984) that Lake Ontario provides 44% of
annual water supply while receiving only 4% of provincial runoff. It was
anticipated that by year 2000, this proportion would increase to 52%.
Likewise, Lake Erie receives 2% of annual runoff but provides 17% of
supply. A similar pattern follows for Lake Huron (receives 13% runoff
but utilizes 31%).
Withdrawal of water for industrial uses, primarily manufacturing and
mining, in Ontario accounts for approximately 32% of overall demand.
Less than 10% accounts for water supply to municipalities (Table 2.16).

Table 2.16
Ontario Water Use (Mm3/d)*
W

C

Municipal

4.486

0.489

Rural

0.965

0.754

Major
Industry

17.960

0.712

Thermal
Power

33.636

0.252

* Million cubic metres/day
W - withdrawal
C – consumption
MNR, 1984

It is anticipated that population and industrial growth will exert additional
stress on water demand in Southern Ontario within the Great Lakes basin
(Table 2.17).
The primary concerns are inorganic and organic contaminants from the
mining and steel industries, nutrients and pesticides from agriculture,
domestic wastes from urban areas, and phenols and organic contaminants
from pulp and paper industries. Wastewater from industrial sources is
regulated and is discharged as treated wastes. Minimum flow criteria sets
the design load. Therefore, water budget analysis for pollution control
objectives must recognize minimum flow requirements to accommodate
waste assimilation. Short and long-term watershed planning should include
requirements for low flow augmentation for pollution control.
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Table 2.17
Water Use Forecast,
Ontario (MNR, 1984)
Yr (1981) Yr (2000)
L. Ontario
L. Huron
L. Erie
L. Superior
Ottawa R.
Nelson R.
Hudson
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44%
31%
17%
4%
2%
1%
1%

52%
26%
15%
4%
1%
1%
1%
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2.5.5.2

Hydropower

Table 2.18

On the whole, hydroelectric power accounts for 34% of electricity in
Ontario and 10% of Canada’s power generation (MNR, 1984).

Ontario Hydro
Hydraulic Plan


In Ontario, MNR (1984) observed that the greatest potential impact on
stream flow changes could be brought about by flow manipulation and
inter-basin diversion for hydroelectric power.
Ontario Power Generation (formerly Ontario Hydro), major supplier of
hydroelectric power in Ontario, considers various environmental impacts
in development of new sites. These include land use changes, water use,
and aquatic impacts, etc.
The Ontario Hydraulic Plan (Ontario Hydro, 1989) (Tables 2.18 and 2.19)
comprises 18 sites in the Moose River basin. The main environmental
impact anticipated is flooding.
Initial study procedures by Ontario Hydro include the identification of
issues of concern. These include obtaining public involvement, then
building a management consensus including MNR and other stakeholders.
Studies are addressed on a subwatershed basis with the intention to meet
hydroelectric needs, while identifying competing demands for water, such
as recreation, flood control, fish and ecosystem protection. In general,
there are 26 generic water management issues typically addressed,
including shoreline erosion, water level fluctuation on riparian zones,
requests for flow for various users, flow and water level effects on nonaquatic wildlife, etc. (MNR/Ontario Hydro, 1999).
2.5.5.3

Mining Activities

The mining industry contributes over 4% of Canada’s Gross Domestic
Product. In 1995, Ontario exported $18.7 billion of non-fuel minerals and
mineral products, making it the largest provincial exporter (MPWGS,
1997).
Effective water management for mining operations is required to achieve
financial efficiency and to control environmental impacts, both of which
are often inter-related. The techniques of hydrologic budgeting can
provide fundamental insights into the relationship between land use
change and attendant environmental concerns (Tully and Lee, 1993).
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A framework is developed
for orderly development of
remaining economic
hydraulic potential in
Ontario.
Hydro observation: less
than 30% of the
undeveloped capacity
potential of water resource
is available to Hydro for
future development.
Hydraulic generation is
acknowledged as a
preferred energy supply
option – reasons: a
renewable resource and
indigenous to Ontario, with
less threat to pollution.
Hydro provides a
development plan for 18
preferred sites during the
period 1990 to 2016.

(after Ontario Hydro, 1989)

Table 2.19
Potential Ontario
Hydraulic Sites
New Sites
Lake Gibson
Little Jackfish
Nine Mile Rapids
Renison
Patten Post
Blacksmith Rapids
Sand Rapids
Allan Rapids
Cypress Falls
Redevelopments
Big Chute
Smokey Falls
Niagara
Ragged Chute
Extensions
Kipling
Harmon
Little Long
Abitibi Canyon
Otter Rapids
(After Ontario Hydro, 1999)
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Mining activities can have a significant impact on the water budget of
small and medium sized watersheds (Table 2.20). Aggregate extraction
occurs in several areas of the province, most notably in Southern Ontario
near urban developments. Open pit and underground mining activities
also occur at many locations across Ontario. These activities impact
various sites and subwatersheds.
Some aggregate and crushed limestone quarrying activities require an
analysis and control of the impact on existing water resources including
seepage rates, ground flows and levels, the washing system (if any) and the
potential migration of suspended and dissolved solids associated with these
processes.

Table 2.20
Main Impacts of
Mining Activities





Increased surface runoff.
Reduced evapotranspiration due to vegetation
removal.
Increase or loss of water
due to diversions.
Reduced groundwater
table and loss of water
due to de-watering.

The primary physical changes in watershed characteristics, associated with
mining activities which can influence the overall water budget, include the
following:


removal of vegetation for mines or mill areas;



water supply for mills and mining operations;



tailings management;



infilling of lakes for tailings management;



dewatering of mines and/or open pit areas;



diversion of watercourses around mine sites and open pit areas to
reduce on-site drainage and flooding problems;



diversions from the watershed due to dewatering activities; and



diversion of water in the tailings slurry to tailings management
areas.

As a consequence of changes in the watershed to accommodate mining
activities, the overall water budget may be affected as follows:


increase (or decrease) in the flow of water through the on-site
drainage system as a consequence of diversion or pumping
schemes;



increased surface runoff volume and peak flows;



reduced evapotranspiration due to vegetation removal;



reduced evaporation where ponds, lakes and wetlands are infilled;
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increased evaporation if on-site ponds are created; and



drawdown in adjacent water tables due to dewatering of mines or
open pit areas.

2.5.5.4

Water Taking

A Permit To Take Water is required under Section 34 of the Ontario Water
Resources Act for all water takings greater than 50,000 litres per day
unless specifically exempted. The purpose of the Permit To Take Water
Program is to balance the competing and sometimes conflicting interests of
water users, while ensuring the conservation, fair sharing and sustainable
use of Ontario waters. The permit is required by the water taker, who is
not necessarily the land owner. A permit to take groundwater will establish
precedence, protecting a permit holder’s access to the water supply.
Permits allow MOE to manage the resource and notify the holder in the
event of a spill, or when drought conditions may lead to further
restrictions.
Taking of water includes the pumping or drawing of water from a well, pit
or excavation such as a dugout pond, lake, stream or other surface water
body, or the storage of water into a pond by means of works such as dams,
diversion channels or gravity intakes.
Certain takings are always exempt from the permit legislation, regardless
of the amount of water taken. Ordinary household usage by an individual,
including watering of lawn or garden; direct watering of livestock or
poultry; and pumped water for fire fighting are the exempt activities.
Taking water into storage for the watering of livestock or the fighting of
potential fire is not exempt.
The Ministry of the Environments Operations Division manages the permit
program and administers it through each regional office (Kingston,
Toronto, Hamilton, London and Thunder Bay) covering their own
geographic area. Water taking proponents apply to the Ministry regional
office for a permit by completing and submitting an application form. The
application must state the purpose and location of the taking and the
amount of water required. In some cases additional technical information
is required to support the application.
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Permit applicants are asked to provide technical information to help
answer these main questions:


Would the natural function of the ecosystem be impaired by the
taking?



Would the water taking (amount) be likely to disrupt or interfere
with other water takers in the area?



Is the basin or aquifer experiencing drought conditions or
shortages?



Will the taking conflict with Ontario’s prohibition of water
exports?

A permit application includes consideration of the amounts of water to be
taken, the water quality and location of the source, and an adequate
evaluation of aquifer yield for large takings to avoid interference with
other aquifers, other users, natural function and baseflow. The disposal of
discharge water is also strongly enforced. The overall objective is to
promote a fair sharing of the available resources, to protect the downstream users, and to maintain the natural function of the stream and
watershed ecology.
When undertaking a water budget analysis on a site-specific or watershed
basis, records on water taking can be obtained from the MOE's Regional
Offices.
Water budget analysis should also account for cases where users may be
taking water without a permit and/or contravening the terms of an existing
permit. Detailed investigations of these situations is essential to the
successful completion of a water budget.
Water taking guidelines and the permit system are viewed as effective
tools for regulating water use. Critical areas are allocation and sharing of
water resources. The focus is on preventing serious interference, taking
prompt action to resolve complaints, and paying special attention to
groundwater interferences.
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2.5.5.5

Municipal Water Use

The municipal sector is a significant consumer of water in Ontario.
Approximately 8% of water withdrawals are for municipal supply, of
which 11% is for consumption. The major source of withdrawal is from
surface water, while groundwater contributes only 3% (MNR, 1984).
The description of municipal water use by source is shown in Table 2.21
(MNR, 1984). For comparison, only about 4% of the total withdrawal is
used for consumption. The greatest consumption is by rural users,
accounting for 78%, while thermal power withdrawal of 58% of the total
consumes less than 1% (Table 2.22).
In addition, nearly 34, 500 Ontario farms water livestock. This accounts
for over half of rural well water use (Singer, 1985).

Table 2.21
Municipal Water Use
By Source (Mm3/d)
S.Water G.Water
Major
Urban Areas 2.885
0.084
Secondary
Urban Areas 1.123
MNR, 1984

The treatment and discharge of sewage and stormwater runoff will also
affect the water budget as municipalities continue to expand.

Table 2.22
Water Consumption
Consump.
(mm3/d) F* (%)

The efficiency of waste treatment operations varies among municipalities.
In this context, planners and designers require knowledge of the water
budget to minimize impacts of pollution. The same information can be
used to assess water use programs aimed at improving efficiency and
reducing demand and environmental degradation.

0.394

Municipal
Rural
Industry
Thermal
Power

0.489
0.754
0.712

11
78
4

0.252

<1

* F = consumption factor
(ratio of amount of water
consumed to total withdrawal)

MNR, 1984
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2.6

Other Human Interactions
Artificial modifications to the water budget of natural watersheds occur
frequently on both large and small scales. One example of a large-scale,
long-term modification is the inter-basin transfer of water into the Great
Lakes watershed system from the Hudson Bay Basin (via the Long Lac
and Ogoki Diversions). Related intra-basin diversions, primarily for the
purposes of shipping and recreation, are the Welland Canal Diversion, the
New York State Barge Canal Diversion, and the Trent-Severn and Rideau
Canals.
The International Joint Commission controls and regulates the flow
through the Great Lakes system to optimize the use of water and reduce
shoreline damages around the lakes. The Great Lakes Environmental
Research Laboratory has developed and applied hydrologic water budget
simulation models to analyze changes in water budget components on
water levels throughout the system. Similar models are used to examine
the potential water balance changes due to climate change (Croley, 1994).
Several existing and/or potential examples of regional scale diversions
(both intra-basin and inter-basin) for water supply are notable, including:


injection of surface water from the Grand River to groundwater
storage at Manheim; and



proposed pipelines from Lake Huron and/or Lake Simcoe
to service various municipalities.

In areas where artificial recharge is a concern, decision-makers must
allocate the surface and groundwater supplies. The task of allocation is to
determine the amount of water in the system and to predict the relative
change that the components will have on the overall hydrology.
Some of the typical issues associated with artificial recharge are:


a requirement to provide subsurface storage and extraction for
local or imported surface water, or both;



the need to maintain groundwater to preserve a continuing
economic resource;



a desire to prolong the economic use of groundwater;
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environmental constraints associated with a subsurface distribution system that augments the development of a groundwater
program; and



loss of riparian rights of surface water users.

Another consequence of development activities is the transfer of water
from local watersheds via regional sewage treatment plants (e.g. YorkDurham Sewage Treatment System). In such cases, the treated water is
discharged in adjacent watersheds resulting in a net loss to the local water
budget. A similar problem, common on a local scale, is the interception
and transfer of groundwater in service, utility and drainage trenches (see
Figure 2.27). Such losses are known to have significant impacts on flows
in headwater systems. Other cases are streamflow augmentation to
maintain low flow requirements for wastewater assimilation, which is
typical in the Grand River Basin.
Any significant water diversions must be taken into account in the
development of a water budget for a watershed to determine potential
impacts and remedial measures.

PLAN VIEW

SERVICE TRENCH
MAY REDUCE
BASEFLOW

SECTION A - A
Figure 2.27: Infrastructure Can Affect Base Flows
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3. Watershed/Subwatershed
and Site Development
Water Budgets
3.1

Role of the Water Budget in Watershed Planning
In the absence of effective planning and water resource management,
some authors have referred to our present use of water resources as the
“hydro-illogical” cycle. Without adequate watershed planning and education, reaction to water management problems will typically result in a
response similar to that illustrated on Figure 3.1.

Figure 3.1: The Hydro-Illogical Cycle

Cumming Cockburn Limited

Water Budget Analysis on a Watershed Basis

3-1

Natural variations occur frequently in various components of the
hydrologic cycle. The risk of occurrence can be estimated by an analysis
of the historical record or by application of models. However,
vulnerability to a particular problem is a function of hazard perception and
planning. Planning on a watershed basis can help to manage risk and
reduce vulnerability. An understanding of the hydrologic cycle on a
watershed basis is an important step in undertaking a comprehensive water
management plan resulting in a rational allocation of the resource.
The development of watershed management concepts has generally
recognized a hierarchy of watershed management units. A suggested
hierarchy is shown in Table 3.1. This hierarchy recognizes that the
planning and management focus, and agency involvement are related to
watershed size. The level of detail of water budget analysis is also related
to watershed size, as discussed in Section 3.3.
Table 3.1
Hierarchy of Watershed Management Units (1)
Watershed
Management
Unit

Typical
Size (km2)

Primary Planning
Authority/Mechanism

Management
Focus

Typical Water
Budget Input

Example of
Watershed
Management
Unit

Catchment

0.1 – 3.0

Property Owner; Local
Municipality; Secondary
and Site Plans

Site Designs; BMP
Implementation

Local Impact
on Land Use
Change; Infiltration/Mitigation

Subdivision
Development

Subwatershed

3.0 – 25.0(2)

Local Municipality;
Conservation Authority;
Official Plans, Public

Stream and Wetland Classification
and Management
Criteria; Strategies
for Resource
Protection

Weekly/Monthly
Water Budget.
Recharge Areas,
Infiltration

Centennial
Creek Subwatershed

Watershed

25 – 250

Several Municipalities;
Conservation Authority;
Provincial Government;
Public (Official Plans)

Appropriate Land
Uses Policies

Seasonal Water
Budget/Pollution
Flow
Augmentation

Collins Creek
Watershed

Sub-basin

250 – 2,500

Provincial Government;
Conservation Authority

Overall Basin
Planning

Annual Water
Budget/Pollution

Lake Simcoe
Basin

Basin

2,500 –
25,000

Provincial Government;
Federal Government;
International

Overall Basin
Planning

Annual Water
Budget/Pollution

Great Lakes
Basin

(1) Source: After “Site Planning for Urban Stream Protection”, Metropolitan Washington
Council of Governments, Water Resources Publications, 1995
(2) From Inventory of Watershed Management Projects, 1997
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Water budget links, in a quantitative sense, all the aspects of the watershed
management issues (Table 3.2). The findings of the inventory of watershed
management studies in Ontario (MNR/MOE, 1997) identified the interests
of many participatory agencies, local governments, and the public in
Southern Ontario. Many environmental issues are common among the
watersheds, and often include concerns related to low flow, flooding or
groundwater quantity. The resolution of these issues must satisfy the
requirements of the responsible agency and at the same time meet the
needs of clients and the public at large.
In tackling these issues, a number of cross-boundary concerns may surface
(MMA, 1993), and hence a coordinated approval among agencies is
essential to complete the project.
3.1.1

Table 3.2
Water Balance Links to
Watershed Management
Issues
 flooding
 low flows
 groundwater quantity and
quality
 municipal water taking
 private/communal water
 agriculture
 wetlands
 dewatering
 drainage
 diversions
 water quality

Evolving Issues
Flooding, protection of aquatic life, surface water quality and stormwater
are major water management issues. Other issues related to groundwater
quantity and quality, agriculture and wetlands are also evolving. In the
agricultural sector, water is essential for irrigation. The farmer may need
to know how much water can be taken from wells, rivers, lakes or ponds,
and what volume can be provided continuously when needed. Of interest
is the process of water movement into soil moisture for plant use,
groundwater recharge, and the surplus available to sustain the local
environment. Operative hydrologic factors are precipitation input, water in
the soil and loss by evaporation.
The need to comprehensively manage the water taking from major aquifer
systems is emerging as a significant challenge. Some examples are the
Oak Ridges Moraine, the Alliston aquifer and the Kitchener-Waterloo
aquifers, which are threatened by over-use and degradation of recharge
capability. Water budget analysis and other hydrologic techniques will be
required to better understand and describe these problems.
Industries and municipalities make use of water for processing and for
waste disposal. Here, budgeting plays a major role in allocating resources
for consumption and pollution attenuation.
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Land uses and climatic changes have a great potential to modify the water
cycle. Climatic change could reduce flow in the Grand River, and
groundwater flow by 15-35% (Sanderson, 1993). Here, water balance
methods for surface and groundwater evaluation is viewed as a meaningful
way to assess the potential impact.
3.1.2

Concept of Sustainability
A subwatershed management planning committee may view sustainable
development as the ability to achieve ecological stability, provide ecological diversity, and maintain ecological resilience and sustainability in a
watershed while concurrently maintaining individual riparian rights.
The objective of such an approach is to manage the key elements of the
watershed in a fashion that permits development for both human and
natural ecosystems. This will require the measurement of the tolerance
limits for the natural ecosystem at various scales. This can be examined
through water balance to determine how humans use water and land
resources, and how they modify the system. This concept uses models as
analytical tools to help undertake a critical review of objectives and overall
sustainability of the resources.
Although land use changes have a significant influence on water budget
shifts, the greater impact is likely due to withdrawals. If we use the Great
Lakes basin as an example, it has been projected that withdrawal in and
about the southern lakes will far exceed the runoff contribution from the
contributing watersheds (MNR, 1984).
From an urban perspective, one may address the concept of sustainability
by considering the pathways of water through the home (Figure 3.2).
Here, the domestic source of supply could be surface water, rivers,
streams, lakes, cisterns or wells. Rain or snow contributes to supply. A
portion of precipitation goes to wells by recharge through infiltration and
percolation to aquifers. Surface runoff with base flow goes to streams, and
some water is lost via evaporation and plant transpiration back to the
atmosphere.
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Figure 3.2: The Water Cycle Around Your Home (Ag. Can., 1994)

The daily average use of water in urban homes in Canada amounts to
350 litres, which covers cooking, bathing, laundry, gardening, sewage, and
grey water and may be conveyed to septic tanks or by sewers to treatment
plants for processing to remove pollutants before the flow is returned to
the stream. There are, however, a number of water conservation measures
that homeowners could utilize to reduce consumption, ensuring long-term
sustainability.
In rural areas, natural and agricultural practices disturb the soil structure.
These practices affect the soil moisture content; for example, fields under
crops will allow more infiltration and higher moisture contents, especially
in soils with high organic matter. As a result, precipitation can be stored in
the soil, more water is available to be used by crops and to evaporate at the
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soil surface. In addition, a portion of the water in the soil media will
recharge the groundwater, while precipitation that exceeds the soil
infiltration capacity runs off as overland flow. The soils in Ontario are
stratified and affect the field wetting and drying characteristic of the soil
media. The following water content properties are typical in Ontario (see
Table 3.3).
Table 3.3
Amount of Water Available in Ontario Soils
Soil Type

mm/1.0 m of Soil
Saturated Soil
Available to Plant

Sand

100

75

Silt Loam

267

167

Loam

283

167

Clay Loam

317

167

Clay

325

117

Ag. Ca., 1994
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3.2

Highlights of Relevant Watershed and
Subwatershed Plans
Watershed objectives can be achieved through integration of management
programs as laid out in municipal planning documents. These can be
strengthened by subwatershed planning efforts (WPI/PMC, 1997).
The watershed management framework considers watershed/subwatershed
plans leading to site management plans. The procedures include definition
of the watershed approach, specification of guiding principles, identification of the information needed, and the expected benefits to be derived
by implementing the watershed management approach. A tiered management approach has been put into place to implement these guiding
principles (MNR/MOEE, 1993).
The management framework sets the stage for recognizing the needs and
issues, plan preparation and adoption. This is essential because plan
preparation will set the stage for terms of reference, while the adoption
will answer questions for agency commitment. This sets a direction for
further watershed management initiatives as described in the Science and
Technology Task Group Report (MNR/MOEE, 1995).
Some of the future water balance challenges include (Sanderson, 1996):
Table 3.4



addressing issues of water taking under future demands and
withdrawal;



addressing the potential of subwatershed or river basin diversions
or transfers for flow augmentation;





resolving conflicts and competition for demands between users;





resolving views of water allocation on a holistic and ecosystem



Unresolved Water
Management Issues



basis considering the impact to the watershed system and users at
large; and



resolving international recognition of shared rights to Great Lakes
water.





Land use – urban and
agricultural
Water use –
withdrawal/ return
Groundwater – land
use, exposure to
contaminants, data
scarcity
Reservoirs – location
and pollution
Wastewater – point and
non-point sources
Aquatic Habitat – value
added benefit to the
ecosystem.

In Ontario, watersheds are still faced with a number of unresolved
management issues (Table 3.4) (Tate, 1985; Sanderson, 1996).
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Examples of profiles of relevant watershed and subwatershed plans can be
found in the inventory of watershed management projects in Ontario
(MNR/MOEE, 1997).
Typical watershed plans with a significant agricultural component include
the Grand River Strategy, the Humber River Strategy and the Fourteen
Mile/McCraney Creeks Watershed Plans. Other projects with an urban
development focus include the Laurel Creek Subwatershed Study and the
Harmony Creek Watershed Plan.
A tributary of the Rouge River, the Morningside Tributary Subwatershed
Plan, addresses residential, commercial and industrial land uses. It should
be noted that this subwatershed is one of the few large areas not fully
urbanized in Toronto.
In addition, there are watershed plans that focus on forests and woodlots
(Lakehead Region Watershed Strategy) and on open space (Spencer Creek
Watershed Management Study).
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3.3

Hierarchical Procedure for Water Budget
A model for predicting the effects of land use change should have:


realistic input data requirements;



direct applicability to the problems under consideration; and



sufficient accuracy to effectively address issues.

One of the greatest technical challenges is the development and
implementation of suitable tools for undertaking water budgets in the
framework of integrated watershed planning efforts (MNR/MOEE, 1995).
Watershed hydrology provides a common linkage between virtually all
disciplines involved in watershed planning activities.
An integrated approach is required to focus on the inter-relationships
between the various components (Table 3.5). Two of the most important
components are surface water and groundwater hydrology.
Scale is also an important aspect of the watershed planning process. The
development of a suitable level of hydrologic information is also scaledependent, as illustrated on Figure 3.3. A hierarchical procedure for
selection of models can be adopted depending on the level of detail that is
appropriate for the task at hand. In general, there is an increasing level of
detail as one moves from a watershed plan to a subwatershed plan or to a
project-specific impact assessment. Detailed models can also be used at
larger scales. For example, subwatershed models can be applied on a
watershed basis given the time and resources (using hydrologically
appropriate procedures for lumping parameters).
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Table 3.5
Components of
Watershed Planning
Aquatics
Economics
Groundwater
Hydrology
Integration
Mapping and Data
Management
Social
Stream Morphology
Terrestrial
Water Quality
(MNR/MOEE, 1995)
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Figure 3.3: Scale and Data Collection in Watershed Planning
(Science and Technology Task Group, 1997)

The hierarchy for modelling the hydrologic regime is discussed in the
following sections based upon water budget analysis requirements.
The following descriptions and comments provide guidance for undertaking water budget analyses for different physical settings and sizes of
watersheds. The identification or selection of any specific models is not
meant to be prescriptive and such references are made by way of example
only. An overview of the comparison between watershed scale,
subwatershed scale and site-specific water budget analyses is summarized
in Table 3.6.
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Table 3.6
Hierarchy of Watershed Scale for Water Budget
Components

Watershed Scale

Subwatershed Scale

Site/Project Scale

Task(s)

Characterize overall water budget
Annual and seasonal variations
Baseflow
Recharge amounts
Spatial variations
1:25,000 to 1:50,000 scale

Characterize overall water budget
Monthly variations
Baseflow
Infiltration
Linkage to environmental
pathways
1:2,000 to 1:10,000 scale

Identify changes to local
hydrologic regime
Impact of local infiltration
changes
Analyze local groundwater
withdrawal
Baseflow changes
Impact of Best Management
Practices on water budget
Linkage to environmental
pathways
Less than 1:2,000 scale

Time Scale

Monthly / Weekly / Daily

Weekly / Daily

Daily / Hourly

Physiographic

Area: over 25 km2
Soils
Land Use
Drainage Density
Subwatersheds

Area: 3-25 km2
Soils
Land Use
Topography

Area: up to 3 km2
Soils
Land Use
Topography

Meteorologic/
Climatic

Regional Setting
Watershed Setting

Watershed Setting
Subwatershed Setting

Local Conditions

Environmental

Baseflow
Potential for surface water pollution
Potential for groundwater pollution

Baseflow
Water temperature
Pollution – conservative pollutants

Baseflow
Water temperature
Pollution – conservative and
non-conservative pollutants

Groundwater

Geology
Recharge/discharge areas
Regional losses
Groundwater levels/hydraulics

Geology
Infiltration/recharge
Discharge amounts
Regional losses
Groundwater levels/hydraulics

Geology
Infiltration/recharge
Discharge amounts
Well drawdown
Groundwater recharge/recovery
schemes

Human Interaction

Land use change
Inter-basin transfers
Storage/use schemes
Irrigation
Major industrial/municipal points
of discharge

Land use change
Subwatershed transfers
Water taking
Irrigation
Industrial/municipal points of
discharge
Mining or aggregate extraction
Waste dumps/leaching

Land use change
Local diversions

Overall Data
Availability

Low

Moderate

High
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3.3.1

Watershed Scale
The main objectives for describing the water budget at the watershed scale
are generally identified as follows:


to characterize the overall hydrologic regime of a watershed;



to identify annual and seasonal variations in water budget
components; and



to understand overall spatial variations in groundwater recharge
and discharge for subwatersheds within the overall watershed (see
Figure 3.4).

Figure 3.4: Spatial Variation of Recharge/Discharge Areas (after Gray, 1970)
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The time step might be a minimum of one month for large basins.
Calculations on a weekly basis would provide more accurate results.
Further, calculation on a daily basis could be considered where the task at
hand warrants a shorter time step (for example, for sediment washoff and
pollutant transport, etc.) and where the resources and detailed data are
available.
Human interactions, which could be considered on a watershed scale,
include:


impact of land use changes;



inter-basin (and tributary to tributary) transfers;



water storage and use schemes (e.g. storage reservoirs and
irrigation requirements, etc.);



major industrial and municipal effluent discharge points; and



implementation of mitigative measures.

The focus of the water budget should be to identify sensitive issues with
respect to water resources re-allocation on a watershed basis while
recognizing relevant riparian rights.
The relative importance of
groundwater recharge of regional aquifers should be identified. The
spatial linkages of the various components of the hydrologic cycle to
environmental elements (both terrestrial and aquatic) should also be
considered as necessary.
Critical areas may require further, more detailed investigations. The need
for data monitoring programs to fill data voids would be identified and
specific areas requiring policy decision for resource protection would be
determined.
3.3.2

Subwatershed Scale
Water budgets can also be undertaken and/or refined at the subwatershed
scale. In general, a higher level of detail would be recognized, using a
daily to weekly time step depending on the specific task.
The main objectives for describing the water budget at a subwatershed
scale are:
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to refine the description of the hydrologic regime on a
subwatershed basis;



to identify weekly and monthly variations in water budget
components over a period of several years;



to refine estimates for infiltration, groundwater recharge and
groundwater discharge; and



to focus on specific environmental linkages.

Examples of human interactions, which could be considered on a
subwatershed scale, include the following:


impact of land use changes;



subwatershed transfers;



agricultural drainage;



water storage and use schemes (e.g. impact of additional water
taking permits, etc.);



point and non-point groundwater pollution potential (e.g.
agricultural, urban, industry, mining, sewage treatment discharge,
etc.); and



implementation of Best Management Practices.

The focus of a water balance on a subwatershed basis is to gain a better
understanding of the environmental linkages and potential impacts of
changes in land use and further resource allocation. The spatial variations
in groundwater recharge and discharge would be identified including
critical areas requiring protection or mitigation of impacts. The potential
for changes in the groundwater and surface flow regime would be
quantified according to the type of anticipated land use change. The
relative importance of regional groundwater movement through or
discharge within the subwatershed should also be confirmed.
Dominant pathways for the potential pollution of surface and groundwater
resources would be identified (e.g. point sources such as waste dumps,
mines, sewage treatment plants, industrial discharges and non-point
sources such as agricultural and urban areas). The relative importance of
various factors supporting the aquatic habitat would also be identified (e.g.
groundwater up-welling in streams, low flow, potential for water
temperature changes, and impact on adjacent wetlands, etc.).
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Finally, the need for system performance information should also be
identified. For example, this could include the need for a monitoring
program to collect observations on fluctuation in groundwater aquifers;
measurements of surficial infiltration rates in critical areas; and collection
of additional surface water data, etc.
3.3.3

Site/Project Scale
The level of detail required to evaluate land use changes using a site-scale
water budget is related to the specific needs of the project. In general, the
model must respond to the needs to simulate potential changes in shortterm rate functions of water budget components.
Sites where the proposed land use change will almost completely eliminate
the infiltration component will, in general, allow the use of a simplified
water budget approach. (For example parking lots or urban development
with nearly 100% impervious areas; or waste management sites proposing
complete recovery of infiltration/leachate). In general, water budgets for
such projects would not benefit from the use of sophisticated techniques
since overall changes in the volume of water budget components are of
interest. For example, for an impervious area, the infiltration might be
entirely eliminated by increasing surface runoff volumes. In such cases,
simplified water budget models with longer time steps could be applied.
However, for sites where the proposed land use change might impact the
rate-dependent components of a water budget, more sophisticated models
using shorter time steps (hourly to daily) are required.
The main objectives for describing the water budget at a site scale are:


to quantify potential changes in infiltration, evaporation and
groundwater recharge;



to analyze the impact of Best Management Practices on the water
budget; and



to assess the potential impact of local changes in groundwater
levels (e.g., by interception of local recharge; by drawdown from
local wells; and assessment of local groundwater recharge and
recovery schemes, etc.).
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Examples of human interaction on a site scale include:

3.3.4



impact of land use changes and on-site development;



water taking and construction of wells;



mining and aggregate removal activities; and



impacts of subsurface trenching for infrastructure construction.

General
Spatial and temporal variations in snowfall and snowmelt are important
components of the hydrologic budget for some watersheds. Areas of snow
accumulation and snowmelt rates are a function of many factors including
topography, land cover, albedo, solar radiation, temperature, cloud cover,
depth, and rainfall. A detailed discussion of these issues is given in the
Snow Hydrology Guide for Ontario (CCL et al, 1984). When snowmelt
rates are low, and/or frequent over the winter season, most of the water
may infiltrate to recharge the groundwater. However, if snowmelt rates
are high (e.g. warm temperatures with rainfall), the bulk of water stored in
the snow pack may be lost to runoff.
Water balance on a site scale will generally include the consideration of
rate functions as related to various water budget components. For
example, where impervious surfaces discharge to pervious surfaces, the
rate of runoff will be controlled by the rate of change in infiltration with
time.
In cases where the environmental linkages are time-dependent (e.g. stream
temperature variations or pathway analysis of non-conservative
pollutants), the use of more sophisticated models with shorter time steps
will also be an important factor governing the overall accuracy of process
description.
Where water budgets are undertaken to assist in the operation of water
supply and effluent discharge systems, the use of shorter time steps and
more complex models may be essential. For example, the inclusion of
operating rules for pump transfers, on-site storage systems and effluent
discharges related to environmental constraints in order to properly
account for time varying effects.
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For sites where new wells are constructed (or existing wells modified),
modelling or pump tests are required to estimate the impact on aquifer
water levels and associated water budget components (e.g. base flow in
streams or discharge to wetlands).

3.4

Integration of Water Balance and Pollution
Control Management
The groundwork for integrating water balance and pollution control into
subwatershed planning activities has been defined in a series of
MNR/MOE guideline documents (1993, 1995, 1997).
Surface and groundwater models can be used to solve particular pollution
control problems since the water balance controls the chemical mass
transport of contaminants in a watershed.
The transport of contaminants can be expressed as:
Rate of mass input  rate of mass output  rate of mass
production or consumption = rate of mass accumulation.
When using such models, certain management implications should be
recognized including:


the scientific basis upon which the model was developed and
limitations of the model;



the philosophies and approaches routinely used during model
application;



the need on the part of decision makers to understand these
philosophies; and



the technical basis for applying this subject model to a given
situation.
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The development of models for addressing contaminant transport
problems has increased dramatically in recent years. Many studies have
provided ways to integrate existing water balance models with water
quality predictions for watershed management purposes. HSPF, for
example, is a watershed based model that incorporates contaminant
algorithms into the water budget modules (PERLAND and IMPLND) for
pollution control management. Similarly, CREAMS includes algorithms
for predicting leaching of contaminants with surface flow and losses.
Urban runoff models, such as SWMM, have incorporated pollution control

Table 3.7
SAM -- Surface Water
Impoundment/Water
Balance

 Variable inflow/outflow
water balance.

 Long-term water quality
impacts.

 Chemical loss and mass
balance.

algorithms for stormwater pollution control.
A typical adaptation of a water balance model for pollution management is
the Sensitivity Analysis Model - SAM (USEPA, 1998), with capabilities
described in Table 3.7. This model characterizes variations in risk relating
to human health and ecology as a consequence of industrial discharges. A
combination of contaminant parameters address the impact of mass flux on
human health, while the ecological risk depends on the fate and pathway
of the parameters. Recent advances (USEPA, 1998) developed BASINS
as a multipurpose tool for analysis of water management systems. This
model integrates hydrologic-based and water quality-based components to
provide support information for cost-effective environmental protection
decisions. Other special purpose models are also available. For example,
see Table 3.8, which includes consideration of ecological and health risks
due to transport of toxic substances.

Table 3.8
USEPA Multimedia Model
USEPA (1996b), MMSOILS:
Multimedia contaminant fate,
transport and exposure model,
Version 4.0.
USEPA (1997): Technical
memorandum on preliminary
sensitivity analysis for surface
impoundment.

A summary of selected water budget models is given in Appendix C.
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4. Water Balance Analytical
Techniques
4.1

General
A complete water balance model may contain four sub-modelling systems
describing the hydrologic cycle, namely:


an atmospheric water balance sub-system;



a surface water balance sub-system;



a soil water balance sub-system; and



a groundwater balance sub-system.

Depending upon the focus of the analysis, each sub-system can be
modelled separately. Details of the atmospheric water balances component
are normally excluded from watershed-based hydrologic models, and the
atmospheric variables are measured and often treated as input parameters.
Surface water, soil water and groundwater water systems are closely
linked, and are often treated together in water budget modelling.
In Sections 4.2 to 4.7, the possible treatments for each of the main
variables are discussed independently, and available models are reviewed.
The discussion of techniques is not exhaustive, and focuses mainly on
those models that are most applicable to practical applications. The
practitioner should carefully review the suitability of the methods
discussed against the problems to be solved, the scale of the study, the
availability of required data, and the level of detail required.
Appendix C contains a listing of selected water budget models (showing
different types and levels of sophistication).
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4.1.1

Deterministic vs. Stochastic / Probabilistic
Water balance models can be referred to as “deterministic” if the statistical
properties of input and output parameters are not considered. On the other
hand, probabilistic models include random variations in input parameters,
whereby known probability distributions are used to determine statistical
probabilities of output parameters. One such model was described by
Eagleson (Eagleson, 1978). A similar model has been applied in the Elliot
Lake area (CCL, 1992) to estimate statistical characteristics of water
budget elements.

4.1.2

Conceptual vs. Physically Based Models
Conceptual models rely primarily on empirical relationships between input
and output parameters. These are based on overall observations of system
behaviour (sometimes called “black box” models). The modelling systems
may or may not have clearly defined physical, chemical or hydraulic
relationships.
Physically based models seek to describe water movement based on
physical laws and principles. This may result in more reliable descriptions
of water balance relationships. This type of model demands appropriate
data for input and requires documentation of processes and assumptions.

4.1.3

Lumped Parameter Models vs. Spatial Distributed Models
Lumped parameter models treat a subwatershed as a single system and use
the basin-wide averaged data as input parameters. This method assumes
that the hydrologic characteristics of subwatersheds are homogeneous.
A spatially distributed model accounts for variations in water budget
characteristics. Various methods are available, such as division of the
watershed into grid cells or use of Hydrologically Similar Units (HSU).
For example, a grid cell model uses data for each grid cell inside the basin
to compute flow from cell to cell. By this method, the spatial variation in
hydrologic characteristics can be handled individually (i.e. assuming
homogeneity for each cell), and therefore may be a more appropriate
treatment. Spatially distributed models are suitable for GIS applications.
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An extensive literature review to identify relevant water budget models
was undertaken. Each model was classified, according to the above
criteria and is described in Appendix C.
4.1.4

Watershed Scale
It should be pointed out that specific methods for water budget analysis
will change according to the scale of the study area and operative temporal
variations. Variations in scale, including regional, watershed-wide,
subwatershed level or site levels, are discussed further in Section 3.0. The
temporal variations for a water budget on a watershed to site scale could
vary from hours to days or months. For shorter time-steps, soil moisture
accounting becomes more important in terms of antecedent soil moisture
storage and infiltration in order to partition surface runoff from infiltration
water. Where a monthly water balance analysis is required, the treatment
of infiltration runoff and other subsurface processes can be simplified.

4.1.5

Model Validation

Table 4.1
Validation Procedures
Define data needs for
validation and select a data
set or arrange for an
experimental site.
 Assess the quality of
the data for accuracy,
bias, precision and
completeness.
 Define performance or
acceptable criteria for
the watershed model.
 Develop strategy for
model sensitivity
analysis.
 Perform calibration runs.
 Performance validation
runs where acceptable,
and compare output with
acceptance criteria.
 Document model
validation.

Watershed modelling represents an attempt to simulate the hydrologic
response of a specific watershed. In essence it is undertaken by inputting a
given set of observations to predict the behaviour of the subject system. It
should be recognized that this prediction will be uncertain due to
incomplete knowledge of the physical watershed, errors in measurement,
and the random nature of data collection.
The accuracy of a model application is measured by the prediction errors;
that is, the difference between the observation and model predictions.
Prediction errors can be due either to natural heterogeneity in the
watershed, measurement errors, and/or the structural difference between
real world and model representation. The recommended way to assure the
quality of results is by undertaking model calibration and validation
procedures.
Calibration involves using a portion of the available data to obtain model
output as close as possible to observed conditions by means of model
parameter adjustment. A subsequent model validation, and assessment of
overall accuracy can be achieved by independently modelling using the
calibrated parameters and a reserved portion of the data for the verification
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of model accuracy. Validation could follow the description provided in
Table 4.1.

4.2

Precipitation
The starting point for most water balance studies is the determination of a
suitable precipitation series for the watershed. Precipitation data are more
widely available than streamflow data and are less affected by land-use
changes.
The Atmospheric Environment Service (AES) of Environment Canada
maintains a system of precipitation gauges and records for watersheds in
Ontario (Canadian Climate Normals, 1961-1990; AES, 1993).

4.2.1

Measurement of Precipitation
Precipitation is the main input to the land-based component of the
hydrologic cycle. Accurate calculation of precipitation is an essential
input to the water balance, and careful attention must be paid to two areas
in particular:


accuracy of point measurements of precipitation; and



accuracy of conversion of point measurements to areal measurements over the watershed area.

Measurement of rainfall at a particular site is sufficient for studies where
the spatial distribution is not a major concern. Point observations at
several locations can be used to estimate average precipitation over a
watershed area.
In each case, the accuracy of point precipitation measurements should be
reviewed to confirm that:


wind effects are minimal;



nearby objects have not affected the data collection; and



standard measurement methods have been used.

Procedures for collecting and evaluating data are described in several
references (Gray, 1970; Linsley, 1982).
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If there are no gauges in the study area, then the data from nearby locations
with similar characteristics may be used for estimation. Appropriate
documentation should be provided describing the relevant data transfer
techniques and their associated accuracy, and the procedures for filling in
missing data, etc.
4.2.2

Mean Area Precipitation
Where reconstruction of an historical rainfall record over a watershed is
required, several methods are available for estimating average rainfall. The
three most common methods for computing average rainfall in a watershed
are the arithmetic mean, the Thiessen Polygon Method, and the Isohyetal
Method.
All of the methods compute the average watershed precipitation as a
weighted average of nearby gauges. The equation used is:
_
P

=

i Wi Pi / i Wi

_
P
Wi
Pi

=
=
=

the average watershed precipitation;
the weighting factor; and
the i th precipitation amount.

where:

The arithmetic mean, or station average method, is the easiest but least
accurate of the three methods. The arithmetic average is the mean of all
applicable gauges, and thus the sum of the weighting factors is unity.
The Thiessen method ranks second in terms of ease of application and
accuracy. The weighting factor is based upon the area of the watershed
nearest to the particular gauge. This area is delineated by drawing a
polygon where sides are the perpendicular bisectors of lines connecting the
gauges (Figure 4.1). The Thiessen Polygon Method has the advantage that
as long as the same gauges are used, the weighting factors remain the same
for each precipitation event. Consequently, many precipitation events can
be analyzed without recalculating the weighting factors.
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Figure 4.1: Thiessen Polygon and Isohyetal Methods - Mean Area Precipitation

The Isohyetal Method weighting factor uses the area of the watershed
enclosed between adjacent isohyets. Isohyetal lines are drawn on a watershed in the same manner as topographic lines are drawn on a topographical
map, using precipitation depth rather than elevation is the controlling
variable (Figure 4.1). With the Isohyetal Method, Pi in the equation is the
average precipitation depth associated with the weighting factor Wi and is
generally taken as the average of the two enclosed Isohyetal lines. The
accuracy of this method is greater than the previous two methods but the
amount of work is significantly greater, since the Isohyetal map, and
consequently the weighting factors, must be determined for each event.
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4.2.3

Measurement of Snowfall
The measurement of snow (snowpack) on the ground, is important in
hydrology for determining water storage and flood runoff potential.
Hydrologists are concerned with snow pack depths and its water
equivalent (water depth after melting). Freshly fallen snow has a water
equivalent range from 5% to 20%, averaging 10%.
Measurement of snow pack depth and density are made at periodic
intervals throughout the snow season in order to estimate total water
content of the watershed snow pack. Several snow courses, usually having
five to ten points, 50 feet apart, are laid out over a watershed to represent
the expected snow packs. The depth of snow is measured, a core is taken,
and a known amount of snow in the sampling core is melted to determine
its water equivalent. Snow survey data is collected annually by MNR and
records are available from that agency.
Snow pillows of white neoprene, placed on the ground surface before the
snow season, may also be used for snow pack inventories. Pillows vary
from 6 to 12 feet in diameter and 2 to 4 inches deep. The pillows are filled
with an antifreeze solution and the pressure on the pillows exerted by the
snow pack is recorded. The pressure indicates the water equivalent of the
snow pack on top of the pillow. Snow pack depth and water equivalent
data may then be converted to estimates of total watershed water storage as
snow. The expected snowmelt can be estimated from these data as a
seasonal input to the water balance.

4.2.4

Time Scale
Point precipitation data may be in the form of daily totals from nonrecording gauges or for smaller time increments from recording gauges.
Processing point precipitation data from non-recording gauges can give
summaries, maximums and minimums for daily, monthly, seasonal and
annual time periods.
The processing of data from a recording rain gauge is somewhat more
complex than described above and provides more detailed information for
the calculation of rainfall intensity distribution within a storm, and storm
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duration. For most types of water balance analysis, hourly or daily
precipitation data are sufficient.
4.2.5

Accuracy of Precipitation Measurements
Point measurements of precipitation are subject to significant errors. The
most common are associated with wind effects on gauges placed above the
ground surface.
These errors can be especially significant for
measurements of snowfall.
Winter (1981) concluded that errors in point measurements can be 5% to
15% for long-term data, and as high as 75% for individual storms. Rodda
(1985) stated similar findings. Catch differences for rain collected in
standard gauges were found to vary from 3% to 30% for annual totals with
greater variability for individual storms. The larger errors were associated
with snowfall. (Error analysis is discussed in general in Appendix B.)
Shaw and Lynn, 1972, compared areal estimates of annual, monthly and
individual storm precipitation for three drainage basins using the
arithmetic average, the Thiessen Polygon, and the computer based
Isohyetal methods. Since the Thiessen Method provided results similar to
the other methods for annual data, the investigators concluded that all
these methods were acceptable for estimating watershed (or subwatershed)
precipitation averages.
Changes in type, location and physical surroundings associated of weather
station gauges are quite common. The hydrologist must therefore
determine whether the precipitation record is affected by these factors and
make allowances for them. The most common technique for detecting and
correcting inconsistent precipitation data is by using a double-mass curve
(Linsley, 1982). Such a curve is a plot of the successive cumulative annual
precipitation collected at a suspect gauge versus a similar curve for several
gauges in the same region. A change in the proportionality between the
measurements at the suspect station and those of the region is reflected in a
change in the slope of the trend of the plotted points.
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4.3

Hydrometric Data

4.3.1

General
Measurements of discharge are available at over 826 hydrometric stations
in Ontario (MNR, 1996). Archived listing for active and discontinued
stations are also available.
Discharge (streamflow) is obtained at each location by converting
continuous measurements of water level by means of a stage-discharge
relationship (streamflow rating curve). Techniques for measuring and
archiving streamflow measurements are well documented (Terzi, 1973;
Environment Canada, 1997). Streamflow data for individual stations
maintained by Environment Canada are regularly archived and are
available on CD-ROM (e.g. HYDAT, 1997). Data from other sources,
such as Ontario Hydro and Conservation Authorities, are also available, as
listed in Table 4.2.

Table 4.2
Sources of Hydrometric
Data for Active Stations
in Ontario (MNR, 1996)
Operator
Env. Canada
Ontario Hydro
Cons. Authorities
Other

# Stations
439
219
132
36

Discharge measurements are expressed as m3/s or as an average depth of
runoff (mm) over the watershed area. Isohyetal maps showing general
runoff trends for Ontario are also available (Appendix D - Water Resource
Data Management Products).
The average error of daily streamflow measurements has been estimated at
5% to 10%. However, for watercourses with difficult flow measurement
conditions and poor streamflow rating curves, discharge measurement
errors can be higher than 10% (Dickinson, 1967).
As a caution, it should be noted that hydrometric data for watershed-scale
water budget analyses may be of limited use due to the following factors:


the gauge density varies significantly from place to place in
Ontario. For example, gauge density is significantly higher in
Southern Ontario (3-20 stations per 1000 km2) compared to
Northern Ontario (less than 3 stations per 1000 km2);



even where the gauge density is higher, suitable discharge
measurements may not be available for subwatersheds or sitespecific analyses;
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discharge measurements are typically not available for small
watersheds;



the period of records for stations within a region or watershed may
be highly variable;






the impacts of land use change accuracy of flow measurements;
the impact of other factors such as streamflow regulation, water
taking, agricultural uses, stream diversion, etc. is inherent in the
available flow measurements; and
public agencies have reduced their streamflow data collection
efforts due to financial constraints.

Table 4.3
Classification of
Discharge Measurements
by Watershed Size
Size of Watershed Stations
(%)
(km2)
<3
3 to 25
25 to 250
250 to 2500
> 2500

5
7
33
32
23

Examples of discharge measurements by watershed size are summarized in
Table 4.3.
4.3.2

Baseflow Separation
The analysis of water use problems often requires the separation of total
runoff into its basic components. For example, a consideration of drought
impacts often requires an estimation of baseflow contribution. Several
procedures are available for separation of the discharge hydrograph into its
various components (surface runoff, interflow, channel storage depletion,
and baseflow from groundwater storage). The methods are described in
detail by Gray, 1970; Linsley, 1982; and others. However, it is usually
standard practice to separate the baseflow component from the direct
runoff components. This concept is illustrated in Figure 4.2.
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End of Direct Runoff

Start of Direct Runoff

RUNOFF ( m3/s )

SURFACE
RUNOFF
VOLUME Va

BASEFLOW
VOLUME Vb

Figure 4.2: Baseflow Separation Technique

Care must be taken to follow appropriate hydrologic procedures in
determining the start and end points for direct runoff and in the selection of
the site-specific appropriate procedure for determining the baseflow
separation line (Serrano, 1997). The total flow volume above the
separation line represents the surface runoff component (Va), and the
volume below the line is the groundwater contribution (Vb).

The Base Flow Index (BFI) is defined as the ratio of baseflow volume to
the total hydrograph volume.
BFI

=

Vb / Va

where:
Va = surface runoff volume; and
Vb = baseflow volume.
A minimum of two years of continuously measured discharge data is
necessary to estimate BFI at any given location. Computational
procedures have been developed to calculate the baseflow index from
using available discharge measurements (Condie and Swan, 1983).
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It should be recognized that the method used to calculate BFI does not
provide a direct measure of groundwater contribution to streamflow, but
rather should be regarded as an index, which is highly correlated to
groundwater contributions. This method may overestimate baseflow
contributions. A high correlation with low flow conditions in streams has
been found in Ontario (CCL, 1995).
Nevertheless, this index has sometimes been applied by hydrogeologists to
provide a first order approximation for overall groundwater recharge
within a watershed. In these cases the BFI is multiplied by the estimated
mean annual runoff for the watershed.
The BFI for ungauged watersheds can be determined from temporary
short-term gauge records, an analysis of catchment geology or isolines of
BFI based on regional analysis (Moin and Shaw, 1985).
The following observations of the above-noted methods should also be
recognized:


there appears to be no practical method of accurately determining
the difference between surface runoff and baseflow. Since the
definition of these two components is relatively arbitrary, the
method of hydrograph separation is similarly arbitrary. From a
practical point-of-view, however, the difference between methods
may be negligible, depending on local conditions;



procedures are required to estimate BFI for ungauged watersheds
(e.g. isoline or an analysis of regional geology);



man-made influences may be significant in some watersheds (e.g.
effects of irrigation; pumping systems; water supply systems;
sewage treatment plant discharges; agricultural drainage systems,
etc.); and



spatial variations in hydrogeology across the watershed are not
directly recognized.

Cumming Cockburn Limited

Water Budget Analysis on a Watershed Basis

4-12

4.4

Groundwater Data
The type of groundwater and subsurface data required for water budgets
depends on:

Table 4.4
Groundwater System



the type of groundwater system;



the purpose and objectives of the project;



the end user management information; and



risk issues to the public.

Groundwater may exist
in a normal or sub-normal,
or artesian state.

Table 4.4 defines some relevant technical variables used to describe
groundwater.
The general type of information used to describe
groundwater systems is related to the geology and soils data, including:


surficial geology;



bedrock geology (and relevant chemistry);



structural geological cross-sections;



source of contamination - agricultural industrial, urban, etc.;



land use plans and development schedules;



water well data - types, location, yield, well losses, etc.;



soil structures, and aggregation - porosity, permeability
stratification, etc.;



soil intake rate - infiltration, recharge;



aquifer

characteristics - types, hydraulic

conditions

Groundwater is said to be
perched if it is separated
from the body of the main
aquifer.
Groundwater may be said
to be semi-perched if it has
a pressure head greater than
the main aquifer.

and

conductivity, transmissivity, etc.;

4.4.1



surface features - depression, pits and shafts; and



variables - quantity and quality series, withdrawals, artificial
recharges, meteorological, etc.

Piezometric Sampling
A piezometer nest of observation wells can be installed to determine the
static level or piezometric surface of an aquifer. This is an imaginary
surface that coincides with the static level of water in the aquifer.
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Piezometric sampling is required to determine the pressure head or height
to which a groundwater level will rise to establish a static level. This
determination is particularly critical for shallow wells where the possibility
of excess withdrawals may become excessive, thereby causing interference
with nearby wells.
The groundwater condition may have a normal pressure head above the
surface of saturation (Figure 4.3). The pressure head is the height to which
the water level rises in the well.
With an artesian aquifer, on the other hand, the static head is the
piezometric surface above the upper aquifer boundary. In cases where the
static level is above the ground surface, the well is flowing (Figure 4.4).
There are cases where the static levels are different in a nest of
piezometers, in which case this information is used to determine vertical
flow potential.
Piezometric readings can be used to establish isopiestic lines, which are
contours of the piezometric surface of an aquifer in a region. The piezometric network can be used to establish the general direction of flow
within an aquifer. In this case, a piezometer is part of a specially designed
network of observation wells for the purpose of defining an isopiestic line
or contour of static levels of the aquifer.
A series of piezometric wells is often used to determine the direction of
groundwater flow. The purpose is to obtain the hydrostatic pressure at a
given point in the watershed under study. The difference in pressure heads
or the hydraulic gradient indicates the flow path. If the rate of change is
uniform between two points, the hydraulic gradient between these two
points is the ratio of difference in static level between the points to the
horizontal distance between them.
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Figure 4.3: Piezometric Surface (after Gray, 1970)
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Figure 4.4: Pressure Surfaces – Confined Aquifer (after USEPA, 1999)
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4.4.2

Usefulness of Data
The well observation data, including long-term or seasonal piezometric
measurements, are essential to evaluate aquifer storage and yield, and to
identify recharge areas.
This information is useful in problem identification, such as:


confirming leaky aquifers (an artesian aquifer that is replenished
by vertical leakage through overlaying or underlying semipermeable, confining beds);



determining line of sink (the decline in artesian head at any
distance from a drain discharging water at a uniform rate);



determining the point of sink or point of source (the constant
discharge or recharge without vertical leakage);



determining instantaneous discharge or recharge (determining the
coefficient of transmissibility from recovery of water level in a
well that has been bailed – the “Bailer Method”);



determining safe yield; that is, avoiding overdraft through water
balance analysis (I - O = S) through knowledge of variations in
precipitation, evapotranspiration, runoff, groundwater recharge
and supplies; and



4.4.3

identifying presence of a perched aquifer (separated body of water
from the main groundwater source). These are referred to as
tunnel channel aquifers, which are tubular- shaped permeable
material (e.g. as described in the tills of the Oak Ridges Moraine
area).

Data Collection
Sources of existing data were previously described in Section 2.3.
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4.4.4

Recharge and Discharge Analysis
The essential features of groundwater recharge are listed in Table 4.5. The
amount of recharge to an aquifer can be estimated by:


flow net analysis; or



groundwater hydrologic budget approach.

Table 4.5
Features of Recharging
The surface storage is characterized by:
Limited storage capacity
High delivery capacity and fast reaction time
Temporary storage of the water to be recharged
The groundwater storage reservoir has:
Great capacity
Limited reaction time
Limited contact with source of recharge water
The surface conveyance system:
Provides high transmitting velocity and capacity
Is controlled by man
Is connected to surface water
The groundwater transmission:
Is extremely slow in comparison to surface conveyance
Cannot be modified
(Source: U.S.D.A. ARS 41-161, 1970)

4.4.4.1

The Flow Net Approach

The flow net is analyzed over an area influenced by pumping and which
defines a water table or piezometric surface maps (Figure 4.5). A pumpage
inventory is constructed from well data to determine the relationship
between the water level and pumpage. Recharge is assumed to balance
discharge under a water level decline which is directly proportional to the
pumpage rate, and where water levels become stable after each increase in
pumpage.
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Figure 4.5: Flow Net Discharging Well in an Aquifer Bounded by a Perennial Stream Parallel to an
Impermeable Layer (after US GSWS Paper 1536-E)

The recharge for such an area can be estimated by:
R

=

Q/Ae

R
Q
Ae

=
=
=

the rate of recharge in LT-1;
the total pumpage in L3; and
the area of influence in L2.

where:

For an aquifer beneath a confining bed with a known permeability, the
recharge by vertical leakage through the confining bed can be estimated
by:
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Qe

=

(P*/m) ht Ae

Qe
P*

=
=

m

=

Ae

=

the leakage through the confining bed in L3;
the coefficient of vertical permeability of the
confining bed in L3 T-1 L-2;
the thickness of the confining bed through which
the leakage occurs in L;
the area of the confining bed through which the
leakage occurs in L2; and

ht

=

where:

the difference between the head in the aquifer and
the source bed above the confining bed in L.

A similar approach to determine recharge is to analyze the difference in
quantity of water crossing successive piezometric contours between two
limiting flow lines:
R

=

[(Q2 – Q1)]  ht SAt (2.1x108)/At

R
(Q2 –Q1)

=
=

the rate of recharge L3 T-1 L-2;
the difference in quantity of water crossing the
successive contour lines between limiting flow
lines L3T-1;

ht

=

the average rate of water-level decline or rise in

At

=

Sc

=

area between limiting lines and successive
contours in L;
area between limiting flow lines and successive
contour in L 2; and
the coefficient of storage, fraction.

where:

The “+” sign is used when there is a water level rise and “–” sign when
there is a decline in water level.
The flow rates Q1 and Q2 are computed from the Darcy’s equation:
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Qper = T igL
where:
Qper

=

T
ig

=
=

L

=

4.4.4.2

the quantity of water percolating through a given
cross-section in L3 T-1;
the coefficient of transmissibility in L3 T-1 L-1;
the hydraulic gradient at the flow cross section in
LL-1; and
the length of the flow cross section in L.

The Groundwater Hydrologic Budget Approach

The following equations represent standard relationships for budget
computation:
Pg =

Rg + ETg + U  Sg

P=

Rt + ET + U  Ss  Sg

P
Rt

=
=

precipitation;
streamflow;

ET
U

=
=

evapotranspiration;
subsurface underflow;

Sg

=

change in groundwater storage;

Ss

=

change in soil moisture storage;

Pg
Rg
ETg

=
=
=

groundwater recharge;
groundwater outflow; and
groundwater evapotranspiration.

where:

The subsurface underflow can be determined by:
Sg = HYg
where:
Sg

=

change in groundwater storage;

H

=

change in groundwater stage during an inventory

=

period; and
the gravity yield of the deposit within the zone of
the groundwater fluctuation.

Yg

Cumming Cockburn Limited

Water Budget Analysis on a Watershed Basis

4-21

4.4.5

Groundwater Fluctuations
Historical records of groundwater fluctuations give an indication of natural
draft or recharge. The piezometric measurements exhibit isopiestic
fluctuations, cycles and waves, giving a different response of water
movement, some of which are summarized in Table 4.6. Other factors that
may lead to fluctuations in groundwater levels are summarized in Table
4.7 (Freeze and Cherry, 1979).

Table 4.6
Piezometric Function In Water Movement
Percolation – movement of water through interstices of rocks and soil
under hydrostatic pressure.
Capillary migration – movement of water through rocks and soil in the
liquid form (in the aerated zone), produced by the molecular attraction of the
media to water.
Seepage – percolation of water through the surface of the lithosphere
(influent seepage, effluent seepage).
Subterranean stream – a body of flowing water that passes through large
interstices, such as caves or caverns.
Underflow conduit – some permeable deposits underneath a surface stream
way.
Underflow – movement of groundwater in an underflow conduit.
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Table 4.7
Summary of Mechanisms that Lead to Fluctuations
in Groundwater Levels (after Freeze and Cherry, 1979)

Unconfined

Confined

Natural

ManMade

ShortLived

Diurnal

Groundwater recharge
(infiltration to the water
table)





Air entrapment during
groundwater recharge





Evapotranspiration
and
phreatophytic
consumption





Bank-storage
near streams

effects





near









pressure









Tidal
effects
oceans
Atmospheric
effects

External loading
confined aquifers



of



Earthquakes
Groundwater pumpage



Deep-well injection

Seasonal

LongTerm



Climatic
Influence































Artificial
recharge;
leakage from ponds,
lagoons and landfills







Agricultural irrigation
and drainage







Geotechnical drainage
of open pit mines,
slopes, tunnels, etc.









Groundwater fluctuations may be less evident under artesian aquifer
conditions. When a groundwater supply is depleted, the soil structure of
the aquifer must support the overlying weight of the soil. This is related to
the total load exerted on the aquifer (St = Swat + Ssk) in which St = total
load, Swat = load of water, and Ssk = load of the skeleton of the aquifer.
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Pumping may create some redistribution of pressures. The abrupt lowering
of the water table by pumping may create more storage space, resulting in
the reduction of flow in the aquifer.
The piezometric level in artesian wells responds to barometric pressure
(i.e. barometric efficiency; BE = Swl/Sp, where Swl = net change in water
level, Sp = net change in atmospheric pressure). These wells also respond
to tidal effects (i.e. tidal efficiency; TE = Sw/Std, where Sw = range of water
level fluctuation, Std = range of tide). These phenomena also relate to
groundwater storage. Hence, storage may be defined using coefficients of
storage and its relationship to the elasticity expressed by the aquifer.
Sc =   m (+ /)

Table 4.8

where:

Barometric/Tidal
Efficiency

 = specific weight of water;
 = the porosity of the aquifer;

TE =

 /
1 + /

BE =

1
1 + /

m = thickness of the aquifer;
 = the bulk modulus of elasticity; and
 = bulk modulus of compression.

BE + TE = 1

The sum of barometric and tidal efficiency equates to unity (Table 4.8).
4.4.6

Other Factors
When using models, there are several other factors to consider that may
influence the determination of safe yield from an aquifer. For example,
leaky aquifers, vertical gradient, perched aquifers and fractures (see
Section 2.2.8).
A number of factors should be considered in developing modelling
strategies in water budgeting. A major factor relates to time periods
between observations. As time periods become greater, the change in
storage within the aquifer tends to zero.
These effects can also be seen from stream baseflow observations. For
example, long-term median baseflow for a number of watersheds in
Ontario shows similar variations in aquifer contribution to baseflow (CCL,
1990).
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4.5

Evaporation and Evapotranspiration

4.5.1

General
Evaporation of water is a major consideration in water budget analysis.
Evaporation (E) and Evapotranspiration (ET) are important in determining
the water balance of watersheds, and in predicting and estimating runoff
and groundwater storage.
Evaporation/evapotranspiration is a collective term for all the processes by
which water in the liquid or solid phase, at or near the earth’s surface
becomes atmospheric water vapour. The term includes evaporation of
liquid water from rivers and lakes, bare soil and vegetative surfaces;
evaporation from within the leaves of plants (transpiration), and
sublimation from ice and snow surfaces.
Evapotranspiration is the loss of water from soil and plant surfaces. The
latter is one of the least understood aspects of the hydrologic cycle.
Transpiration is the evaporation of water from the vascular system of
plants into the atmosphere. The process involves absorption of soil water
by plant roots, translocation in liquid form through the vascular system of
the plant and, eventual evaporation into the surrounding air through leaf
cavities called stomata.
Potential evapotranspiration is the rate at which evapotranspiration would
occur from a large area uniformly covered with growing vegetation which
has access to an unlimited supply of soil water. Advection or leaf storage
effects are ignored.
Direct measurement of evapotranspiration is much more difficult than that
for precipitation and streamflow, and is usually impractical for individual
watershed studies. As an alternative, several techniques are widely used to
estimate evaporation and evapotranspiration based on availability of more
readily measured quantities. Selected examples are discussed in the
following section. Additional information can be found in various
references (Singh, 1982; Jones, 1992; Lawrence and Dingman, 1994; Bos
et al, 1996).
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In general, procedures for estimating evaporation or evapotranspiration on
a watershed basis rely, firstly, on an estimate of a potential E and ET (PE
and PET), based on meteorological factors, and then conversion of the
potential to an actual value for the watershed.
PE and PET values can often be transferred some distance with only
minimal error. For hydrologic application, transfers using regional
information or calibrated data from adjacent watersheds is often necessary
since the relevant data are frequently not available for the watershed under
investigation (Singh, 1982).
Actual E and ET are then estimated using PE and PET considering the
available moisture supply for each component of a watershed (type of
surface, vegetation, soil, availability of water energy supply, etc.).
Various methods for estimating evapotranspiration have been developed
for specific surface and energy exchange situations, including the
following:
Types of surfaces:

open water, leaf or leaf canopy, land
region (generally including vegetated
surfaces, surface-water bodies and areas
of bare soil);

Availability of water:

unlimited water available to evaporate, or
water supply to the air may be limited;

Stored energy use:

the temporary storage of energy in the
system for small time steps (up to 5 days)
or negligible for larger time steps
(weekly to annual); and

Air advected energy use:

significant or negligible amounts of
energy may be transported by horizontal
airflow to or from the air above the
evapotranspiration region.

Table 4.9 shows how the various types of evapotranspiration estimation
methods are distinguished with respect to the above conditions.
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Table 4.9
Classification of Types of Evapotranspiration

Type of
Evapotranspiration

Type of
Surface

Availability
of Water

Stored
Energy Use

Water Advected
Energy Use

Air Advected
Energy Use

Free-water evaporation

Open water

Freely available to air

Negligible

Negligible

Negligible

Lake evaporation

Open water

Freely available to air

May be involved

May be involved

May be involved

Transpiration

Leaf or leaf canopy

May be limited to air;
limited to leaf

Negligible

Negligible

May be involved

Interception loss

Leaf or leaf canopy

Freely available to air

Negligible

Negligible

May be involved

Potential
evapotranspiration

Land area1

Freely available to
leaves; limited to air

Negligible

Negligible

Negligible

Actual
evapotranspiration

Land area1

May be limited to
leaves; limited to air

Negligible

Negligible

May be involved

1

may include surface water bodies and areas of bare soil

Actual evaporation or evapotranspiration is then estimated by use of a
reference coefficient to ET and/or PET. One of the most widely used
approaches for estimating actual evapotranspiration makes use of meteorological data to estimate potential evapotranspiration and computes actual
evapotranspiration as:
ET

=

 () PET

ET
PET

=
=

actual evapotranspiration;
potential evapotranspiration;



=

the water content of the root zone soil; and

()

=

is commonly based on the relative water

where:

content, real, which is defined as:
 real

=

( - max) / (c - pwp);

where:
c and pwp are the field capacity and permanent wilting point
water contents.
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4.5.2

The ET-Water Balance Approach
The water balance approach involves applying the water balance equation
to a given water body over a time period t, and solving that equation for
evaporation E, as follows (units are depth or volume per t):
ET

=

P + Qin + Gin – Qout - Gout  S

P
Qin
Qout
Gin
Gout

=
=
=
=
=

precipitation;
surface inflow;
surface outflow;
groundwater inflow;
groundwater outflow; and

S

=

change in storage over t.

where:

The water balance method is capable of determining the total amount of
evapotranspiration. In most situations, however, lack of data and measurement problems preclude use of the method as an independent means of
determination, especially where evaporation is a small fraction of the total
outflow and comparable to the accuracy of measuring other components.
This method can provide a reasonable check on evaporation estimated by
other approaches. The accuracy of this technique generally increases with
longer time steps (t). Similarly, this method has been successfully used
to provide regional estimates of total E or ET with reasonable success (see
Section 7.4).
A soil moisture balance can also be undertaken to estimate the total
evapotranspiration in time period t by carefully monitoring rainfall and
soil water content throughout the root zone and by solving the water
balance equation:
ET

=

P – Qd + S1 – S2

P
Qd

=
=

total water input;
downward drainage; and

where:

S1 , S2 =

soil moisture contents at the beginning and end of t.

A schematic for this water balance is shown in Figure 4.6.
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Figure 4.6: Water Balance Schematic

4.5.3

The Mass Transfer Approach
The mass-transfer approach makes direct use of the previous equation
often written in the form:
E = (bo + b1 Va) (es – ea)
where:
bo and b1 are empirical constraints (Lawrence and Dingman, 1994)
that depend on the height at which wind speed and air vapour
pressure are measured.
The mass transfer equation gives the instantaneous rate of evaporation for
instantaneous values of wind speed and vapour pressure. Where vapour
pressures are estimated by correlation between wind speed and
temperature, one cannot assume that a mass transfer equation will give the
correct time-averaged rate of evaporation when time averaged
temperatures and wind speeds are used as independent variables.
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This method can be used to model, free water or lake evaporation. It is
particularly useful for modelling artificially heated water bodies for which
surface temperatures are usually readily available.
4.5.4

The Energy Balance Approach
Evaporation is a diffusive process that follows Fick’s first law, which can
be written in finite difference form as:
E = KE Va (ls – la)
where:
E
=
ls and la =
Va

=

evaporation rate;
the vapour pressures of the evaporating surface
and the overlying air; and
the wind speed and KE is a coefficient that
reflects the efficiency of vertical transport of
water vapour by the turbulent eddies of the wind.

The general energy balance for an evaporating body during a time period
t can be written as:
LE = K + L – G – H + AW -  Q/t
where: the first six terms represent average energy fluxes (energy per unit
area of evaporating surface per unit time) via the following modes:
Evaporation, LE; net short-wave radiation input, K; net long-wave
radiation input, L; net output of sensible heat exchange with the
atmosphere, H; net input associated with inflows and outflows of
water heat into the ground or water body; G (water advected
energy), AW; and Q is the change in the amount of heat stored in
the body per unit area between the beginning and the end of t.
In many applications, AW and Q can be assumed to approach 0, and the
general heat balance reduces to:
Rn – G = H + LE
where:
Rn = net of long-wave and short-wave radiation (K).
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In this form, the energy balance method (Figure 4.7) can be viewed as a
transformation of radiation energy (Rn-G) into sensible heat and water
vapour (H+LE). The availability of energy and water will limit the actual
ET.
From the above equation describing the components of LE, it is evident
that evaporation during t must be balanced by some combination of heat

Table 4.10

inputs from radiation, sensible heat from the atmosphere or ground, and/or
temperature reduction in the evaporating body. Hence, actual
evapotranspiration demands a significant amount of energy input (Table
4.10).

Evapotranspiration
Requires a Lot of
Energy

As with the water balance approach, the energy balance approach requires
that all non-negligible quantities be precisely determined in the basic
equation, and that all measurement errors are included in the final
computation of evaporation.

Daily ET of 5 mm uses
the energy equivalent
of 4,480 kg/ha of coal;
supplied mainly by
solar radiation.
(Source: Sakton, K.E.
1994)

net radiation Rn

soil heat G

latent heat E

sensible heat H

soil water

Figure 4.7: Energy Balance Approach
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4.5.5

The Penman or Combination Approach
Penman found that the mass transfer and energy balance approaches may
be combined to arrive at an evaporation equation that does not require
surface temperature data (Penman, 1948).
The generalized Penman potential evaporation (PET) can be expressed as:
PET =

[S (Ta) (K+L) +  KE w E Va (es (Ta)) 1 – Wa)]/
[(w E) (S (Ta) +)]

where:
this equation assumes no heat exchange with the ground, no water
advected energy, and no changes in heat storage, and uses one
approximation, i.e.:
S(Ta) = [esat (Ts) – es (Ta)]/ [ Ts - Ta]
Application of the Penman or Combination equation requires input for four
variables:


net radiation;



air temperature;



air humidity; and



horizontal wind movement.

Other parameters can usually be treated as constant for a given site.
Generally, only Penman’s combination equation (or modifications) is
recommended where accuracy over time periods of less than 5 days is
required. For monthly or annual estimates, all of the methods have shown
similar comparison for a variety of sites (Singh, 1982).
It has been shown that evaporation estimates by the Penman method and
subsequent modifications compare well with those determined by other
methods. The direct application of the original Penman method is
generally limited to large water bodies. However, various modifications
have been undertaken (Bos et al, 1996) including the following:
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the modification of the Penman method employed by the United
Nations Food and Agriculture Organization (FAO) uses grass as a
reference for PET rather than open water; and



the Penman Monteith method uses a hypothetical crop surface for
calculating the reference PET. This approach is currently
recommended by FAO as the best available method for estimating
crop water requirements (Smith, 1990).

Since it provides satisfactory results, has a theoretical foundation, and
required meteorologic inputs are widely available or can be estimated from
available data, the original Penman or Combination method has become
the “standard” hydrologic method for determining free water evaporation
in many watershed models. Estimates for both E and ET can be derived.
It must be emphasized that calculated values are only valid to the degree
that the input data are correct and representative of the evaporating water
body. In particular, significant errors can be introduced when empirical
radiation relations are used in place of measured values.
4.5.6

The Class “A” Pan Evaporation Approach
A direct approach to determining free water evaporation is to expose a
cylindrical pan of liquid water to the atmosphere and to solve the
following simplified water balance equation for a convenient time period,
t (usually one day):
E

=

P + V1 – V2

P

-

precipitation during t;

V1

-

volume of water in the pan at the beginning of t; and

V2

-

volume of water in the pan at the end of t.

where:
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Typically, the Class A pan is considered to be the standard for evaporation
measurements (Figure 4.8). The pan is “a” cylindrical container with an
inside diameter of 121 cm and a depth of 25.4 cm. It is mounted on a
wooden platform above the surrounding soil, allowing heat transfer from
the air through the bottom and side of the pan. A rain gauge is usually
placed nearby to determine the amount of rain entering the pan.
The data collected from these pans are used to estimate lake evaporation or
evapotranspiration rates, although the construction of the pan does not
simulate natural conditions.
An evaporation pan differs from a lake in that it has far less heat storage
capacity. Also, the Class A pan is raised and the sides are exposed to the
air and sun. Surface and groundwater input and outputs are also absent.
These factors significantly affect the energy balance.
The ratio of lake evaporation to pan evaporation is called the pan
coefficient. Table 4.11 shows pan evaporation coefficients for selected
agricultural activities in Ontario. The average pan coefficient is
approximately 0.7. Seasonal variations in the pan coefficient may be
applied to some watersheds (Figure 4.9). Evapotranspiration coefficients
are also available in the literature for different types of vegetative covers
(see Table 4.12).

Table 4.11
Typical Pan Coefficients
for Evapotranspiration
Apple Orchard

1.05

Alfalfa

1.00

Various Crops

0.80-1.00

Grass

0.70–0.85

Since year-to-year variations of pan evaporation are usually not large,
observations for a few years can provide a satisfactory estimate of annual
values. These can be adjusted by the appropriate regional pan coefficient
to provide an estimate of free water evaporation.
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Figure 4.8: Class A Evaporation Pan

Evaporation
1.0

0.5
Jan.

Dec.

Seasonal Variation
Figure 4.9: Possible Seasonal Variation in Class A Pan Coefficient
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Table 4.12
Class “A” Pan Coefficients

Location

Season

Years of Record

Coefficient

Denver, Colorado

Annual

1915 - 16

0.67

U.S.A.

Annual

0.69

Ft. Collins, Colorado

Apr. – Nov.

1926 - 28

0.70

Utah

May – Oct.

1926 - 27

0.67

U.S.A.

Annual

0.69

U.S.A.

Annual

0.70

Texas

Annual

1939 - 47

0.68

Florida

Annual

1940 - 46

0.81

Oklahoma

Annual

1950 - 51

0.69

Arizona., Nevada

Annual

1952 - 53

0.60

California

Annual

0.77

California

Annual

0.77

(Source: after Gray, 1970)

4.5.7

Other Methods
Many other empirical relationships for estimating E and ET have been
developed, and are discussed briefly in the following section.
4.5.7.1

Annual Evaporation

The method developed by Turc, 1954, uses only P and T and has been
used for spatial analysis of evaporation:
E = P / [0.9+ (P/IT)2]1/2
in which:
E
P

=
=

annual evaporation (mm);
mean annual precipitation (mm);

IT

=

300 + 25T + 0.53T3; and

T

=

mean air temperature (C).
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In this equation, only the mean annual precipitation and mean air
temperatures are used to estimate the mean annual evaporation. Variations
of this estimating equation have been developed for shorter time periods
(Gray, 1970).
4.5.7.2

Monthly Water Balance Models

Thornthwaite and Mather, 1955, developed a simple “bookkeeping” model
that uses monthly values of precipitation and potential evapotranspiration
to estimate monthly actual evapotranspiration.
Models of the
Thornthwaite type have estimated monthly runoff values reasonably well,
suggesting that their estimates of actual evapotranspiration are acceptable.
4.5.7.3

Methods Based on Water Quality Analysis

Approaches based on chemical and isotopic composition can provide
useful estimates of space and time-integrated evapotranspiration.
However, their application appears limited to situations where the
hydrology is fairly simple (Lawrence and Dingman, 1994).
4.5.7.4

Methods Based on Dissolved Solid Concentrations

There is a tendency for the concentration of dissolved solids to increase in
proportion to the amount of water that has evaporated and this tendency
can be used to estimate the amount of evaporation if other complicating
factors can be quantified (Margaritz et al, 1990).
4.5.7.5

Lysimetry

A lysimeter is a soil filled container placed in a field on which vegetation
can be grown. Weighing lysimeters can be used to measure evaporation or
evapotranspiration directly. Lysimetry is the only method in which each
of the quantities in the water balance is completely known.
The overall accuracy of most lysimeters is considered excellent with a
measurement error of ± 0.1 mm evapotranspiration daily. One study
estimated the accuracy of hydraulic lysimeters to ± 4%. Most lysimeters
are designed to be used in research programs requiring precise short-term
measurements of evapotranspiration and their use is therefore not
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considered to be economically feasible appropriate for most watershed
studies (Jones, 1992).

4.6

Soil Moisture Data
The linkage between surface and groundwater is affected by several
infiltration rate factors (Table 4.13), and a schematic description of the soil
moisture water balance is shown in Figure 4.10.

Infiltration Rate Factors

There are several soil types in Ontario, ranging from clay, silt and loam to
gravely sand. Each soil type has its own physical characteristics which
influences soil moisture storage and release.

ET

Table 4.13

P
R
(Surface)

Gradient - total potential

 Pressure Gradient
 Soil surface
 hydraulic
 barometric
 Outlet front
 moisture content
 surface tension
 contact angle
 confined area
 Depth to wet front
 moisture content
 volume of
infiltrate

f
(Unsaturated Zone)

Qs

W.T.
Rg
(Saturated Zone)

Qg

 Hydraulic Conductivity
 Fluid properties
 density
 viscosity
 Porous media
 moisture content
 surface condition
 pore size
 distribution
 particle size
 colloid content
 shrinkage

Figure 4.10: Soil Moisture System Water Balance

Soil moisture content in the unsaturated zone influences both the surface
runoff and net infiltration to the groundwater regime.
For a homogeneous soil layer where the upper boundary is the soil surface
and the lower boundary is the groundwater table (W.T.), a change in soil
moisture storage, Ss, is governed by the following relationship:
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Ss

=

I – ET – Qs - Rg

Ss

=

change in soil moisture storage, L (depth);

I
ET
Qs
Rg

=
=
=
=

infiltration input, L (depth);
evapotranspiration, L (depth);
interflow output, L (depth); and
recharge to groundwater, L (depth).

where:

For small time steps, the value of S would be measurable, but as the time
period between observations becomes larger, the variation of S in the soil
tends to approach zero.
The following are the main reasons for obtaining information on the soil
moisture content:

4.6.1



provides limits on evaporation and transpiration;



governs the infiltration rate; and



provides a gradient for percolation to groundwater.

Soil Moisture to Air Interface
Thornthwaite (1948) suggests that plant transpiration follows the basic
mechanism:
 = 0, for SW = 0
  1, for SW > 0
where:
SW represents the soil water content, and is a reference factor.
This indicates that the plant receives all the water it needs from the soil as
long as the water is available (Figure 4.11 - curve A).
Finding the above would be somewhat unrealistic, Thornthwaite updated
the relationship by stating:
 = SW / SW (max), for all SW
where:
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SW (max) is the soil storage capacity in the root zone of the soil.
Thus, the capability of the plant to extract needed moisture from the soil is
shown in Figure 4.11 - curve B.
A more realistic approximation of the plant soil moisture relationship
would be as follows (Milly and Dunne, 1994 and Legates and Willmott,
1994):
 = 1 – exp[-6.8( SW/SW(max)], for all SW.
It should be noted that soil water would be available to plants until
moisture content reaches approximately 30% of soil moisture storage
capacity (Figure 4.11 - curve C). In this case, the ability to extract water
from the soil declines exponentially.
Soil moisture resistance can be described by different functions (Figure
4.11 - curve D). Here, the function for transpiration would be (Mather,
1972):
 = 1, for SW > 0.07SW(max 0)
= SW / (0.7SW(max), for SW <= 0.7SW(max).
This last relationship is less realistic than curve C in that water is assumed
to be evenly removed on a daily basis, which is unlike the hysterisis curve
characteristics of drying soils.
A simple model may need only SW (max), but for advanced soil moisture
models a more sensitive soil moisture content relationship is required.
Milly and Dunne, 1994, estimated SW (max) as 15 cm. This they assumed
to be the most representative hydrological value, when the moisture flux
value between the land and atmosphere is maximized. Hence, soil
moisture capacity plays a major role when computing evaporation and
runoff in water budget analysis basis. Soil moisture drying curves can be
expressed as a function of the ratio of actual evaporation (AE) to potential
evaporation (PE), for soil moisture conditions ranging from the field
capacity (FC) to the wilting point (WP) Figure 4.12, Webber and Dirk,
1966.
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A

sw

Figure 4.11: Soil Moisture (SW), Availability Function () (after Mather, 1974)

Fc = FIELD CAPACITY
Wp = WILTING POINT
AE = ACTUAL EVAPORATION
PE = POTENTIAL EVAPORATION

1.0
CLAY

LOAM

AE / PE

SAND

Fc

SW

Wp

Figure 4.12: Soil Moisture Capacity Drying Curves (after Webber and Dirk, 1966)
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Similarly, plants may have some difficulty in removing moisture from the
soil due to infiltration restraints and adsorption of water by organic
material, as shown for different Ontario soils in Figure 4.13.

0.4
SW = Soil Moisture Content
CLAYEY

Eg. H

SW ( cm3 / cm3 )
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Y

aldim
and

Eg. H
oney
woo
d

Eg. G
rimsb
y

0
0

TENSION ( Bars )

15

Figure 4.13: Soil Moisture Tension Curves - Ontario Soils
(after Webber and Dirk, 1966)

4.6.2

Infiltration
Under a watershed management approach, one must visualize the process
of infiltration through the soil media (Figure 4.14). The initiating
processes are the capillary-conductivity moisture content relationship and
the soil-tension relationship.
The antecedent soil moisture content influences the infiltration rate and
surface runoff rates. This is due to the soil structure that is associated with
microhydrologic features of the soil media including:


soil porosity;



hydraulic conductivity; and



moisture tension.

The primary influences affecting infiltration rates are the total
potential gradient and capillary hydraulic conductivity.
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Figure 4.14: Profile of Water Movement in Soil

In general, infiltration is governed by the downward movement of the wet
front through the soil profile. Here the controlling influences are (Figure
4.14):


saturation - the saturated zone below the ponded surface;



transmission - the lengthening of the unsaturated zone;



uniform moisture contents;



wetting - zone that joins the wet front and transmission zone; and



transition - an imaginary outer boundary limit.

If water movement is transferred logically (Philips, 1957; Holtan, 1961;
Childs, 1969; Dixon, 1979), mass infiltration can be calculated as follows:
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Pe = P - Ai - fc
where:
Pe = precipitation excess;
P = total precipitation;
Ai = initial abstraction;
fc = infiltration transmission rate; and
t = time after Ai is satisfied.
4.6.2.1

Infiltrometer Measurement

Direct measurements of infiltration rate can be undertaken using a
“Double-Ring Infiltrometer” (Figure 4.15) or a “Sprinkling Infiltrometer”.
The “Double-Ring Infiltrometer” is a flood-type device that directly
measures the rate of water leaving the ponded surface. Bower, 1984,
provided a comprehensive analysis of the flooded type of infiltrometer.
Haise et al, 1956, and Johnson, 1963, provided working drawings and
detailed instructions for operation and collection of data.

Figure 4.15: Double-Ring Infiltrometer

Cumming Cockburn Limited

Water Budget Analysis on a Watershed Basis

4-44

When applying the double-ring approach, the infiltration rate is computed
by using the following relationship:
f(t) = [P(t) – Q(t) – S(t)] / t
where:
f(t) = infiltration rate;
P(t) = artificial precipitation, applied during a change in time;
Q(t) = ponded water removed; and
S(t) = change in volume of water stored in the ring.
The “Sprinkling Infiltrometer” simulates rainfall by various methods of
application over the study area. There are a number of features that should
be considered in the design of the simulator including:


drop size distribution close as possible to natural rainfall;



drop velocity at impact should be close to terminal velocity;



simulator drops should be from a near-vertical direction



intensity should correspond to natural conditions;



uniform application over the plot area and a random distribution;



total energy applied should be near that of natural rainfall; and



imposing a reproducible storm pattern.

4.6.2.2

Infiltration Estimation Techniques

Various equations for estimating infiltration have been developed over the
years by several investigators (Table 4.14). Some researchers used the
basic empirical principle of soil-water flow, while others applied the
infiltration theory to field conditions (Green and Ampt, 1911; Philip, 1957;
Childs 1969;). See Appendix F for additional information.
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Table 4.14
Empirical Infiltration Equations
Green-Ampt

f = c(k +z)/z

Phillip

f = ½ k t-1/2 +c

Kostiakov Branch

f = a k ta-1 , t <tc
f = c,
t< tc

Kostiakov (modified)

f = a k ta-1 +c

SCS

f =a k ta-1

Horton

f = a k e-1t + c

Collis-George

f = k tc (A tan(t/tc ))-1/2 / (2(tc2 + t2 ) + c)

f = infiltration rate
k , c , t c = constant

4.7

Review of Selected Water Budget Models

4.7.1

State-of-the-Art
Water balance analysis requires the use of continuous simulation models
which are capable of accounting for detailed water budget variations over
time periods of several years.
In general, various models are available which have the capability to
compute the flow rates from precipitation by accounting for precipitation
lost through the natural hydrologic processes of interception, depression
storage, infiltration, evaporation and transpiration (as well as the snow
accumulation and melting processes). Overland flow and percolation
through the soil is simulated, including hydraulic routing through swales
and small channels. Groundwater contributions to streamflow are
evaluated independent of the particular precipitation runoff events. Land
use drainage improvements, storage facilities and other development
activities can be input to determine the impact of land use changes on the
water budget.
The selection of an appropriate water budget model should be based upon
several factors, including:
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the complexity of the watershed (e.g. size, spatial variations, land
use variability, topography, geologic structure, etc.);



any required linkage to other concerns in the watershed (e.g. water
quality, hydropower, flood management, etc.);



data available for model input and for model calibration and
verification;



purpose of the analysis (i.e. variables to be evaluated in detail
change from project to project);



degree of detail required for modelling sub-surface processes;



need for hydraulic routing (channels, lakes, and reservoirs etc.);



available resources (e.g. for model application, training and
maintenance, etc.);



suitability for linkage to GIS;



model availability, preferably from an organization that provides
regular updates and technical assistance; and



ease of model calibration, verification and validation.

The overall accuracy of a water budget will be no more accurate than the
combined accuracy associated with the simulation of the main components
(see Appendix B). The water budget model should be calibrated, and
validated. Using available observations to gain insight into the relative
accuracy before the model is used to evaluate watershed management
options. Source elements of model validation are described in Sub-section
4.1.5.
The main features of a number of selected deterministic water budget
models are summarized in Section 4.7.2, and the advantage of the
distributed model is highlighted in Section 4.7.4. The capabilities of each
model are further listed in Appendix C.
In general, for small relatively homogeneous watersheds, the use of
lumped models may be considered. More complex water budget models
may be required for larger watersheds where the spatial characteristics,
hydraulic routing, etc. are important.
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The water budget model should be capable of simulating each of the main
components of the hydrologic cycle (see Section 2.1). The selection
process for an appropriate model for the problem at hand will include a
review of the suitability of the model’s representation for each of the main
components. For some applications, it may be advisable to develop a
specific model using more appropriate components (e.g. where data is
limited, for specific watershed conditions or for research applications,
etc.).
Two main types of water budget models have been widely applied in
Ontario.
The first type is a detailed, conceptual deterministic daily water balance
model. The results can be summarized for daily, weekly, monthly or
annual format. The Soil Conservation Service (SCS) CN procedures are
normally used to compute the runoff volume, and the degree-day method
is utilized to calculate the snowmelt during winter and spring. The soil
medium can be divided into layers and each layer’s actual
evapotranspiration is determined according to its soil moisture contents
and potential evapotranspiration rate. The lower layer’s evapotranspiration
capacity is smaller than the upper layer based on the model described by
Gray, 1970. Once the upper layer is saturated, infiltration into the lower
layer occurs. Many advances have been made in developing conceptual
watershed models which include these factors, such as the Tennessee
Valley Authority model (TVA), the United States Department of
Agriculture Hydrologic Model (USDAHL), the Ottawa HYMO model
(OTTHYMO), the Guelph All-Weather Watershed Storm Event Runoff
model (GAWSER), and the Hydrologic Simulation Program Fortran
(HSPF).
The second type of water budget models are classified as stochastic
simulation models which are currently available for monthly water
budgets. One example is a spreadsheet model which utilizes the built-in
mathematical and statistical functions to solve the water balance equation.
Instead of using the historical precipitation and evaporation records, the
model uses the statistical characteristics and probability functions obtained
from historical data analysis and generates much longer time series than
the original data length. (Typical available data length in Ontario is up to
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100 years, which may not be sufficient when assessing long-term risk.)
The advantage to generating a long time series is that the long-term
performance of important projects can be evaluated. This approach is
extremely useful when no failure (drought or flood) is allowed for an
operating period longer than the currently available data sets.
4.7.2

Water Balance of the SWAT Model
Water balance computations differ in terms of how the hydrological
variables are treated within the water budget models. This section
summarizes the calculation procedures adopted by the SWAT Model
(Arnold et al, 1996). This model has typical state-of-the-art components
for describing the water balance equation. Other models may utilize
different procedures which should be evaluated relevant to the problem at
hand. However, the basic concepts are similar, and the following
description is intended only for reference and comparison purposes.
Information describing other models is provided in Appendix C.
The following description is typical of comprehensive water budget
models that include a groundwater component. The Soil and Water
Assessment Tool (SWAT) is an example of a continuous water budget
model which assesses the impact of management activities on water
supplies and non-point source pollution in watersheds and large river
basins. The model is currently being used by several agencies in the
United States to estimate the impacts of climate change and management
on water use, non-point source loadings, pesticide contamination and large
scale water resources development projects (SWAT Manual, USDA,
1996).
SWAT is based on the following water balance equation (Arnold et al,
1998):
t
SWt = SWt-1 +  (Pi – Qi – ETi – PEi – QRi)
i=1
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where:
SWt
SWt-1
Pi
Qi
ETi
PEi
QRi
4.7.2.1

=
=
=
=
=
=
=

is the soil water content at time t;
is the initial soil water content in time t-1;
is the daily precipitation (mm);
is the runoff volume (mm);
is the evapotranspiration (mm);
is the percolation (mm); and
is the return flow (mm).

Runoff Volume

The continuity for the water budget analysis is handled in the surface
runoff prediction from daily rainfall by using the SCS curve number
equation:
Q = (P-0.2S)2 /(P + 0.8S), for P > 0.2S
Q = 0, for P < 0.2S
where:
S is a retention parameter, which varies among sub-basins because
soils, land use, management and slope all vary, and which changes
with time since the soil water content also changes with time.
S is related to curve number (CN) by the SCS equation:
S = 254(100/CN) - 1
Specific model application depends on the choice of the CN number. For
example, CN2, the curve number for moisture Condition 2 or average
curve number, can be obtained easily for any area1 in order to account for
the variation of soil moisture content (McCuen, 1989). Values of CN1, the
curve number for soil moisture Condition 1 (dry), and CN3, the curve
number for soil moisture Condition 3 (wet), can be obtained knowing CN2,
and are used through the following equations:

1

Note: The SCS method has been in use for a number of years by practitioners in Ontario for
estimating peak flows for rural and urban watersheds (e.g. HYMO, QUALHYMO, GAWSER).
Therefore, some knowledge and databases are available for determining CN based on local soils.
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CN1 = {CN2 - [20 (100 – CN2)]} / {100 – CN2 + exp[2.533 –
0.0636 (100 - CN2)]} ;
and
CN3 = CN2 exp[0.00673 (100 – CN2)] .
The corresponding retention parameters, S1, S2 and S3, are calculated as
described in the following discussion.
Fluctuations in soil water content cause the retention parameter to change
according to the equation:
S = S1{1 – [FFC/[FFC + exp(W1 –W2.FFC)]]}
where:
S1 is the value of S associated with CN1, FFC is the fraction of
field capacity, and W1 and W2 are model parameters; and
FFC is computed with the following equation:
FFC = (SW – WP) / (FC – WP)
where:
SW is the soil water content in the root zone;
WP is the wilting point water content (1500 k Pa for many soils); and
FC is the field capacity water content (33 k Pa for many soils).
Values of W1 and W2 are obtained from a simultaneous solution of
equation 4.7.6 according to the assumptions that S = S2 when FFC = 0.6
and S = S3, when (SW-PC) / (PO – PC) = 0.5.
In this case:
W1 = ln[60/(1.0– S2/S)- 60] + 60W2 ; and
W2

=

{ln[60/(1.0 – S2/S1)- 60] – ln[POFC/(1 – S3/S1)
– POFC]} / {[POFC – 60]}
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where:
S3 is the CN3 retention parameter, and the porosity field capacity
ratio; and
POFC, is computed with the equation:
POFC = 100+50{1 M (POi-FCi)/ 1 M (POI-FCi)}
where:
PO is the porosity of soil layer i.
The previous equations assume that CN1 corresponds with the wilting
point (WP) and that the curve number (CN) cannot exceed 100.
4.7.2.2

Percolation

Once water has infiltrated into the soil, the percolation component of
SWAT uses a storage routing technique crack-flow model to predict flow
through each soil layer. After the water percolates below the root zone, it
is lost to groundwater. The storage routing is then based on the following
equations:
SWi = SW0i exp(- t/TTi) ;
and
Qi = SW0i (1- exp(-t/TTi)
where:
SWo and SW are the soil water content at the beginning and end of
the day in mm, t is the time interval (24 hours); and
TT is the travel time through layer i, in hours.
The travel time TT is computed for each soil layer:
TTi =

(SWi – FCi)/ Hi

where:
Hi is the hydraulic conductivity and FC is the field capacity minus
wilting point water content for layer i.
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4.7.2.3

Lateral Subsurface Flow

During percolation, some water is removed by lateral flow. The lateral
subsurface flow is calculated by:
LF = qlat = 0.024 (2S Ks Sin ()/(d L)
where:
qlat is the lateral subsurface flow,  is a parameter, L is the hill
slope length and d is the drainable volume of water stored in the
saturated zone; and Ks is saturated conductivity.
4.7.2.4

Groundwater Flow

The groundwater flow is computed separately, but in association with the
surface component. The main objective of the groundwater model
developed for SWAT is to predict the impact of management changes on
total water supplies. The model is intended for general use where extensive
field-work to obtain detailed groundwater information is not feasible. The
percolation from the soil profile is assumed to recharge the shallow
aquifer. The water balance for the shallow aquifer is:
VSQi = VSQi-1 + Rc – revap – qrf – percgw – WUSA
where:
VSQ is the shallow aquifer storage;
Rc is the recharge, revap is the water flow from the shallow aquifer
back to the soil profile;
qrf is the return flow;
percgw is the percolation to the deep aquifer; and
WUSA is the water use (withdrawal) from the shallow aquifer.
Details for computation of each variable can be found in the SWAT User’s
Manual (USDA, 1996).
4.7.2.5

Evapotranspiration

There are several techniques available to assess evaporation for water
balance estimation (Hounam, 1971). Three methods are available in the
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model for estimating evapotranspiration. Details of the three ET model
options for estimating potential evaporation can be found in the following
references: Monteith, 1965; Hargreaves and Samani, 1985; PriestleyTaylor, 1972.
A description of other computational methods for potential and actual
evapotranspiration is presented in Section 4.5.
4.7.2.6

Snowmelt

The accumulated snowpack is melted as a function of snowpack
temperature using the equation:
SML = T (1.52 + 0.54 SPT)
where:
SML is the snowmelt rate;
T is the mean daily air temperature; and
SPT is the snowpack temperature, which is estimated by
procedures within the model.
4.7.2.7

Precipitation

A stochastic precipitation generation component model is incorporated
into the SWAT model to allow for random generation of precipitation
series. Input for the model includes monthly probabilities of receiving
precipitation.
4.7.2.8

Water Quality

The transport of pollutants in surface runoff, lateral flow and percolation to
groundwater, can also be simulated by the subject model. It has the ability
to simulate the washoff of suspended solids from sub-basins and the
movement of nitrogen, phosphorus and pesticides.
4.7.3

Groundwater Models
Several groundwater models are available, for use in water budget analysis
(Appendix G). Most practical model applications have been two-
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dimensional. There is, however, a trend in groundwater research towards
undertaking the use of three-dimensional subsurface models.
The MODFLOW and WATFLOW models are typical analytical models
which use detailed finite element solution techniques to solve the
governing equations of groundwater movement. The use of these models
has generally been confined to detailed studies of groundwater problems,
such as those related to containment movement within subwatersheds.
MODFLOW - This is the USGS groundwater flow model that is widely
used for the simulation of regional and local groundwater flow systems. It
can model multi-layered aquifer system and incorporates surface water
features in a variety of ways including constant head boundaries, recharge
boundaries and drains. This model has gone through significant development and testing by the US Environmental Protection Agency and is
described in Appendix C.
WATFLOW - This is a well-proven, three-dimensional finite element
groundwater flow model developed at the University of Waterloo. It is
based on the general three-dimensional form of the governing differential
equation for transient saturated groundwater flow in heterogeneous
anisotropic media. Recent studies in Southern Ontario (Callow, 1996)
suggested that in complex groundwater environments such as the Waterloo
Moraine WATFLOW was a more effective model than MODFLOW.
WATFLOW was better able to handle large permeability variations and
irregular stratigraphy and thickness variations efficiently. In areas of low
permeability, where MODFLOW was found to produce unreasonable
water table mounding, WATFLOW produced reasonable simulations.
Furthermore, works by Martina and Frind, 1998, reported on a comparison
of these two models in simulating the same complex aquifer system, and
showed that MODFLOW took from hours to days to execute the processes
whereas WATFLOW averaged about 20 minutes on the same computer.
However, in reviewing the models for the purposes of this manual,
investigators considered not only evaluation of the models’ effectiveness,
but also ease of use and availability in a user-friendly format. It is
beneficial to note that Visual MODFLOW, produced by Waterloo
Hydrogeological, is available in full Windows '95 format with various
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options, which facilitate the construction of water budget models on a
watershed basis.
Fundamentals describing groundwater management and modelling are
described in Appendix G.
4.7.4

Distributed Hydrologic Models
The analysis of many water management issues requires consideration of
heterogeneous conditions in soils and aquifers, as well as spatial variation
in land uses. For these cases, the ongoing development of distributed
hydrologic models is becoming relevant. Since the local topography has a
strong influence on the water balance, there is a trend to develop a set of
new approaches to simulate runoff generation by taking into account all of
digital terrain information. These models are either raster-based or vectorbased hydrologic models, making them compatible with GIS applications
(see Section 7.0).
Examples of the raster-based models include MIKESHE and TOPMODE,
while examples of vector based models are OWLS, TOPOG and
TAPES-C.
The distributed hydrologic modelling approach can handle the runoff
computation, infiltration processes, evapotranspiration losses from both
soil and vegetation, and, groundwater movement.
A significant advantage in using a distributed model is that these
modelling processes are easily integrated with GIS techniques. There is a
tendency to build physically based distributed water budget models within
GIS. Most of the existing distributed hydrologic models have already been
linked with a GIS package. For example, the AGNPS (USDA Natural
Conservation Service) and SHE (Danish Hydraulic Institute) models have
a direct linkage with ArcView, and AGNPS has been linked with GRASS.
By linking these models with GIS, the powerful data analysis and display,
data manipulation, data managing and analyzing functions of GIS can be
applied to advantage (see also Section 7.0).
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5. Water Budget
Implementation Procedures
5.1

General
The purpose of the watershed level water budget is to determine the
volume of surface and groundwater available for the benefit of both human
populations and natural systems.
A water budget analysis is hierarchical and share similar traits with the
watershed planning process, in that they both address specific geographical
areas of study with increasing levels of detail.
Since the availability of water will not be uniform throughout the
watershed, it will also become necessary to study the subwatersheds in
more detail.
At the overall watershed level, the required analysis will identify changes
in water budget components within the watershed for existing and
proposed conditions. This will assist in determining the relative health of
the ecosystem in comparison to the conditions in undisturbed watersheds.
Examples of water management issues that may be identified include
deficiencies in groundwater infiltration due to hardened ground surfaces,
reduced evapotranspiration due to vegetation removal or excessive
evapotranspiration by plants, such as row crops in agricultural areas. This
information may then be used as a management input to watershed plans,
and implemented as a planning mechanism in upper and lower tier official
plans.
A water budget analysis at both the watershed and subwatershed scale is
based upon similar principles and procedures. The issue of scale is
reflected in the level of detail with a higher level of detail ascribed to the
latter. Analyses of the hydrologic cycle at the watershed scale have been
known to identify new aquifer recharge and discharge areas. This vital
information can then be used in subwatershed planning by designing
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protection measures and implementing them as land use policies in official
plans.
A site level water budget analysis would normally be undertaken to
determine the impact of resource use or land use change on natural
features such as a wetlands, headwater areas, aquifer recharge areas, etc.
One of the most common urban development issues identified by such
studies is the reduction in watercourse baseflow in adjacent streams, and
the resulting impacts on aquatic habitat.
Overall, the best approach is to start at the watershed level and then
proceed to the site level, recognizing that each step will use the data
provided in the previous level. The general consensus among practitioners
is that there is no “right” level of detail that should be followed, since the
scope of investigation will be determined by the available data and the
specific issue in question. The procedures needed to move from the start of
a watershed plan through to development approvals can be regarded as a
“continuum” (MMM Ltd., 1997). This is not always possible, and
subwatershed or site level budgets are sometimes prepared before
watershed budgets by including elements of the latter. This may be used
as an interim measure but it must be recognized that a watershed water
budget, is more than the sum of all of the individual subwatershed water
budget analyses (Table 5.1).

Table 5.1
Water Budget Scale
 Watershed
 Subwatershed
 Site

A variety of watershed models are available (Singh, 1982). However,
these models have yet to become common planning tools. The use of this
technology is encouraged by the Watershed Management Committee in
order to provide the most effective information for resource and
environmental management at the watershed scale.
The following subsections provide water budget examples which are
intended to illustrate some aspects of the hierarchy of water budget
analysis on a watershed, subwatershed and site scale. The watershed scale
examples consider the water budget for urbanizing areas in terms of
conservation and aquatic habitat protection purposes (Section 5.2).
The subwatershed scale examples describe water budget analyses
undertaken to enhance municipal water supply, and a water balance for
industrial mining operations. The subwatershed scale examples include
water balance relations between surface and groundwater components, and
Cumming Cockburn Limited

Water Budget Analysis on a Watershed Basis

5-2

water budget characterization of mine tailing operations in a subwatershed
of the Serpent River watershed (Section 5.3).
Site scale water budgets are also discussed, using urban development
examples (Section 5.4).

5.2

Watershed Scale Examples

5.2.1

Lovers Creek Watershed – Urban Development
5.2.1.1

Watershed Scale

The Lake Simcoe Region Conservation Authority, in cooperation with the
City of Barrie and the Town of Innisfil, undertook a watershed study of the
Lovers Creek Watershed to assess the impact of accelerating urban
development. The Lovers Creek Watershed covers an area of 58.2 km2 and
drains to Lake Simcoe. Existing and future land use conditions as well as
environmental and water resources were analyzed both within the
watershed as a whole, and within 13 subwatershed units ranging in size
from 1 to 9 km2.
5.2.1.2

Water Management Issues

A water budget analysis was undertaken to identify and evaluate linkages
between general environmental concerns and development of this
watershed. The main resource issues are summarized as follows:


cold water tributaries/aquatic habitat;



significant wetland areas (over 12% of the watershed area);



improvement of water quality and reduction of pollutant loading
to Lake Simcoe;



important recharge areas (both within and external to the
watershed); and



groundwater flow patterns and discharge areas.

Cumming Cockburn Limited

Water Budget Analysis on a Watershed Basis

5-3

5.2.1.3

Water Budget Model

A water budget analysis was required to evaluate water balance changes
before and after development, and their potential impacts on surface water
quantity, water quality and groundwater recharge rates (Table 5.2).

Table 5.2
Lovers Creek Water
Budget

The water budget model (CCL, 1995)1 used continuous hourly
precipitation data and mean daily temperature as inputs. Outputs were
generated for all water budget components for each of the subwatersheds,
and for the watershed as a whole (CCL, 1995).

 Subwatersheds modelled.

A soil-moisture accounting component and groundwater accounting
component were included to simulate the process including an unsaturated,
and a saturated soil layer. A simplified representation is shown on Figure
5.1. Soil moisture was modelled as a two-layer system. One layer
represented the antecedent base-moisture storage (BMS) and the other

 Provided input to
hydrogeology
investigation.

 Confirmed reduced ET
and increased runoff.
 Confirmed potential for
base flow reduction.

 Confirmed recharge and
discharge areas.

layer representing the upper-zone storage capacity which was produced by
infiltration into a saturated moisture storage (SMS). Evapotranspiration
(ET) took place from SMS when available, otherwise from BMS with a
reduced rate according to soil moisture content. Moisture in SMS
infiltrates into BMS storage. BMS has a maximum value equivalent to the
field capacity moisture storage of the active soil-zone. When storage in
BMS exceeds the maximum value the excess is utilized to determine
groundwater recharge and base flow estimates, B.

1

Appendix B, Water Budget Analysis, Lovers Creek and Hewitts Creek Master Watershed Plans,
Lake Simcoe Region Conservation Authority, Cumming Cockburn Limited and Charlesworth and
Associates Limited, 1995.
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Figure 5.1: Soil Moisture Budget Model

Two types of impervious surfaces were modelled; effective and noneffective. Effective impervious surfaces are areas directly connected to the
channel drainage system or storm sewer system. Roofs that drain to
driveways, and streets and paved parking lots that drain onto streets, are
examples of effective impervious surfaces. Non-effective impervious
surfaces drain to pervious areas. An example of non-effective impervious
surface is a roof that drains onto a lawn.
5.2.1.4

Water Budget Results and Linkages

The main results of the water budget analysis were:


some increases in total runoff volume were predicted, primarily
associated with the distribution of development in watersheds; and



a small reduction in evapotranspiration and reduced groundwater
recharge was predicted. Potential to reduce base flow in some
subwatersheds was identified.
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The water budget analysis was linked to an overall assessment of
groundwater vulnerability using the DRASTIC method.2 GIS was used to
link the water budget results and DRASTIC analysis procedures to provide
a spatial analysis of the potential for groundwater pollution. The resulting
mapping showing potential groundwater pollution zones provided
justification for protection of important groundwater recharge zones.

5.2.2

Hanlon Creek Watershed – Urban Development
5.2.2.1

Watershed Scale

The City of Guelph initiated the Hanlon Creek Watershed Plan in 1991 in
order to “determine the measures necessary to protect and enhance the
valued natural resources of the watershed and to define the level of
development which could proceed within the constraints established for
this protection” (MMM, 1993). The Hanlon Creek Watershed drains an
area of 16.8 km2 on the southeast side of the City of Guelph to the Speed
River.
5.2.2.2

Water Management Issues

A review of existing background information concluded that the operation
of the hydrologic system within the watershed was not well understood.
This was attributed to uncertainties regarding the interaction between
surface and sub-surface hydrologic systems and the role of a large central
wetland area in the overall water balance.
A hydrologic field monitoring and modelling program was developed to
address those uncertainties. The field monitoring included collection of
discharge measurements and groundwater level observations (Table 5.3).

2

DRASTIC is an acronym for Depth to Water Table; Recharge to aquifer; Aquifer media; Soil
media; Topography or slope; Impact of the unsaturated zone; C Hydraulic conditions of the aquifer.
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5.2.2.3

Water Budget Model

The GAWSER (Whiteley and Ghate, 1977) surface water model was
modified to provide long-term simulation capabilities. This included
modifications to permit a complete modelling of the performance of
existing or proposed recharge/retention ponds. A total of 124 subcatchments were discretized to describe the stream network, changes in
land use, recharge areas, major road crossings and potential future land use
areas.

Table 5.3
Hanlon Creek Watershed
 Water Budget Model –
GAWSER
 Groundwater Model –
MODFLOW
 Hydrologic Monitoring

The MODFLOW groundwater simulation model was then linked with the
GAWSER surface water model to provide a predictive tool for assessing
impacts on the hydrologic regime arising from future land use proposals.

 Piezometric Monitoring

A daily time step was used for the GAWSER model, with simulation
results aggregated and input to the MODFLOW model in 30-day
increments.
5.2.2.4

Water Budget Results and Linkages

The GAWSER model was first run to simulate infiltration as recharge to
the MODFLOW. The recharge data included area-wide riverbed
infiltration and pond infiltration estimates. Recharge from GAWSER was
converted to MODFLOW input format by use of a separate interface
program developed specifically for the project. The river package in
MODFLOW was activated to receive data from GAWSER in order to
simulate the exchange of water between the two systems, generally over a
six-year period of time (selected as a critical sequence from an initial 16
years of simulation). The simulation period was limited due to data
volume and time constraints.
The output from the model package was then integrated with a Habitat
Suitability Index (HSI) model (Hays, 1994) to predict the effects of change
in fish habitat quality resulting from alternative land use scenarios and
habitat restoration programs. Temperature and other selected water quality
parameters were simulated using the QUAL2E model in conjunction with
the GAWSER/MODFLOW surface and groundwater flow outputs, and
typical values for associated temperatures.
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The general model linkages are illustrated on Figure 5.2. These
procedures were utilized to provide an assessment of various development
scenarios viewed from a watershed perspective.

Figure 5.2: GAWSER-MODFLOW Linkage

5.3

Subwatershed Scale Examples

5.3.1

Navet Watershed – Surface Water Supply
5.3.1.1

Watershed Scale

The Navet River watershed drains a total watershed area of 65 km2 to a
hydrometric gauge downstream from the Navet Low Dam. The watershed
is located in a forested area with significant seasonal variation in
precipitation. Water collected in the Navet Low Dam Reservoir is
transferred by pumping to provide additional supply to the Navet High
Dam Reservoir, from which water is withdrawn for treatment and
distribution via a pipe/pumping station supply system. A schematic of the
water supply system, which relies solely on natural runoff from the
catchment area is shown on Figure 5.3.
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Figure 5.3: System Schematic - Existing Conditions (CCL, 1997)

TP = Water Treatment Plant
S1 , S2 = Spillway flow from Navet High and Navet Low
Dam respectively
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5.3.1.2

Water Management Issues

The water supply yield and a failure risk assessment were completed for
several system operation options based upon existing and upgraded
conditions of various components of the overall water supply system. A
detailed water budget analysis, of all system operation components was
undertaken to:


determine safe water supply yield;



analyze system operation rules;



assess system operation during prolonged periods of drought;



identify the range of reservoir fluctuations and frequencies; and



assess environmental conditions related to sediment movement in
the reservoirs and control of erosion for protection of forested
catchment areas.

5.3.1.3

Water Budget Model

The water budget model described in Section 5.2.1 was modified and
applied to simulate the hydrologic cycle for the natural catchment areas.
The hydrologic component was linked to a water balance model of the
water supply system, according to the main elements shown on Figures 5.3
and 5.4. An overall system water balance was completed for over a ten
year time period using a daily time step. A daily time step was required
due to several rate functions controlling the movement of water in the
system – e.g. pumping rate and water loss over spillways.
A detailed water budget analysis was undertaken for a pump/storage
system which supplies water collected from natural runoff to a water
treatment plant. The main elements of the system included in the water
budget model were:


storage inflow and evaporation variations from two storage
reservoirs (in series);



evapotranspiration and yield from natural watershed areas;



pumping and treatment rates;



pumping and storage variations from the downstream reservoir to
the treatment system; and



amounts spilled from each reservoir system.
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The water balance model was calibrated and validated by using existing
data for treatment plant production, downstream discharge measurements
and observations on reservoir water levels.

Figure 5.4: Navet Water Balance Model (CCL, 1997)
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5.3.1.4

Water Budget Results and Linkages

An example of selected model input and simulation results on a daily basis
is shown in Figure 5.5 and include:


daily rainfall (mm);



daily evaporation (mm/day);



spill from the upper reservoir (Navet Reservoir) to the lower
reservoir (Navet Low Reservoir) (mcm/day);



water level in the upper reservoir (m);



spill from the lower reservoir (mcm/day);



water level in the lower reservoir (m);



pumping transfers (mcm/day) from the lower reservoir to he upper
reservoir; and



treatment plant production (output to the water supply system,
mcm/day).

The model provided an improved estimate of system yield (compared to
previous models which used a monthly time step) and provided a useful
tool for assessment of proposed system modifications. An optimal
operating strategy for the system was selected based on long-term
simulation results. The need to continue with forestry management to
prevent erosion in the wooded catchment areas was confirmed (Table 5.4).
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Water Budget for Water
Supply
 Estimated watershed
yield.
 Incorporation of
operation rules for water
treatment plant.
 Analysis of resource
allocation during
droughts.
 Assessment of watershed forest/management
protection zones.
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Figure 5.5: Navet Water Balance Model - Example Input/Output
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5.3.2

Serpent River – Mine Tailings
Many examples of water budget analyses at mine sites are available (CCL,
1991, 1992, 1993, 1996, 1997). In general, such analyses consider water
supply for mine/mill operations; diversions; environmental issues; potential flooding conditions; drought analyses and tailings management, etc.
The selected example describes a typical water balance for a tailings
management area.
5.3.2.1

Watershed Scale

The Quirke Mine Tailings Management Area is located within a subwatershed of the Serpent River near Elliot Lake. Over a period of many
years, mine tailings have been deposited in several “cells” (Figure 5.6),
and contained by dams and dykes.
The total surface area of the cells and the associated watershed drainage
area is about 2.9 km2, containing a number of small beaver ponds and
wetlands. The general area is tree-covered with exposed shallow bedrock
and a thin soil mantle.
5.3.2.2

Water Management Issues

The decommissioning strategy for this mine site required stabilization of
the tailings management areas by creating permanent ponds of water
covering the surface of each cell (Figures 5.6 and 5.7). The main
objectives of the water budget analysis were to:


confirm that the tailings areas can be permanently flooded;



analyze risk and impact of severe drought conditions;



determine if flow augmentation from nearby watersheds was
required;



determine flow volumes for treatment of runoff and leachate; and



provide input to environmental assessment studies and site
remediation plans.
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Figure 5.6: Cell Arrangement Mine Tailings Management Area

Figure 5.7: Profile of Mine Tailings Management Area
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5.3.2.3

Water Budget Model

The water budget model described in Section 5.2.1 was modified to
include:


diversion from adjacent watersheds;



seepage between cells beneath dams and dykes;



potential impacts of climate change; and



detailed risk assessment procedures.

The risk of water supply depletion over a long period of time was
evaluated by incorporation of detailed risk assessment procedures utilizing
stochastic generation of water budget parameters. The behaviour of
various components of the water budget were analyzed statistically in
order to evaluate water budget response in relation to environmental
issues.
These procedures allowed statistical variations for model input parameters,
such as random sampling, as well as modelling the potential impacts of
climate trend.
5.3.2.4

Water Budget Results and Linkages

A typical output histogram and a probability density function (PDF) of
water depth over a selected cell for an extended simulation period are
shown on Figure 5.8. A similar statistical analysis was used to
characterize frequencies of occurrences for each component of the water
balance. This allowed the incorporation of risk in assessing hydrologic
variables. The results were used to address droughts, and potential impacts
of climate change.
A statistical assessment of the model output was also incorporated into an
overall “Integration Model” (GA, CCL and SENES, 1994). Major
elements of this model are shown on Figure 5.9. Model output clearly
compared environmental and economic options for remediation, enabling
the study team to select the most cost-effective management solution
combined with an acceptable level of risk. In particular, the final
decommissioning would minimize radionuclide emissions, and reduce
treatment requirements and the need for long-term institutional control.
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Figure 5.8: Example of Water Balance Risk Analysis (CCL, 1994)
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Figure 5.9: Elements of Integration Model (Golder Associates, 1994)

5.3.3

Moose Creek/Onaping River – Mine Site and Water Treatment
5.3.3.1

Watershed Scale

The Moose Creek Watershed drains a total subwatershed area of 46.9 km2
to the Onaping River near Onaping, Ontario. Mining operations utilize
flow from Moose Creek to supply mill and mine water requirements
(CCL, 1996).
Wastewater discharge is treated to control metal
concentrations before entering the Onaping River. The main elements of
the detailed water budget model developed for the mine site are shown on
Figure 5.10, and include:


water budget and metal concentrations for natural watersheds;



water budgets and metal concentrations for waste management
areas;



water supply for mine and mill operations (storage and pumping
systems);
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mine dewatering; and



water treatment (treatment plants, pumps, storage areas, settling
areas).

The hydrology of the Moose Creek System is very complex, being
comprised of a large number of natural and man-made elements. The
general topography of the area is characterized by steep slopes with rock
outcropping and some gravel overburden. The area is mainly forested with
numerous ponds and swamps located within the watershed.

Figure 5.10: Main Elements of Mine Site Water Budget (CCL, 1996)
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5.3.3.2

Water Management Issues

The water budget model was used to assist in developing an operational
water management strategy for the mine sites. The main objective was to
minimize the discharge of pollutants to the Onaping River. The model
was used to provide insight into the following:


the development of system operating rules and strategies
(operation of pumps, storage systems, recirculation of water, and
treatment and discharge rates);



the routing of metal concentration in wastewater as input into the
environmental evaluation of water management and future
decommissioning strategies; and



5.3.3.3

the integration of the hydrologic effects and operational strategies
for water management, mining, milling and waste management
operations for the two mining companies involved at the site.
Water Budget Model

The detailed water budget model for the Moose Creek Onaping River is
illustrated on Figure 5.11 which identifies the main elements of the water
budget for the mine site. Calibration of the model was achieved with the
results as illustrated on Figure 5.12 (see Sections 4.1.5 and 4.7.3).
5.3.3.4

Water Budget Results and Linkages

The model was provided to the mine sites environmental staff for use as an
on-site system management tool. Iterative use of the model has helped to:


develop and continually refine system operation procedures so as
to ensure adequate water supplies and control of pollution
discharges from the site;



refine scenarios for future de-commissioning; and



assist in the identification of sources of metal contamination and
subsequent rectification.
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The model has also provided linkages to more detailed groundwater
investigations for selected waste management areas, in terms of
groundwater recharge inputs and estimates of seepage losses through onsite containment dams.
Model results were also useful in apportioning on-site water management
responsibilities and costs between the two mining companies involved at
the site.
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Figure 5.11: Detailed Water Budget for Moose Creek System (CCL, 1996)
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Figure 5.12: Calibration of Moose Creek Water Budget Model (CCL, 1996)

5.4

Site Scale Examples

5.4.1

Findlay Creek – Wetland Impacts
5.4.1.1

Watershed Scale

The Leitrim Wetland, located in the upper reaches of Findlay Creek near
Ottawa, Ontario, has long been recognized by naturalists as having
important biological and hydrological features, and has been identified as a
Class 1 provincially significant wetland. Adjacent urban development
(500 ha), designated under the Regional Official Plan, had the potential to
impact wetland functions. A detailed site-scale water budget was
undertaken as part of Ontario’s Environmental Assessment Act
requirements. Water budget procedures were consistent with the federal
Environmental Assessment and Review Process (EARP) (CCL, 1994).
Since the subject project addresses an individual wetland site it also
represents an example of a detailed site/project scale study.
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5.4.1.2

Water Management Issues

Detailed field surveys, site collection of hydrometric and groundwater
information, and public and agency consultation identified a number of
waste management concerns related to environmental issues. The main
water management issues benefiting from water budget analysis are
summarized as follows:


potential changes to wetland water budget (recharge and
discharge) due to land use activities and adjacent construction of
sewers and BMP’s;



potential changes to groundwater regime due to downstream
channel modifications;



potential changes to water quality, temperature and base flow
regime of Findlay Creek; and



potential changes to the aquatic regime of Findlay Creek (e.g. fish
habitat, sedimentation, flooding).

The outcome of the water budget analysis was integrated with the
environmental assessment to determine potential impacts on wetland
vegetation and habitat, and the aquatic habitat of Findlay Creek.
5.4.1.3

Water Budget Model

The main element of the water budget model for wetland impacts are
shown on Figure 5.13. The model was integrated with results of a
continuous QUALHYMO (Rowney, 1992) model (hourly time step). It
was then used to analyze pre-development and post-development
conditions to generate a continuous series of flow and pollutant estimates.
A schematic of the model is shown on Figure 5.14. The water budget was
simulated over a 30-year period.
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The model provided hydrologic input (recharge, storage) to a groundwater
model to simulate fluctuations in wetland levels and discharge.

Water Budget
for Upstream
Natural
Watershed

Water Balance
for Wetland Area

Impacts on
Aquatic
Ecosystem of
Stream

Determine
and Assess
Mitigative
Measures

Figure 5. 13:
Main Elements of Water Budget Model for
Water Balance
for Upstream
UrbanWetland for Impact (CCL, 1994)
watersheds

Figure 5.13: Main Elements of Water Budget Model for Wetland Impact (CCL, 1994)

Figure 5.14: QUALHYMO Model Schematic (CCL, 1994)
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5.4.1.4

Water Budget Results and Linkages

The general modelling and environmental linkages were analyzed as part
of the impact assessment (Figure 5.15).
The water budget model indicated that both runoff volume and baseflow
would increase after urbanization. This was attributed to increased peak
flows from impervious areas and reduced evapotranspiration respectively.
The model confirmed that since the study area exists in a groundwater
discharge zone, reduction in evapotranspiration due to urbanization would
increase the amount of baseflow available to the stream’s aquatic
ecosystem. The results of the water balance model also indicated that redirection of a portion of the baseflow from upstream watersheds,
bypassing the wetland area, would result in cooler water in Findlay Creek.
Wetlands tend to warm up surface waters prior to discharge. It was
concluded that this measure would be beneficial to the aquatic habitat of
the creek.

Environmental
Linkage Models

QUALHYMO
Model

Water Budget
Model

Groundwater
Model

Figure 5.15: Modelling of Environmental Linkages

Simulated pollutographs (Figure 5.16) were also used to compare predevelopment and post-development conditions and to assist in the predesign, evaluation and selection of best management practices for
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stormwater management (artificial wetlands areas with settlings ponds,
natural channel design characteristics, etc).
The hydrological analysis confirmed that the proposed development
activities should have minimal impact on ground discharge to the wetland
and marginal impact on wetland species within the context of the
simulated mitigative measures.
The overall water budget analysis confirmed the viability of wetland
preservation and provided the necessary input to the environmental impact
analysis. The modelling also confirmed the selection of on-site locations
for long-term monitoring of base flow, water levels, water temperature and
selected water quality parameters.

LOAD ( kg /d )

SIMULATED
OBSERVED

TIME ( d )

Figure 5.16: Example of Simulated Pollutograph

5.4.2

Urban Development – Subdivision Level
Water budget analysis for urban development is usually undertaken to
evaluate the impacts of a given development with respect to the changes in
surface runoff volume, evapotranspiration, infiltration, interception,
groundwater storage and water quality.
The following sections present some examples of water budget analyses
for urban development.
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5.4.2.1

Myers Road Development Site

The 44 hectare site for the Myers Road Residential Subdivision is located
in the City of Cambridge, Ontario. Under the existing conditions, 6% of
the study area is impervious. The existing surficial soils are mainly sands
and gravels with a relatively high infiltration rate. After development, the
impervious area will be increased to 55%. From a water budget point of
view, the post-development infiltration capacity of the area could be
reduced significantly, which in turn has the potential to reduce the groundwater recharge. This area is one of the regions in Ontario where
groundwater is an important source of water supply. Therefore, the main
objective was to minimize the loss of infiltration capacity.
The water budget analysis was conducted on a daily basis using historical
precipitation data for a 44-year period for both pre-development and postdevelopment conditions. Post-development condition scenarios were
modelled by adapting the model described in Section 5.2.1 to reflect
uncontrolled runoff from the site, and then to reflect adoption of best
management practices to promote infiltration.
It was found that the mean annual surface runoff from the site could
potentially increase by approximately 120%, with a significant decrease in
infiltration and evapotranspiration. By promoting on-site infiltration, the
water budget models results indicated that the annual infiltration volume
would be similar to existing conditions.
5.4.2.2

Summerside Development Site

A Stormwater Management Study undertaken for the Summerside
Development site included a water budget analysis component by adapting
the model described in Section 5.2.1. The existing and proposed
conditions were modelled to evaluate impacts of development on the longterm water balance of the area. The area of the study site is about 20.3 ha,
and the impervious area would be increased by about 40% after
development.
The existing ground surface throughout most of the property was generally
characterized by silty to clayey silt topsoil. The corresponding infiltration
rate for existing conditions is relatively low. The main objective of the
water balance analysis was to evaluate the potential changes in the surface
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runoff, evapotranspiration and groundwater storage due to proposed
development.
The water budget model results indicated that the surface runoff could
increase by about 9%, corresponding to the increase in impervious area,
and a small reduction in evapotranspiration. The infiltration contribution
to groundwater was estimated to have a potential reduction of about 7%,
which was not considered to be significant. This example illustrates the
sensitivity of water balance to existing soil types and infiltration rates.
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6. Monitoring
6.1

General
Monitoring programs related to information needs for water budget
analysis have been ongoing for many years in Ontario. Data sources are
discussed in Section 2, and typical databases for various monitoring
programs are listed in Tables 6.1 to 6.4. These are sources of information
and background data that are useful in undertaking many water balance
studies.
In general, it is necessary to collect sufficient data to manage the potential
usage of the resources within a watershed. The overall monitoring
procedures which are generally followed for this purpose are listed in
Table 6.5.
The purpose of this section is to outline the monitoring needs for water
budget within a watershed context, mainly from a viewpoint of ongoing
performance management.

Cumming Cockburn Limited

Water Budget Analysis on a Watershed Basis

6-1


















Table 6.1

Table 6.2

MNR Monitoring Databases

MOE Monitoring Databases

MNR Land Files
Crown Land Survey Records
Stream Inventory
Large River Inventory
Satellite Imagery
Remote Sensing Thematic Maps
Atlas of Lakes
Watershed Maps
Digital Topographic Maps
Disposal Topographic Database

















APIOS
Air Quality
PWQMN
DWSP
GLSP
MISA
LOWFLOW
UMIS
WWIS
Soil/Vegetation
Soil Base Chemistry
Waste Disposal
Early Diagnosis (Forest)
Emission
Sport Fish

Table 6.3

Table 6.4

TRCA/OMAFRA
Monitoring Databases

Federal Monitoring Databases

Mineral Aggregates
PSSU
GIS Digital Map Coverage
Tillage 2000 Soils
SWEEP











AGMET
CANSIS
SLM
Met Data System
NAQUADAT
Hydrometric Files
STAR
Surface Water Weather Maps
LRTAP

Table 6.5
Monitoring Design Procedures











Define objectives
Establish information needs
Specify sub-activities objectives
Outline monitoring program
Set up performance criteria
Set up field and laboratory
activities
Evaluate trade-off with
competing demands
Establish feedback mechanism
Establish data management
Use of information in decision
making
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6.2

Monitoring Requirements and Strategy
The overall water budget monitoring requirements should include the
aspects summarized in Tables 6.5 and 6.6.
These factors reflect the need for a data collection network that considers
space and time, as well as quantity and quality assurances. Spatial aspects
relate to the watershed variability on the surface and underground.
Temporal aspects, on the other hand, indicate trends; while quantity and
quality assurances determine reliability of the data.
The direction of water management in Ontario focuses on the watershed as
an ecosystem (MNR/MOE, 1993). This enables the ongoing monitoring
requirements to be confirmed on this basis. Furthermore, it is considered
appropriate to coordinate monitoring initiatives and objectives devised by
municipalities, conservation authorities and other government agencies.
Generally, the above noted concerns and monitoring objectives are
intended to reduce the risk of flooding, prevent pollution, maximize the
beneficial uses of water, and protect the environment as a whole. The
development and use of water budget management tools is geared to assist
decision-makers in making informed decisions. These tools can only be
developed through the use of observed data to appropriately calibrate and
validate models for such purposes.

6.3

Table 6.6
Focus of Water Budget
Monitoring
Purpose:
 Trends
 Compliance
 Assessment
Type of Data:

Quantity

Quality

Terrestrial

Biological
What to Address:

Indicators

Priority issues

Control measures

Risk
Where to Apply:
 Watersheds/
Subwatersheds
 Municipal
 Industrial
 Agricultural
 Wetlands

Monitoring Objectives
Monitoring of water resources has been an important activity in primary
watershed management in Ontario since 1990. Water budget components
may require intensive or long-term data to help make informed decisions
in watershed management where a high degree of certainty is necessary
and justified. The general intent of the monitoring objectives is
summarized in Table 6.7. Once the issues have been defined, then the
specifics of the water budget objectives become relevant for each
watershed. Monitoring does not conclude the process, but rather initiates
understanding of the watershed.
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Table 6.7
Basic Water Budget
Monitoring Objectives
 Provide data for model
calibration and verification.
 Define trends in parameters.
 Establish baseline
conditions.
 Provide continuing
assessment of conditions.
 Identify and quantify new
or existing problems.
 Identification of critical
areas.
 Act as a trigger for
intensive surveys.
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6.3.1

Issues and Objectives
Water budget monitoring should be consistent according to the following:
(1) the issues and problems identified, (2) management control actions, (3)
compliance program objectives, and (4) a watershed plan and ecosystem
development (see also Figure 6.1). These objectives are closely related to
the issues addressed under hydrology, groundwater, aquatic, etc. as listed
in Table 6.8.
Furthermore, the water budget monitoring objectives should be considered
together with the value-added benefit to be derived from the data as
described in Table 6.9.

Table 6.8
Monitoring-Related
Scientific Components








Hydrology
Terrestrial
Aquatic
Stream Morphology
Water Quality
Groundwater
Mapping and Data
Management
Integration

Table 6.9
Use of Data










Planning
Design
Problem Identification
Control Actions
Corrective Action
Compliance
Enhancement
Targeting
Auditing
Effectiveness

Figure 6.1: Focus on Water Budget Monitoring Objectives/Uses
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6.3.2

Planning and Design of Monitoring Schemes
The environmental issues and concerns that confront watershed management projects have been previously identified (MNR/MOEE, 1995;
Science and Technology Task Group - Watershed Planning Initiative,
1997). The development pressures affecting watersheds will continue into
the future. Typical management issues have been summarized and include
surface water flooding, stormwater, low flow, groundwater quantity and
quality. Each of these issues has its own influence on water budget
analysis, and individual monitoring programs may overlap. The task is
therefore to design an efficient monitoring network that captures both the
water budget needs and the environmental issues.
In terms of designing a water budget monitoring scheme, individual
components should include those of a general data collection program as
outlined in Tables 6.10 to 6.13.








Table 6.10

Table 6.11

Group 1 – Quantity

Group 2 – Quality

Surface water flooding
Surface water stormwater
Municipal water demand
Private/communal water
Groundwater baseflow
Groundwater use and
available storage







Surface water quality
Groundwater quality
Municipal sewage
Private/communal sewage
Waste management facilities

Table 6.12

Table 6.13

Group 3 – Biological

Group 4 – Terrestrial

 Aquatic life/fisheries
 Wetlands
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Agriculture
Waste disposal
Stream channels
Mining and aggregates
Development services
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6.3.3

Monitoring Strategy for Water Balance
The MNR and MOE (1993) identified primary information required for
subwatershed planning, in addition to various sources where background
data can be obtained. The temporal and spatial dimension of the existing
databases may not always be adequate for a watershed/subwatershed
project.
Water budget monitoring elements should be coincident with the concept
of core monitoring shown in Tables 6.10 to 6.13. The detail of the
network should be dictated by the size of the watershed, the project
objectives, site selection, parameter sampling frequencies, laboratory
needs, data handling and management, manpower and resources (see
Appendix E). Frequently, there are other monitoring needs to augment the
water budget analysis. Often these are problem specific and should be
added as required (e.g. a landfill site as a potential source of contamination
to groundwater).

6.3.4

Implementation and Operation

Hydrological Monitoring










The essential aspects of water balance monitoring are covered in the
technical manuals listed in Appendix E. Each monitoring network must be
designed and must be tailored to local watershed characteristics. For
example, water quantity monitoring (Table 6.14) may require stream
gauges at critical upstream and downstream locations, with continuous
sampling (details of quantity monitoring protocols are provided in
Environment Canada Hydrometric Manuals). Basic groundwater observation wells should be located in recharge and discharge areas. Special
attention should also be paid to watersheds where local conditions require
piezometric nests to determine stream-groundwater interactions and flow
patterns. Similar attention is required where water supply wells are
susceptible to pollution, and recognizing the existence of over 3,500
landfill sites in Ontario (MOE, 1991, 1994). In cases like these,
preliminary investigations using piezometric nests can provide information
to complement water budget monitoring. A typical illustration of
piezometers defining a discharge area is shown in Figure 6.2.
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Table 6. 14



Hydrological monitoring
strives to capture the
effects of land use changes
on the drainage system.
The intent is to collect
information that jointly
reflect responses of surface
and groundwater to surface
water changes.
One of the primary
interests is low flow and
its influence as the
groundwater baseflow,
especially in southern
Ontario.
The idea is to collect site
information that demonstrates those variations and
responses.
Regular stream gauges and
streambed piezometers
should form part of the
monitoring network.
The hydraulic gradient
established would provide
data on streamflow
behaviour.

Table 6.15
Quality Monitoring





The collection of surface
and groundwater quality
data, including stormwater.
Measurement of stage,
velocity and rates.
Piezometric nests.
Observation wells.
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In most water management studies, monitoring evaluations will be
determined by local environmental and regulatory requirements. Examples
of those requirements are presented in Tables 6.16 to 6.19.

Table 6.16

Table 6.17

Surface Water Quality Monitoring –
Ambient and Compliance

Groundwater Quality Monitoring

 Collection of surface water data
including storm water quality at
selected sites.
 Sampling for abatement and
enforcement.
 Certain monitoring features may be
required, e.g. self-monitoring.

 To develop an inventory of potential or
actual ground water pollution sources,
e.g. open dumps, landfills, agricultural
waste, holding ponds.
 A knowledge of pollutant transport
from an identified source may be
required for some water budget
problems.

Table 6.18

Table 6.19

Bio-Monitoring

Terrestrial Monitoring

 To document aquatic community
indicators as natural pollution
monitors.
 A knowledge of aquatic habitats
and their influences on the ecosystem
may improve the understanding of
land use changes in water budget
analysis.

Cumming Cockburn Limited

 To map terrestrial habitats.
 A requirement to establish baseline
conditions to assess the impact of
land use change on water balance.
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Figure 6.2: Piezometers to Define Discharge Areas (after Watson and Burnett, 1995)

Piezometer Nest Explanation


Piezometers 3 and 4 show the same water level elevation;



water levels in P1 and P2 define an upward flow direction; and



the five piezometers define a two-dimensional flow pattern and
the recharge and discharge zones, assuming geology is uniform in
all directions.

Water budget monitoring as described above provides a long term means
to evaluate the effectiveness of planning and changes through periodic
tracking using set procedures as shown in Table 6.20.
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Table 6.20
Tracking of
Monitoring Performance
Water Balance Needs

Type of Monitoring

Evaluate and Set Priority

Review and Assign
Monitoring Checklist

Implement Program

Periodic Evaluation of
Program
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6.4

Monitoring Hierarchy
Since watershed monitoring is an expensive proposition, the suggested
approach is to encourage partnerships in setting up a water budget
monitoring strategy. A wise approach is to limit the physical extent
monitoring is conducted in the watershed; that is, do only what is
necessary, and undertake monitoring in different stages. The level of effort
will also be constrained by the monitoring hierarchy (Table 6.21).
MNR/MOE (1993, 1995, 1997, 1998) established a series of reports on
watershed management that encouraged integration of watershed and
municipal planning. This created a foundation upon which co-operation
among watershed monitoring groups could be built.

Table 6.21
Monitoring Hierarchy











Individual practice
Individual measures
Field scale
Subwatershed scale
Watershed scale
Basin scale
Regional scale
Provincial scale
National scale
International scale

It is felt that different levels of monitoring can be established by getting
agreement of key agencies. The Ontario Water Resource Act and the
Environmental Protection Act describe the legal measures upon which
water budget monitoring for protection of the watershed ecosystem can be
developed and managed.
As a rule, the watershed and subwatershed boundaries do not coincide with
jurisdictional boundaries. This clearly defines a need for developing
monitoring partnerships. Furthermore, it is obvious that among regulatory
agencies and stakeholders, there are common watershed objectives, such
as public health, safety, aquatic life protection, and floodplain
management. The redirection of these objectives can be incorporated in the
overall water budget analysis and monitoring approach.
6.4.1

Monitoring Module
The previous sections have described some of the basic principles that
should be considered in setting up a monitoring strategy. The next task is
the actual collection of the data, which requires identification of a
meaningful and effective data collection process in the watershed for such
purposes. A monitoring network can be defined by way of modules, such
as a basic network, extended network, or hierarchical network. In this
regard, monitoring activities can be carried out in different forms: visual,
voluntary observations, professional judgement, index monitoring,
intensive monitoring, and specialized monitoring.
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6.4.2

Module 1: Basic Network
Module 1 is the basic network that covers the quantity and quality
monitoring for water budget analysis. The approach is to define index
stations at strategic locations in the watershed, addressing the long-term
issues as summarized in Table 6.22. A basic network of stations usually
collects information on ongoing conditions in the watershed. The
objectives, therefore, should be aligned to long-term surveillance,
identification of trends and compliance. Sampling frequency is mainly
daily for quantity, and bi-weekly or monthly for quality. In terms of



quality, a core group of parameters often consists of the conventional
substances including nutrients, metals and bacteria.



Table 6.22
Basic Network

For many watersheds in Southern Ontario, provision should be made to
include options for piezometric nests for identification of basic
groundwater flow conditions relative to stream baseflow.
6.4.3

A system of index
stations, such that
well defined histories
of physical, chemical,
biological and
radiological conditions
of water and sediment
are monitored.
Designed to meet a
wide range of
monitoring objectives.
Sampled at coarser
time periods over a
long span of time.

Module 2: Extended Network
The MNR and MOE (1993) have assembled a list of agencies in Ontario
that are directly involved with data-gathering activities affecting
subwatershed development (Table 6.23). Many of these agencies collect
data, mainly on a basin, regional or provincial scale. The possibility
however exists that the individual efforts of these agencies could be pooled
to fill the data voids of water budget monitoring. This jurisdictional
structure should coincide with the physical scales of different levels of
watershed subwatershed sizes. This joint monitoring approach will
provide the means for intensive monitoring, where a water budget analysis
so demands.
Recent studies of the Oak Ridges Moraine (Hunter and Associates, 1991)
have demonstrated the difficulty in compiling needed information for
typical watershed analysis (e.g. hydrogeological analysis in this case). The
concept of an extended network approach could be used to build a
centralized database for easy accessing of information. This would
eventually reduce the need to set up individual infrastructures for data
management centres in each monitoring agency.
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Table 6.23
Subwatershed
Monitoring Agencies
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MNR- resources
MOE - environment
MTO - transportation
MNDM – mines,
geology
MCTR – cultures,
heritage
OMAFRA – land,
soils, drainage
MMAH - housing
MBS – land uses
MMAH - assessment
Local Municipality development
Regional Municipality Conservation Authority
-ESAs
Universities – research
Special Interest Groups
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6.4.4

Module 3: Hierarchical Network
Monitoring requirements to support water balance objectives can be placed
into several categories within which specific agency participation can be
identified. These requirements include:


project functions (F);



temporal, spatial and frequency descriptions;



hydrological and hydrogeological descriptions;



political-geographical descriptions; and



watershed scale descriptions.

The project functions represent watershed management objectives, most of
which are determined by environmental issues. The task is to monitor the
watershed to satisfy these functions, as defined by the prospective
agencies, listed in Table 6.23.

Table 6.24
Monitoring Scales


The watershed scale descriptions must also consider the level of difficulty
in collecting data from a subwatershed to watershed, regions and beyond.
The watershed scale monitoring is either routine or site specific, including
collection of intensive or synoptic data (Table 6.24). Watershed
monitoring scale also factors highly in the scientific component of
watershed planning activities.
A supporting hierarchical network is proposed to resolve the difficulties
encountered by the operational objectives of the interested monitoring
groups. Frequently, there are constraints (S), imposed in selecting a
preferred course of action. Watershed characteristics will influence the
scale and feasibility of the monitoring program. For example, where a
number of agencies (AG) contribute to building a water budget monitoring
network (FNW), each agency will have inherent functions (Fi) which can
be utilized in creating an effective function group (EFi). The effective
functions for each agency contain given constraints or specifications (Si).
The task of the watershed manager therefore, is to build a workable water
budget monitoring network while recognizing the subject constraints
(Table 6.25). A typical group hierarchical arrangement is shown in Figure
6.3.

Field - intensive or
synoptic sites, include
short-term and
complementary sampling
 Subwatershed – fixed
sites, include short-term
and complementary
sampling
 Watershed - basic fixed
sites, include routine
and long-term sampling
 Regional - basic fixed
sites, include long-term
sampling

Table 6.25
Feasible Monitoring
Network
FNW =[Fi, EFI SI ]
where:
FNW =
Fi =
Efi =
Si =

a feasible network
monitoring
functions
effective function
specifications or
constraints
imposed by an
agency

AGI, AGN = agency
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Figure 6.3: A Simple Hierarchy for Watershed Scale Monitoring
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7. Integration with GIS
7.1

General
The use of Geographical Information Systems (GIS) is focused on
representing the landscape by means of locationally referenced data
describing the character and the shape of geographic features. Elements of
a typical GIS system are shown on Figure 7.1.

Real
World

GIS

Maps

Database

Figure 7.1: General Configuration of a GIS

The GIS has two goals:


spatial analysis of phenomena and processes within a watershed;
and



the management of land resources and ecosystems.
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The ongoing development of GIS techniques integrated with hydrologic
models provides powerful ways to allow us to understand, to visualize and
to analyze hydrologic processes (Singh and Fiorento, 1996). Hydrologic
models that have a spatial component can benefit greatly from the use of
GIS. The physical description of the watersheds can be provided from
digital topographic1 mapping. Artificial divisions of watersheds into
surface water hydrology, vadose zone hydrology, and groundwater
hydrology will be abandoned in the future as more research is undertaken.
Comprehensive GIS packages are becoming available that are capable of
managing and processing massive quantities of data, and will, therefore,
provide a means of integration on a watershed basis. For example, GIS
World (1990) lists over 160 commercially available GIS packages (Kite et
al, 1996).
Another aspect to consider is the use of topographic information for the
development of Digital Elevation Models (DEM). The potential usefulness
of DEM in water budget analysis may improve the input database accuracy
(MNR, 1996, Kenny et al, 1997, 1998, 1999).
Mackey et al, 1994, derived small-scale provincial DEM (1:250K, 100 ft.
contour interval) for forestry management. Further sensitivity analysis has
shown that DEM grid point spacing of 200-500 metres would be
acceptable for the Hudson Bay lowlands, while 100-metre spacing in the
rugged terrain around Thunder Bay would be required. Tests on other
resolutions of 1:50,000 (30 metre grid) and 1:10,000 (5 metre grid) have
demonstrated applicability for DEM.
Other works of Hutchinson, 1989; Dowling, 1991; and Kenny et al, 1998;
have developed DEM for drainage networks and are useful for georeferencing water well locations and elevations. Similarly, Kenny and
Christilaw,1999, have described the potential and suitability of current
provincial/federal topographic maps in developing DEM (Geomatics
Canada, 1996).

1

Very few of the basic hydrologic variables have been accurately measured by remote sensing
techniques (e.g. satellites) for practical application to relatively small watersheds.
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The DEM should not be extrapolated for water budget application beyond
the range of topographic scale from which the DEM was developed. As a
rule, the degree of accuracy in using DEM is important, since even small
DEM errors may result in large watershed boundary errors, and
subsequently inaccurate hydrologic computation. Accuracy assessment
techniques through iterative procedures can be found in Hutchinson
(1997), and ESRI (1997). The USGS (1990) published a protocol for
using geodetic benchmarks on DEM integrity. Attempts are also being
made to modify the USGS protocols to Canadian conditions (Geomatics
Canada, 1996).
The most successful applications of GIS can be identified in four areas:
1.
2.
3.
4.

mapping;
data pre-processing;
modelling; and
policy formulation

The process for hydrologic GIS application is summarized as follows:


identify the required analysis;



determine specific data layers;



identify sources of data;



data entry/digitization;



assess the quality of the database; and



maintenance and update procedures.

Improvements to water balance models may be possible through
availability of digital maps and remotely sensed information supplying
data in high spatial resolution. GIS provides the opportunity for efficient
and improved processing and analysis of geographical information.
Spatially varied information, such as precipitation, evaporation, land use,
soil properties and soil moisture contents, etc. opens the door to more
physically based approaches to simulate the water balance of watersheds
(Figure 7.2). Spatially distributed data and modelling has the potential to
provide an improved description of real processes at a high spatial
resolution. Some investigators have found that when GIS models have
replaced lumped models, they have shown significant increases in peak
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flow, total runoff and estimated pollution – all attributed to the higher level
of modelling detail. There is also an increasing need for use of GIS in
groundwater hydrology. Many groundwater systems are multi-layered and
require three-dimensional analysis of the subsurface hydrogeologic
system.
The type of data to be utilized includes:


lithologic logs;



well construction information;



water levels;



recharge/discharge rates; and



chemical concentrations.

Drainage Network

Soil Media / Geology

Land Use

Topography

Real World

Figure 7.2: Example of Watershed Data Overlays
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It has been noted (Singh et al, 1996) that experience with most GIS
systems to date have only been “loosely coupled” with groundwater
analysis models. Hydrologic models that utilize a grid square approach are
at present most suitable for linking to groundwater models using cell
computation procedures (e.g. MODFLOW), although few practical
applications have been undertaken. Fully coupled models will likely be
developed in the future as new computer software and hardware packages
are developed.
Developing the database is by far the most expensive part of a typical GIS
implementation. The hardware and software cost may represent as little as
5 percent and seldom more than 20 percent of a project’s total cost.

7.2

Role of GIS in Water Balance
GIS is a general-purpose computer technology for handling geographical
data in digital form. It is designed to capture, store, manipulate, analyze
and display diverse sets of spatial or geo-referenced data. There are
essentially three levels of linkages between a GIS and a water budget
model, shown in Table 7.1 (Maidment, 1991):
1.

Data Exchange
Using the GIS only for determining parameters for existing
surface and groundwater models, and to display computation
results.

2.

Table 7.1
Options for Linking
GIS and Water Budget
1.

Data Exchange

2.

GIS Interface

3.

Integrated GIS
Model

GIS Interface
Combine GIS with a hydrological model via an interface program
to make full use of the GIS spatial analysis capability to derive
distributed data.

3.

Integrated GIS Model
Integrate the hydrological model as part of the GIS (by utilizing
the GIS programming language to carry out the hydrological
simulation).
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7.2.1

Data Exchange
Data exchange refers to the processes that a GIS program uses to exchange
data with a water budget model. There is no direct linkage between the
GIS and the water budget model; both the GIS and the water budget model
operate independently. The majority of practical GIS and watershed
modelling activities reported to date are in this category. The GIS program
is used to analyze the spatial information and provides model input data
such as precipitation, temperature, evaporation, soil properties, land use
distribution, groundwater table and soil moisture content, etc. for the water
balance model (Figure 7.3). However, the formats of the data are usually
not compatible with those in the water balance model. Therefore the data
needs to be rearranged, with the assistance of spreadsheet programs or
other third party data interchange programs. The results of the water
balance model will also need to be re-ordered for import back into GIS
format. The results can then be interpreted, manipulated, analyzed,
displayed and mapped.
The main advantage of this method is that existing, widely used and
accepted water budget models can continue to be used since the GIS is a
tool for obtaining a better spatial analysis for model input parameters. The
main disadvantage is that the spatial inputs will be lumped according to
model input parameters on a watershed or subwatershed basis (e.g. the area
of forest or the degree of urbanization for a subwatershed). Spatial
variations in water budget characteristics therefore continue to be limited
to the level of subwatershed discretization. However, recent research
activities have developed the concept of Hydrologic Response Units
(HRU’s) which are defined as homogeneous hydrologic units within a
watershed. This concept may improve the efficiency of GIS based water
budget modelling, although the procedures remain primarily in the
research and development area at present.
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GIS

WATER
BALANCE
MODEL

Figure 7.3: GIS Integration with Water Balance

7.2.2

GIS Interface
The provision of a direct GIS interface with the water balance model
allows a more direct communication between GIS and water budget
models. Instead of exchanging data between the GIS and water budget
model with the assistance of some third party programs, the interface
method establishes a direct linkage between a GIS and the water balance
model. This is usually done through GIS programming techniques. The
GIS program can prepare the input file required by the water budget model
directly within the GIS framework and can read the water budget model’s
output file, interpret the results and rearrange the data into a suitable GIS
format. However, the water budget model will still run outside of the GIS
program. This is an improvement over the exchange mode since the
communication between GIS and the water balance model is more
efficient, however the previous limitations related to the spatial variation in
the water budget model still apply.
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7.2.3

Integrated GIS Model
An integrated water balance model is undertaken within the GIS. The
process of data transfer between GIS and the water balance model is no
longer required (Figure 7.4). The watershed is discretized into cells, and
each cell can be vertically divided into layers according to the soil
properties. The cells can be viewed as hydrologically homogeneous units
which have the same elevation, same type of soil and land cover and
vegetation. The water budget computation is carried out for each cell
instead of on a subwatershed basis. The flow processes represented in a
physically based distributed modelling system include: snowmelt, rainfall,
runoff, interception, evaporation/evapotranspiration, overland and channel
flow, vertical flow in the unsaturated zone, and groundwater flow.

Figure 7.4: Spatial Water Balance Analysis Using GIS
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Variations in hydrologic heads, flows and water storage on the ground
surface, in rivers and in the unsaturated and saturated zones, can be
modelled in the network of grid cells. All spatial variations in input data
and catchment characteristics can be represented by the spatial resolution.
One significant advantage of the distributed models is that they are more
suitable for an analysis linking surface water and groundwater resources.
Incompatibility between surface water models and groundwater models
exists mainly because groundwater movement is much slower than the
movement of water in the surface water system. Groundwater processes
are often over-simplified and not represented in a physically realistic
manner in general hydrologic models. However, the two-dimensional or
three-dimensional groundwater movements can be modelled easily using a
physically based distributed hydrologic model since the grid cell network
structure is consistent with the discretization technique of numerical
computation suitable for solving groundwater problems.
A spatial water budget model simulates water flow and transport in a
specified region within the GIS data structure. For example, a soil water
balance model for a control volume drawn around a block of soil is:
S(t+1) = S(t) + P(t) – E(t) – Q(t)
in which S(t) represents the amount of soil moisture stored at the
beginning of the time interval, t, and S(t+1) the storage at the end of that
interval. The flow across the control surface during the interval consists of
precipitation P(t), evaporation E(t), and soil moisture supplies Q(t) that
supplies streamflow and groundwater recharge. Solving this equation
requires dealing with temporal variations of these four components and
other related variables. The time variation within such GIS models has
been a critical problem that has historically limited this type of GIS
application. This limitation has recently been rectified and models of
spatially distributed and time varying systems can be constructed within
GIS.
The ongoing development of GIS and associated databases offers the
opportunity to simulate water balances on a watershed scale using more
physically based approaches than in the past.
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The grid cells are small enough to represent spatial variation in watershed
characteristics. For practical applications, the elemental water balance is
usually undertaken by conceptual algorithms. Research into the use of
detailed equations of flow, continuity and momentum is continuing, but
some arguments have been presented which caution against the need for
the more detailed theoretical approaches for practical watershed
applications (Lempert and Ostrowski, 1997). The advantage is that spatial
variations in transport and loss processes (from cell to cell) can now be
included in the model. The wide availability and use of such conceptual
water budget models will become more applicable in practical watershed
planning applications over the next few years.
According to researchers (Quiroga, 1996), the development of GIS
systems to handle all calculations will be an important step. “The
implications for watershed management can be enormous in that it may
become possible to integrate all aspects related to hydrologic modelling
into a comprehensive system so that better simulations can be obtained,
and therefore better management can be achieved”. Unfortunately this
approach currently remains out of reach for most practical applications due
to data limitations and the lack of proven software.

7.3

Typical GIS Software
A wide range of GIS packages are commercially available (Table 7.2 and
7.3). Among the large variety of existing GIS software on the market, all
share common features and components including:


data acquisition and preparation tools for the creation of the
geographical database (GDB);



a geographical database (GDB);



a geographical database management system (GDBMS);



tools for information retrieval from the GDB and its cartographic
representation; and



data analysis tools.
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Major differences between the GIS software capabilities are in the
weighting of those components as well as in the selected mode for
processing spatial information. They all offer some basic tools in all these
domains.
Simple GIS systems, such as MapInfo and IDRISI, linked with a database
management system such Dbase IV etc., can be used to address relatively
complex hydrological problems. The effective use of GIS is much more
than just a cartographic tool used to produce maps or to display program
output. It should be regarded as a powerful information processing

Table 7.3
Typical GIS Software

technology, which can greatly assist decision-makers in the management
of land and water resources within a watershed context. Watershed
managers should not focus on the software package, but should focus on
how such a technology can be integrated within overall watershed
management activities. The main issue should be to assess GIS capability
in the field of water budget hydrology and water resources management
with a view to integration with overall land management issues.











ARC/INFO
ArcView
ArcCAD
CARIS
GRASS
MapInfo
ILWIS
SPANS
IDRISI

To assist watershed managers in selecting GIS packages aimed at
resolving specific watershed issues, brief descriptions of common GIS
systems and their applications are provided in the following paragraphs.
(This list is not meant to be exhaustive or exclusive.)
7.3.1

ARC/INFO
ARC/INFO is a popular, full-featured UNIX and VMS based GIS package
with a large established user base. The core ARC/INFO package includes
capacities for vector data entry, editing, display, analysis, modelling and
management. Database integration includes the potential for links to
ORACLE, INGRES, INFOMIX and SYBASE DBMS, image integration
tools in the IMAGE INTEGRATOR, Arc Tools, off-the-shelf customized
graphic user interface, and the ARC Macro Language (AML).
PC ARC/INFO brings sophisticated geographic information management,
analysis and mapping to the personal computer.
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7.3.2

ArcView
ArcView is an easy-to-learn desktop mapping and GIS tool that enables
users to quickly select and display different combinations of data for
creatively visualizing information. ArcView works directly with
ARC/INFO, ArcCAD and PC ARC/INFO databases. The Avenue
programming language enables the modelling of water budgets within
ArcView directly.
The spatial extension of ArcView is a suitable tool to undertake water
balance analysis on a grid cell basis.

7.3.3

ArcCAD
ArcCAD extends the AutoCAD data model to incorporate ARC/INFO
functionality. It extends the AutoCAD data model for creating topological
and spatial database relationships and for communicating with entities of
an AutoCAD drawing database. ArcCAD is a complete GIS that creates
and works with geographic data directly in Native ARC/INFO format.
ArcCAD runs inside AutoCAD on DOS and Windows platforms.

7.3.4

CARIS
CARIS (Computer Aided Resource Information System) is a state-of-theart digital mapping and Geographic Information System capable of
compiling, storing and analyzing spatially oriented information for a wide
range of users. The system supports a full topology and high accuracy
three-dimensional data structure integrated with raster/vector processing
and presentation techniques.
CARIS is designed to meet the needs of information users in disciplines
such as topographic mapping, hydrographic charting, marine sciences, and
environmental sciences. CARIS runs on a number of UNIX and PC
platforms.

7.3.5

GRASS
GRASS is a GIS which is particularly useful for hydrological analysis.
The GRASS commands can be summarized as follows:
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general data management commands;



display graphics;



paint paper graphics;



raster data manipulation and analysis;



vector data manipulation and analysis;



site data manipulation and analysis;



imagery data manipulation and analysis; and



manipulation of external data.

The GRASS program has been linked to several hydrologic models such
as AGNPS (USDA, 1998) and HEC-HMS (Charley et al, 1995; Saghatian,
1996). Through this linkage, the GRASS program has been used to
prepare hydrological parameters (watershed area, channel slope, time to
peak, stream length, land use information, impervious ratio, SCS curve
number, etc.) (USDA, 1998; Charley et al, 1995). The results from the
hydrologic models can be displayed in maps.
7.3.6

MapInfo
MapInfo is a desktop mapping software, which opens Lotus 1-2-3,
Microsoft Excel, dBase-compatible files directly and links them to the
map. The vector maps with data associated can be directly created inside
the program or imported by means of DXF or ASCII formats.
With MapInfo, sophisticated and detailed data analysis can be performed
to understand spatial information and patterns from a geographic
perspective. The spatial patterns and trends can be displayed and analyzed
for decision-making, and quality maps can be created. MapInfo offers a
robust set of tools to perform sophisticated mapping, data visualization and
GIS functions. With MapInfo, users can perform powerful geographic
searches and queries such as:


building and saving queries that access and integrate data from
multiple tables;



performing detailed geographic searches with buffering and area
selection tools;



integrating geographic criteria into database queries; and
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creating new map objects from polygon intersections, merges or
splits, and performing data calculations on the new areas.

Using MapInfo, presentations can be improved by “dragging and
dropping” a map into other applications such as Microsoft Word, Excel,
Power Point and Corel Draw. It can also export maps directly into
PhotoShop.
MapBasic is a programming language like BASIC, which can be used to
develop macros and applications. MapBasic enables developers to create
application specific interfaces, add menus, options, features and functions,
automate procedures and integrate with other applications.
7.3.7

ILWIS
ILWIS (Integrated Land and Watershed Management Information System)
is a GIS program developed for PC-DOS which includes both raster and
vector capabilities. The data input subsystem allows the capture of data in
both spatial and non-spatial models. The database subsystems consist of a
commercially available database linked to a graphics database and a set of
conventional GIS routines. Digital image processing procedures are also
included. Data analysis and modelling include conventional GIS data
analysis and manipulation capacities such as map overlaying,
reclassification, proximity analysis, optimum corridor and other
cartographic modelling techniques.

7.3.8

SPANS
SPANS (Spatial Analysis System) is a modular system, with products
available for Windows, OS/2 and UNIX. The modules of SPANS GIS
include: a set of base tools for building databases; constructing analytical
models; and visualizing and querying data. Additional modules are
available to expand the functions of the GIS, such as:


3D View;



contouring;



surface generator;



point aggregation;



neighbourhood analysis;
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7.3.9



topographical analysis;



visibility analysis;



interaction modelling;



multi-criteria modelling;



map modelling;



table modelling;



point modelling; and



application developer program.

General
Only those GIS based water budget models that meet the following criteria
will survive and flourish in the long-term:


utilize remote sensing and satellite technology;



make full use of computer graphics;



be useable by non-hydrologists; and



competitive costing (user market will decide).

A good water budget model must have a sound representation of the
watershed hydrology as its foundation. The linking of GIS and water
budgets should be considered as an analytical tool and decision aid, and
should not be used to replace competent judgement.

7.4

Example Water Budget Analysis Using GIS
A province-wide water budget analysis using GIS was recently undertaken
(Appendix D) (CCL, 1998).
It was assumed, that over long periods of time, the net change in
groundwater storage approaches zero, and therefore the water balance
equation reduces to:
E = P–R
where:
E - mean annual evaporation/evapotranspiration (mm);
P - mean annual precipitation (mm); and
R - mean annual runoff (mm).
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The up-to-date mean annual precipitation was obtained from AES
(Environment Canada) for meteorological stations across the Province of
Ontario. The mean annual runoff was updated by analysis of the discharge
measurements for all hydrometric stations in the Province (data available
from Water Survey of Canada).
The purpose of the analysis was to estimate the evapotranspiration losses
and to evaluate the spatial distributions for P, R and ET across the
Province.
Both point and spatial estimates of evaporation and
evapotranspiration have historically been one of the most difficult
hydrological processes to estimate (i.e. direct measurements present many
problems). The results of this analysis therefore provide data for a first
order estimate of ET for water budget studies on a watershed basis.
Using GIS, the meteorologic and hydrometric stations were geo-referenced
to the base map and a spatial analysis of the mean annual precipitation and
mean annual runoff was undertaken for the entire Province. The rasterized
mean annual precipitation and mean annual runoff are indicated on Figures
7.5 and 7.6. The estimated evaporation/evapotranspiration was then
obtained directly from digital map overlays using the GIS.
The resulting spatial variation of the annual evaporation/evapotranspiration
is summarized on Figure 7.7.
The spatial analysis of R, P and ET can also be converted to isoline
contour maps by utilizing the corresponding mapping functions in GIS.
Large scale maps (e.g. 1:1,000,000 or any other suitable scale for
watershed and subwatershed analyses, etc.) are available (Appendix D).
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Figure 7.5: GIS Profile of Mean Annual Precipitation in Ontario(after
CCL1995), Figure 7.5: GIS Profile of Mean Annual
Precipitation in Ontario(after CCL1995), Fi

Figure 7.5: GIS Profile of Mean Annual Precipitation in Ontario
(after CCL, 1995)

Figure 7.6: GIS Profile of Mean Annual Runoff in Ontario
(after CCL, 1995)
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Figure 7.7: GIS Profile of Annual Evapotranspiration in Ontario
(after CCL, 1995)
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APPENDIX A
LIST OF SYMBOLS, ABBREVIATIONS AND GLOSSARY

LIST OF SYMBOLS
Ae

=

the area of influence

Ae

=

the area of the confining bed through which the leakage occurs in L2

Ai

=

initial abstraction, L

At

=

the area between limiting flow lines and successive contours in L2

A

=

area, L2

BF

=

baseflow provided by groundwater to rivers and streams

BFI

=

baseflow Index

CN

=

curve number

D

=

depth of soil layer (mm, in)

DEM

=

Digital Elevation Model

E

=

evaporation (mm, in)

ET

=

evapotranspiration (mm, in)

ETg

=

groundwater evapotranspiration (mm, in)

e

=

vapour pressure (mm-Hg, Mb, g/cm2)

Ea

=

reference evaporation rate (mm, in)

Ep

=

pan evaporation (mm, in)

es

=

saturation vapour pressure (mm-Hg, Mb, g/cm2)

ET

=

evapotranspiration (mm, in)

f()

=

evaporation coefficient based on the relative water content, real

FC

=

field capacity

f

=

relative humidity

fc

=

final infiltration capacity (mm, in)

fo

=

initial infiltration capacity (mm, in)

fp

=

infiltration capacity (mm, in)

ft

=

infiltration rate (mm/hr, in/hr)

Gg

=

groundwater recharge (mm, in)
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Gin

=

groundwater inflow

Go

=

groundwater outflow

Gout

=

groundwater outflow

g

=

gauge height; acceleration of gravity

G

=

safe yield of a groundwater basin

h

=

height; head

HV

=

latent heat of vaporisation

i

=

rainfall intensity

ie

=

rainfall excess (effective rainfall)

is

=

supply rate (rainfall less retention)

I

=

infiltration from land surface to soil media; inflow infiltration input (depth)

ig

=

hydraulic gradient at flow cross-section

Ia

=

pour pressure of the overlying air

IT

=

evaporation air temperature summation value

IF

=

interflow

INT

=

interception by vegetation

IS

=

vapour pressure of the evaporating surface

J

=

probability in N years

Kr

=

recession constant

KE

=

the coefficient which reflects the efficiency

L

=

the length of flow cross-section in L

L

=

length

Lc

=

distance from outlet to centre of basin

LF

=

lateral subsurface flow

mR

=

the thickness of the confining bed through which the leakage occurs in L2

M

=

snowmelt rate; heat storage rate in layer above surface

n

=

Manning roughness coefficient; coefficient or exponent; number

n

=

soil porosity
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O

=

outflow

Og

=

subsurface seepage

PO
_
P

=

porosity of soil layer

=

the average watershed precipitation

P

=

precipitation (mm, in)

P*

=

the coefficient of vertical permeability of the confining bed in L3T-1/L2

PER

=

percolation from soil media to groundwater

PET

=

the potential evapotranspiration rate

P

=

precipitation

Pe

=

precipitation in excess of interception and infiltration

Percgw =

percolation to deep aquifer

Qd

=

downward drainage

Qe

=

the leakage through the confining bed in L3

Qin

=

surface inflow (m3/s, ft3/s)

Qout

=

surface outflow (m3/s, ft3/s)

Qper

=

the quantity of water percolating through a given cross-section

Qpump

=

the total pumpage

q

=

discharge rate

Q

=

volume or rate of discharge or runoff

QRi

=

increment of return flow (mm)

Q

=

change in energy storage

Qa

=

net long wave radiation

Qar

=

reflected long wave radiation

qb

=

base flow discharge rate

qd

=

direct runoff discharge rate

qrf

=

return flow

Qe

=

energy used for evaporation

qe

=

equilibrium flow rate
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qlat

=

lateral subsurface flow

Qg

=

groundwater flow volume

Qh

=

sensible heat transfer

qh

=

specific humidity

Qir

=

incident minus reflected radiation

Qn

=

net radiant energy

Qo

=

emitted long wave radiation

qo

=

overland flow rate

qp

=

peak discharge rate

Qr

=

reflected short wave radiation

Qs

=

short wave radiation; suspended sediment load

QS

=

volume of surface streamflow

Qv

=

advected energy

Reg

=

the rate of recharge

revap

=

the water flow from the shallow aquifer back to the soil profile

R

=

hydraulic radius

Rc

=

recharge

S

=

a retention parameter in the SCS method

S1

=

soil moisture contents at the beginning of t

S2

=

soil moisture contents at the end of t

SML

=

the snowmelt rate

SR

=

surface runoff

SW

=

the soil water content

SWt

=

soil water content at time, t

SWt-1

=

initial soil water content at time, t-1

S

=

slope

Sge

=

storage

Sc

=

storage constant of an aquifer, the coefficient of storage fraction
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Sd

=

depression storage capacity

Sf

=

total load

Sg

=

groundwater storage

Si

=

interception storage

Sp

=

net change in atmospheric pressure

Ss

=

surface storage

Ssk

=

load of skeleton of aquifer

St

=

total load of water

Std

=

range of tide

Sw

=

range of water level fluctuation

Swl

=

net change in water level

Swat

=

load of water

T

=

the coefficient of transmissibility

TT

=

travel time

T

=

temperature; transmissibility; time base of unit hydrograph

t

=

time

Ta

=

air temperature

Td

=

dew point temperature

te

=

time to equilibrium

TL

=

lag time

tp

=

basin lag

tR

=

duration of rain

Tr

=

return period or recurrence interval

tr

=

unit duration for synthetic unit hydrograph

Tw

=

wet bulb temperature

U

=

subsurface underflow

Va

=

volume of air

Vd

=

volume of the total discharge hydrograph

Vb

=

baseflow volume
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Velv

=

the wind speed

VSQ

=

the shallow aquifer storage

VT

=

total volume

Vv

=

volume of void

Vw

=

volume of water

v

=

velocity

V

=

volume of surface detention

Vi

=

volume of interception storage

vs

=

settling velocity

Vs

=

volume of depression storage

Wi

=

the weighting factor

WP

=

wilting point

Wp

=

precipitable water

WT

=

water table

WUSA =

water use from shallow aquifer

Yg

=

the gravity yield of the deposit within the zone of groundwater fluctuation



=

bulk modulus of compression



=

bulk modulus of elasticity



=

density



=

specific weight of water



=

the porosity of the aquifer



=

the water content of the root zone soil

fc

=

the field capacity of soil moisture

fw

=

the wilting point of soil water content

H

=

change in groundwater stage during an inventory period

ht

=

the average rate of water level decline or rise in area between limiting lines and
successive contours
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ht

=

the difference between the head in the aquifer and the source bed above the confining bed
in L

Sg

=

change in groundwater storage

Ss

=

change in soil moisture storage

V

=

changes in storage

7Q2

=

1:2 year design low flow for the annual minimum seven day average flows

7Q20

=

1:20 year design low flow for the annual minimum seven day average flows
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ABBREVIATIONS
C

=

degrees celsius

F

=

degrees fahrenheit

acre  ft.

=

acre-feet

atm

=

atmosphere

Btu

=

British thermal unit

cal

=

calorie

cfs

=

cubic feet per second

cm

=

centimetre

CSM

=

cubic feet per second square mile

CV

=

coefficient of variation

D

=

Darcy

deg

=

degree

exp

=

exponential

ft.

=

foot

ft/s

=

feet per second

g

=

gram

gal

=

gallon

gal/min

=

gallons per minute

Hg

=

mercury

hr.

=

hour

in.

=

inch

IUH

=

instantaneous unit hydrograph

J

=

joule

K

=

Kelvins

l

=

litre

lb.

=

pound

Ly

=

Langley
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LZSN

=

nominal capacity of lower zone

m

=

meter

mb

=

millibar

mgd

=

million gallons per day

mi.

=

mile

mi./hr.

=

miles per hour

min.

=

minute

mm

=

millimetre (10-3 m)

mps

=

meters per second

msl

=

mean sea level

N

=

Newton

s

=

second

SCS

=

Soil Conservation Service

UZS

=

upper zone storage

UZSN

=

nominal capacity of upper zone

WT

=

water table
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GLOSSARY
acre-feet

The amount of water required to cover one acre, one foot deep. Also
abbreviated as ac-ft.

adsorption

The adhesion of a substance to the surface of a solid or liquid. Adsorption is
often used to extract pollutants by causing them to be attached to such
adsorbents as activated carbon or silica gel. Hydrophobic or water-repulsing
adsorbents are used to extract oil from waterways in oil spills.

afforestation

A watershed management plan to establish forest production on a land not
previously forested.

albedo

The percentage of incoming radiation that is reflected by a natural surface
such as the ground, ice, snow, water, clouds, or particulates in the atmosphere.

alkalinity

The total measurable bases (OH, HCO3, CO3) in a volume of water; a
measure of a material's capacity to neutralize acids; pH > 7.

alluvium

A general term for clay, silt, sand, gravel or similar unconsolidated material
deposited by a stream or other body of running water.

antecedent soil moisture

The amount of water content in the soil during a period of dry condition prior
to input of rain or additional moisture.

aquifer

A water-bearing layer (or several layers) of rock or sediment capable of
yielding supplies of water; typically is unconsolidated deposits or sandstone,
limestone or granite. Can be classified as confined or unconfined.

aquitard

Underground geological formation that is slightly permeable and yields
unappreciable amounts of water when compared to an aquifer.

artesian aquifer

An aquifer that contains water under pressure results in a hydrostatic head
which stands above the local water table or above the ground level. For
artesian conditions to exist, an aquifer must be overlain by a confining
material and receive a supply of water.

artesian well

A well whose water is supplied by a artesian aquifer.

available soil moisture

The portion of water in soil that can be readily absorbed by plant roots. It is
the amount of water released between in-situ field capacity and the permanent
wilting point.

bailer

A 10- to 20-foot-long pipe equipped with a valve at the lower end. A bailer is
used to remove slurry from the bottom or the side of a well as it is being
drilled.

baseflow

That portion of streamflow derived from groundwater storage to surface
streams.

bedrock

A general term for any consolidated rock.
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best management
practices (BMPs)

Structural, non-structural and managerial techniques that are recognized to be
the most effective and practical means to control non-point source pollutants
yet are compatible with the productive use of the resource to which they are
applied. BMPs are used in both urban and agricultural areas.

bias

An inadequacy in experimental design that leads to results or conclusions not
representative of the population under study.

biochemical oxygen
demand (BOD)

The amount of oxygen consumed by micro-organisms (mainly bacteria) and
by biochemical reactions in the biodegradation of organic matter.

biodegradation

Decomposition of a substance into more elementary compounds by the action
of micro-organisms such as bacteria.

bioremediation

A process of adding nutrients to groundwater to speed up the natural process
in which bacteria breaks down gasoline into harmless compounds.

biosphere

All living organisms (plant and animal life).

biotransformation

Conversion of a substance into other compounds by organisms; includes
biodegradation.

blank

A bottle containing only dilution water or distilled water; the sample being
tested is not added. Tests are frequently run on a SAMPLE and a BLANK and
the differences are compared.

BOD

See biochemical oxygen demand.

bored well

A well drilled with a large truck-mounted boring auger, usually 12 inches or
more in diameter and seldom deeper than 100 feet.

calibration

Adjusting model estimation results to compare as close as possible to
observed. This helps to ensure accurate simulation.

capillary fringe

The upper zone of soil just above the water table at atmospheric pressure that
remains saturated or almost saturated, affected by capillary force.

composite (proportional) samples

A composite sample is a collection of individual samples obtained at regular
intervals, usually every one or two hours during a 24-hour time span. Each
individual sample is combined with the others in proportion to the rate of flow
when the sample was collected.

condensation

The process by which water vapour is cooled to the liquid phase.

cone of depression

The depression with a piezometric surface of any shape produced in the water
table by the pumping of water from a well. Also see cone of influence.

cone of influence

The depression with a piezometric surface of any shape produced in the water
table by the pumping of water from a well. Also see cone of depression.

confined aquifer

An aquifer in which ground water is confined under pressure which is
significantly greater than atmospheric pressure; an aquifer whose upper, and
perhaps lower, boundary is defined by a layer of natural material that does not
transmit water readily. See artesian aquifer.
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confining layer

Geological material through which significant quantities of water move at a
very slow rate; located below unconfined aquifers, above and below confined
aquifers. Also known as a confining bed.

conjunctive use

Use of water from surface and groundwater to meet water demands of the
community.

consumption

Water that is actually consumed, transpired or incorporated into new products
as it is used.

consumptive use

Water removed from available supplies without direct return to a water
resource system for use; the total amount of water taken up by vegetation for
transpiration or building of plant tissue, plus the unavoidable evaporation of
soil moisture, snow and intercepted precipitation associated with vegetal
growth.

consumptive factor

The ratio of water consumed to total withdrawal.

deep percolation

Water that moves downward through the soil profile below the root zone and
cannot be used by plants.

depression storage

Water stored in surface depressions and therefore not contributing to surface
runoff.

discharge

The flow of surface water in a stream or canal, or the outflow of groundwater
to a well, ditch or spring.

drainage basin

An area in which water drains into a stream system.

drainage water

Water which has been collected by a gravity drainage or dewatering system.

drainage well

A pumped well in order to lower the water table; a vertical shaft to a
permeable substratum into which surface and subsurface drainage is
channelled.

drawdown

A lowering of the water table, surface water or piezometric surface resulting
from the withdrawal of water from a well or drain; the elevation of the static
water level (at the well) at a given discharge.

drilled well

A well usually 10 inches or less in diameter, drilled with a drilling rig and
cased with steel or plastic pipe. Drilled wells can be of varying depth.

drought

There is no universally accepted quantitative definition of drought.
Generally, the term is applied to periods of less than average precipitation
over a certain period of time; nature's failure to fulfill the water wants and
needs of humans.

dug well

A large diameter well dug by hand or by an auguring machine, usually old
and often cased by concrete or hand-laid bricks.

duration curve

A graph showing the percentage of time that a given flow of a stream will be
exceeded.

effective porosity

The portion of pore space in saturated permeable material where the
movement of water takes place.
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effective precipitation
(rainfall)

The part of precipitation which produces runoff; a weighted average of
current and past precipitation correlating with runoff. It is also that part of the
precipitation falling on an irrigated area which is effective in meeting the
requirements of consumptive use.

effluent

The discharge of a pollutant in a liquid form, often from a pipe into a stream
or river.

erosion

The wearing away of the land surface by running water, wind, ice or other
geological agents, including such processes as gravitational creep. Geological
erosion is natural occurring erosion over long periods of time.

eutrophication

The natural or artificial process of nutrient enrichment whereby a waterbody
becomes filled with aquatic plants and low oxygen content. The low oxygen
level is detrimental to fish.

evaporation

The process by which liquid water is transferred into the atmosphere.

evapotranspiration

The combined loss of water to the atmosphere from land and water surfaces
by evaporation and from plants by transpiration.

field capacity

The capacity of soil to hold water at atmospheric pressure. It is measured by
soil scientists as the ratio of the weight of water retained by the soil to the
weight of the dry soil.

flood

A flood is an overflow or inundation that comes from a river or other body of
water and causes or threatens damage. It can be any relatively high streamflow overtopping the natural or artificial banks in any reach of a stream. It is
also a relatively high flow as measured by either gauge height or discharge
quantity.

floodplain

A strip of relatively level land bordering a stream or river. It is built of
sediment carried by the stream and dropped when the water has flooded the
area. It is called a water floodplain if it is overflowed in times of high water,
or a fossil floodplain if it is beyond the reach of the highest flood.

flow

The rate of water discharged from a source, given in volume with respect to
time.

fractures

Cracks in bedrock that may result in high permeability values.

gauging station

The site on a stream, lake or canal where hydrologic data is collected.

GIS (geographic
information system)

A map based database management system which uses a spatial reference
system for analysis and mapping purposes.

grey water

Domestic wastewater other than that containing human excrete, such as sink
drainage, washing machine discharge or bath water.

groundwater

Water occurring in the zone of saturation in an aquifer or soil.

groundwater recharge

The inflow to a groundwater reservoir.

groundwater reservoir

An aquifer or aquifer system in which groundwater is stored. The water may
be placed in the aquifer by artificial or natural means.
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groundwater storage

The storage of water in groundwater reservoirs.

half-life

The time it takes certain materials, such as persistent pesticides, to become
chemically altered.

hardness

A characteristic of water caused by various salts, calcium, magnesium and
iron (e.g. bicarbonates, sulfates, chlorides and nitrates).

herbicide

Chemicals used to kill undesirable vegetation.

hydraulic gradient

The slope or gradeline of the water surface in an open channel; the pressure
difference of pipes under pressure, the slope of the water surface of the
groundwater table.

hydrogeologic conditions

Conditions stemming from the interaction of groundwater and the
surrounding soil and rock.

hydrogeologist

A person who studies and works with groundwater.

hydrogeology

The geology of groundwater, with particular emphasis on the chemistry and
movement of water.

hydrograph

A graph which illustrates hydrologic measurements over a period of time,
such as water level, discharge or velocity; a graph of the rate of runoff plotted
against time for a point on a channel.

hydrologic cycle

The circulation of water in and on the earth and through the earth's
atmosphere through evaporation, condensation, precipitation, runoff, groundwater storage and seepage, and re-evaporation into the atmosphere.

hydrology

The study of the occurrence, distribution and circulation of the natural waters
of the earth.

hydropower

Power produced by falling water.

hydrosphere

Water held in oceans, rivers, lakes, glaciers, groundwater, plants, animals, soil
and air.

impervious

A term denoting the resistance to penetration by water or plant roots.

impoundment

A body of water, such as a pond, confined by a dam, dyke, floodgate or other
barrier. It is used to collect and store water for future use or treatment.

infiltration

The downward entry of water through the soil surface into the soil.

infiltration capacity

The maximum rate at which a given soil in a given condition can absorb rain
as it falls.

infiltration rate

The quantity of water that enters the soil surface in a specified time interval.
Often expressed in volume of water per unit of soil surface area per unit of
time (in/hr, cm/hr).

irrigation

The controlled application of water for agricultural purposes through manmade systems to supply water requirements not satisfied by rainfall.
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isohyetal line

A line drawn on a map or chart joining points that receive the same amount of
precipitation.

isopiestic line

A contour of the piezometric surface of the aquifer.

isopiestic fluctuation

Response of the groundwater body exhibiting cycles, horizontal and vertical
movement of water.

lag time

The time from the centre of a unit storm to the peak discharge or centre of
volume of the corresponding unit hydrograph.

lagoon

Water impoundment in which organic wastes are stored or stabilized, or both.

latent heat

The heat (energy) absorbed or released as water changes between the gas
(water vapour), the liquid (water droplets), and the solid (ice) states.

leachate

Liquids that have percolated through a soil and that carry substances in
solution or suspension.

leaching

The downward transport of dissolved or suspended minerals, fertilizers and
other substances by water passing through a soil or other permeable material.

lithosphere

A general term for the outer layer of the earth.

manure

The fecal and urinary defecation of livestock and poultry.

MCL (maximum
contaminant level)

The maximum concentration of specific contaminants that is allowed under
the Federal Safe Drinking Water Act.

meteorology

The science of the atmosphere; the study of atmospheric phenomena.

minimum streamflow

The specific amount of water reserved to support aquatic life, to minimize
pollution, or for recreation. It is subject to the priority system and does not
affect water rights established prior to its institution.

moisture

Water diffused in the atmosphere or the ground.

natural flow

The rate of water movement past a specified point on a natural stream. The
flow comes from a drainage area in which there has been no stream diversion
caused by storage, import, export, return flow, or change in consumptive use
caused by man-controlled modifications to land use. Natural flow rarely
occurs in a developed area.

nitrate (NO3)

An important plant nutrient and type of inorganic fertilizer (most highly
oxidized phase in the nitrogen cycle). In water, the major sources of nitrates
are septic tanks, feed lots and fertilizers.

nitrite (NO2)

Product in the first step of the two-step process of conversion of ammonium
(NH4) to nitrate (NO¯3).

non-point source pollution

Pollution of the water from numerous locations that are hard to identify as
point source. For example, agriculture and urban diffuse source runoff.

organic compounds

Natural or synthetic substances based on carbon.
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outflow

Flow released from a pond or reservoir, or lakes.

over-withdrawal

Withdrawal of groundwater over a period of time that exceeds the recharge
rate of the supply aquifer.

perched aquifer

An aquifer containing unconfined (unpressurized) groundwater held above a
lower body of groundwater by an unsaturated zone, often a result of clay
lenses in the soil strata.

percolation

The state of water movement in the soil or aquifer; that is, water that moves
through the soil at a depth below the root zone.

permeability

The voids in a soil or aquifer media that allows passage of water through the
media at a measured rate.

perennial yield

Specific storage, i.e. the volume of water released from or taken into storage
per unit volume of the system per unit change in head.

piezometric surface

An imaginary surface joining groundwater levels in wells with equivalent
static head.

PH

A numerical measure of acidity, or hydrogen ion activity used to express
acidity or alkalinity. Neutral value is pH 7.0, values below pH 7.0 are acid,
and above pH 7.0 are alkaline.

phreatic surface

Equivalent to water table i.e. the upper surface of saturation except where that
surface is formed by a confining unit.

phreatophic consumption

The amount of water taken out by plants from the zone of saturation, either
directly or through the capillary fringe.

point-source pollution

Pollution of water from one place in a concentrated manner that is easy to
identify. For example, effluent discharge from sewage treatment plants or
industrial plants.

pollution plume

An area of a stream or aquifer containing degraded water resulting from
migration of a pollutant.

porosity

The percentage of space in the soil or aquifer mass not occupied by solids
with respect to the total volume of mass.

potable water

Water that is fit to drink.

ppm (parts per million)

A common basis for reporting water analysis. One ppm equals one unit of
measurement per million units of the same measurement.

precipitation

Moisture falling from the atmosphere in the form of rain, snow, sleet or hail.

principal aquifer

The aquifer in a given area that is the important economic source of water to
wells for drinking, irrigation, etc.

quality assurance

The procedural and operational framework used by modellers to assure
technically and scientifically adequate execution of the tasks included in the
study to assure that all analysis is reproducible and defensible.

A-16

rain gauge

Any instrument used for recording and measuring time, distribution and the
amount of rainfall.

rainfall

The quantity of water that falls as rain only.

recharge zone

The area of land, including caves, sinkholes, faults, fractures and other
permeable features, that allows water to replenish an aquifer. This process
occurs naturally when rainfall filters down through the soil or rock into an
aquifer.

reservoir

A pond, lake, tank or basin (natural or human made) where water is collected
and used for storage. Large bodies of groundwater are called groundwater
reservoirs or aquifers; water behind a dam is also called a reservoir of water.

river

A natural stream of water of considerable volume.

river basin

A term used to designate the area drained by a river and its tributaries.

root zone

The depth of soil penetrated by crop roots.

runoff

The flow of water from the land to oceans or interior basins by overland flow
and stream channels.

salt water intrusion

The process by which an aquifer is over-drafted, creating a flow imbalance
within an area that results in salt water encroaching into the fresh water
supply.

saturated soil moisture condition

The soil media maximum storage capacity under gravity.

saturation

The soil in which all pore spaces are filled with groundwater.

secondary aquifer

Any aquifer that is not the main source of water to wells in a given area,
including shallow and perched aquifers.

sediment

Transported and deposited particles derived from rocks, soil or biological
material. Sediment is also referred to as the layer of soil, sand and minerals at
the bottom of surface water, such as streams, lakes and rivers that absorb.

seepage

The appearance and disappearance of water at the ground surface. Seepage
designates the type of movement of water in saturated material. It is different
from percolation, which is the predominant type of movement of water in
unsaturated material.

sensitivity analysis

Examination of the results of the responses of a system or watershed to
defined changes of a parameter or group of parameters.

snowfall

The amount of snow, hail, sleet or other precipitation occurring in solid form
which reaches the earth's surface. It may be expressed in depth in inches after
it falls, or in terms of inches or millimetres in depth of the equivalent amount
of water.

snowpack

The winter accumulation of snow on the ground surface.

soil moisture

Water diffused in the soil and remaining as a measurable quantity, as the
volume of water divided by the total volume.
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soil moisture storage

Water diffused in the soil. It is found in the upper part of the zone of aeration
from which water is discharged by transpiration from plants or by soil
evaporation.

sorb

To take up and hold chemical substances either by absorption or adsorption.

specific yield

The ratio of the volume of water which the groundwater after being saturated
will yield by gravity to the volume of the groundwater.

spring

A place where groundwater naturally comes to the surface, resulting from the
water table meeting the land surface.

spring runoff

Snow melting in the spring causes water bodies to rise. This, in streams and
rivers, is called "spring runoff".

stomata

The openings on the back of plant leaves serving as breathing organs.

storm

A change in the ordinary conditions of the atmosphere, which may include
any or all meteorological disturbances such as wind, rain, snow, hail or
thunder.

stream

A general term for a body of flowing water. In hydrology, the term is
generally applied to the water flowing in a natural channel as distinct from a
canal. More generally, it is applied to the water flowing in any channel,
natural or artificial.
Some types of streams are: 1. Ephemeral: A stream which flows only in
direct response to precipitation, and whose channel is at all times above the
water table. 2. Intermittent or seasonal: A stream which flows only at certain
times or the year when it receives water from springs or rainfall, or from
surface sources such as melting snow. 3. Perennial: A stream which flows
continuously. 4. Gaining: A stream or reach of a stream that receives water
from the zone of saturation. 5. Insulated: A stream or reach of a stream that
neither contributes water to the zone of saturation nor receives water from it.

streamflow

The discharge that occurs in a natural channel. The term streamflow is more
general than runoff, as streamflow may be applied to discharge whether or not
it is affected by diversion or regulation.

surface water

Water found over the land surface in streams, ponds or marshes.

time lag

The time required for processes and control systems to respond to a signal or
to reach a desired level. (Also referred to as lag time.)

time-weighted average

The average value of a parameter (e.g. concentration of a chemical in air) that
varies over time.

topography

The arrangement of hills and valleys in a geographic area.

total dissolved phosphorous

Total phosphorous content of material that will pass through a filter of a
specific size.
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total dissolved solids

All of the dissolved solids in water; the total amount in milligrams of solid
material dissolved in one litre of water (mg/L). TDS is measured on a sample
of water that has passed through a very fine mesh filter to remove suspended
solids.

total dynamic head

When a pump is lifting or pumping water, the vertical distance from the
elevation of the energy gradeline on the suction side of the pump to the
elevation of the energy gradeline on the discharge side of the pump.

total nitrogen

The sum of all nitrogen forms.

total particulate phosphorus

Total phosphorus content of material retained on a filter of a specific size.

total phosphorus

The sum of all phosphorus forms.

total residual chlorine

The amount of available chlorine remaining after a given contact time; the
sum of the combined available residual chlorine and the free available
residual chlorine. Also see residual chlorine.

toxic

A substance which is poisonous to an organism.

toxic pollutants

Materials contaminating the environment that cause death, disease, birth
defects in organisms that ingest or absorb them.

toxic substance

A chemical or mixture that may represent an unreasonable risk of injury to
health or the environment.

toxicant

A harmful substance or agent that may injure an exposed organism.

toxicity

The quality or degree of being poisonous or harmful to plant, animal or
human life.

transmissivity

A measure of the ability of an aquifer to transmit water. (Commonly
expressed as the discharge volume through a cross-section area.)

transpiration

The process by which water vapour escapes from the living plant, principally
the leaves, and enters the atmosphere.

turbidity

A measure of water cloudiness caused by suspended solids.

unconfined aquifer

An aquifer in which the water table is at or near atmospheric pressure. The
aquifer may or may not be saturated to the top of the aquifer.

validation

Carrying on independent prediction or simulation exercises to justify the
accuracy of the products of a model.

vapourization

The change of a substance from a liquid or solid state to a gaseous state.

verification

To repeat modelling exercises to ensure estimations are repeatable.

volatile organic compound

A carbon based substance which wastes away by exposure to the atmosphere.

volatization

Loss of a substance through evaporation or sublimation. For example, when
manure is spread on a field, ammonia-nitrogen in the manure may volatize
quickly and be lost as fertilizer unless it is incorporated into the soil.
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washoff

Storm water runoff at surface level.

water balance

The accounting of water input and output and change in storage of the various
components of the hydrologic cycle.

water budget

A summation of input, output, and net changes to a particular water resources
system over a fixed period of time.

water pollution

Industrial and institutional waste, and other harmful or objectionable material
in sufficient quantities to result in a measurable degradation of the water
quality.

water quality

A term used to describe the chemical, physical and biological characteristics
of water with respect to its suitability for a particular use.

water supply

Any quantity of available water.

water table

The water level of an unconfined aquifer, below which the pore spaces are
generally saturated.

water table aquifer

An aquifer whose upper boundary is the water table; also known as an
unconfined aquifer.

water table well

A well whose water is supplied by a water table or unconfined aquifer.

watercourses

Depressions formed by runoff moving over the surface of the earth; any
natural course that carries water.

watershed

All land and water within the confines of a drainage divide.

well yield

The withdrawal rate of water from a given well.

wetland

An area (including swamp, marsh, bog, prairie pothole, or similar area)
having a predominance of hydric soils that are inundated or saturated by
surface or groundwater at a frequency and duration sufficient to support and
that under normal circumstances supports the anaerobic condition that
supports the growth and regeneration of hydrophytic vegetation.

withdrawal

Water withdrawal from surface and groundwater sources for various human
uses.

yield

The quantity of water expressed either as a continuous rate of flow (cubic feet
per second, etc.) or as a volume per unit of time. It can be controlled for a
given use, or uses, from surface of groundwater sources in a watershed.

zone of saturation

The space below the water table in which all the interstices (pore space) are
filled with water. Water in the zone of saturation is called groundwater.
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APPENDIX B
ERROR ANALYSIS AND DATA QUALITY

Error Analysis and Data Quality
B-1 Error Analysis
The overall accuracy of water budget calculations depends on the relative
accuracy of the input data. A simplified example is discussed as follows to
illustrate the importance of using accurate data.
The water balance in one of its most basic forms can be expressed as;
dw
dt

=

Pr + M – ET – R

dw/dt
Pr
M
ET
R

=
=
=
=
=

rate of change of soil water content over time;
precipitation rate;
rate of snowmelt;
rate of evapotranspiration; and
rate of runoff.

where:

For experimental watersheds, the simplified annual water balance equation
can be written as:
ET

=

P – R ± S

ET
P
R

=
=
=

evapotranspiration;
precipitation;
runoff; and

±S

=

change in groundwater storage.

where:

For long-term experiments, it has been found that the groundwater storage
change term is generally insignificant compared to the other terms, and
hence:
ET

=

P–R

The precipitation and runoff are sample values with a corresponding
standard error of estimate.
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The variations in parameters (Pr, M, ET or R) may affect the behaviour or
results of the water budget analysis. Sensitivity analysis could therefore be
used to determine which parameter is most critical for the error analysis.
If the standard errors of estimate of the rainfall and runoff (PSE, RSE) are
assumed to be independent; then the corresponding standard error of the
estimated evapotranspiration is given by:
_________________________
ETSE

=



PSE2 + RSE2  2  PR  PSE RSE

where: PR is the coefficient of correlation between the variables (P and R
in this case; see NOTE1).
The standard error of ET can be large, and may even approach the
estimated mean evapotranspiration in situations where both precipitation
and runoff are large in comparison with ET and where both have
significant variations due to measurement errors and natural random
variations.
When undertaking water budget analyses, the errors associated with
precipitation measurements must be recognized. Measurement errors
include the following factors (see Note2):


1

Inadequate spatial sampling;

NOTE: Where the parameter being estimated (Y) is a function of multiple parameters with known

errors, then the estimation error can be expressed by the following general equation as:
YSE =  n
n n
 i2 XiSE2 ± 2 
i=1

where:

2

YSE

XiSE
ij
n

=
=
=
=
=

i=1 i=i+1

i j ij XiSE XiSE

combined standard error of estimate
weighting factor (normally = 1)
standard error of estimate of variable Xi
coefficient of correlation between variables i and j
the number of parameters

NOTE: Legates, D. R., and C. J. Willmott, “Evaluating the Terrestrial Water Balance from the

Historical Climate Record” in Oliver, H.R., 1998.
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Bias in gauge measurement;


effect of wind,



wetting losses,



evaporation from the gauge,



splashing effects,



blowing and drifting snow,



trace precipitation events,



impact of automatic recorders, and



random errors.

The average annual (areal-averaged) bias in annual precipitation can be up
to 10-12% (i.e. the gauge measurement of precipitation can be up to
10-12% different than the bias adjusted precipitation).
Systematic errors in streamflow estimation result from uncertainties in the
stage-discharge relationship for flow measuring stations. The precision of
the measurement and short-term fluctuation in the stage-discharge
relationship are sources of random error.

Average Precipitation
Gauge Error (%)
Winter
Spring
Summer
Autumn
Annual

16.6 – 19.9
10.0 – 12.0
5.9 – 7.1
8.1 – 9.7
10.0 – 12.0

In our opinion, the relative standard error in streamflow measurements is
approximately ± 5%.
For example, for a watershed with an average annual precipitation of
900 mm (SE = 100 mm) and runoff of 300 mm (SE = 15 mm), and
assuming a correlation coefficient of 0.9, the average annual
evapotranspiration (using the above equation) is estimated to be 600 mm
with a corresponding standard error of approximately 87 mm (or 15% of
the estimated mean annual evapotranspiration).
When applying hydrologic models to calculate runoff, the most basic form
of the water budget equation can be simplified to the following form:
R

=

P – ET

In this case, P and ET are available for input to the model, and the standard
error of the estimated runoff becomes dependent on the measurement
precision of the P and ET inputs. Assuming P = 900 mm (SE = 100 mm)
and ET = 600 mm (SE = 87 mm), then R = 300 mm with a model standard
error of approximately ± 37 mm (or 12% of the estimated mean annual
runoff), assuming a correlation coefficient between P and ET of 0.93. It is
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clear that the input accuracy of ET and P estimates is significant when
undertaking water budget calculations.
The overall usefulness of a given water balance analysis should therefore
be evaluated with reference to the natural random variations inherent in the
input data. Some knowledge of the quality control (QC) and quality
assurance (QA) practices inherent in the underlying data collection
programs is therefore useful when evaluating the overall accuracy of a
water budget.
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B-2 Quality Assurance/Quality Control
The quality assurance function (QA) includes organization of the
monitoring system, planning, data collection, quality control,
documentation, evaluation and reporting activities. The quality control
function (QC) covers the routine technical activities such as error checks,
and accuracy in the field, laboratory and office. Likewise, the combined
QA/QC program ensures that the data collected is consistent, which
enhances the credibility of the watershed management activities.
Precision: refers to the degree of agreement among repeated measurements of a parameter. It defines consistency and reproducibility. From
replicate samples, precision can be quantified by standard deviation,
relative standard deviation or relative percent difference.
Accuracy: refers to a measure of confidence in the measurements. In
principle, the more precise or reproducible the data, the more accurate the
results. Accuracy equates to average value minus true value.
Representativeness:

QA/QC
Defines standards of quality
and accuracy in data, and
establishes a stated level of
confidence.
Essentials are precision,
accuracy, representation,
sensitivity, and confidence
in the data collected.

Standard Deviation
S = [ (x – x^)2 /(n-1) ]1/2
where:
S = standard deviation
x = sample
x^ = average of samples
n = number of samples

refers to measurements that reflect the true local

environmental conditions. A number of factors or parameters may be used
as indicators of conditions.
Completeness: means the number of samples needed to complement the
samples originally planned. Percent completeness is the number of
planned samples judged to be valid to the total number of measurements.
Comparability: is the evaluation of similar data, e.g. seasonal data
collected at different periods.
Measurement range: is the measurement range of an instrument or a
measuring device.
Detection Limit: is the lowest concentration of a given pollutant that
equipment can detect and report as greater than zero. It should be noted
that readings falling below the detection limit are not reliable.
Spiked Samples: used to measure accuracy. These are samples containing
a known concentration of the analyte of interest. When done in the field, it
reflects the effects of preservation, shipping of samples to the laboratory,

Relative Standard
Deviation (%):
SR = (S/x^) 100
where:
SR = relative standard
deviation
S = standard deviation
x^ = average of samples

Relative Percent
Difference (%):
R = (x1-x2)/(1/2(x1+x2))100
where:
R = relative percent
difference
x1, x2 are samples
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and laboratory preparation and analysis. When done in the laboratory, it
reflects the effects of laboratory analysis.
Replicate Samples: are used to detect the natural variability in the
watershed and that caused by the field sampling. If two or more samples
are taken from the same site at the same time using the same method, these
represent replicate samples.
Split Sample: used to measure precision. A sample that is divided into
two or more samples, then analyzed by different analysts or laboratories.
The field split measures both the field and analytical sampling precision,
while the lab split measures the analytical precision.
Field Blank: a clean sample produced in the field. It is used to detect
analytical problems during transport and laboratory analysis.
Equipment Blank: a clean sample used to check the cleanliness of the
sampling equipment.
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APPENDIX C
SUMMARY OF SELECTED WATER BUDGET MODELS

Summary of Selected Water Budget Models
The following is a brief review of selected water budget models, including surface (Section C1) and
groundwater (Section C2) models, presented in a tabulated format. The purpose of the review is to
provide a profile on each model, and to indicate the availability of the model and its applicability for
use in water budget analysis. The onus is on the practitioner to decide whether the level of detail in
each model meets the specific project requirements for water balance analysis.
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C1

Surface Water Models

Model Name

HEC-HMS (Hydrological Modelling System)

Source

HEC, U.S. Army Corps of Engineers

Version, Platform

Windows, 1998

Water Balance Equations

Physically based hydrologic budget model. Distributed, next
generation Hydrological Analysis Package

Computation of Evaporation

Physically based energy budget and temperature based models

Calculation of Surface Runoff

SCS, infiltration excess options can be selected

Calculation of Infiltration/Percolation

Infiltration equations can be selected

Treatment of Groundwater

Conceptual water balance

Snowmelt Computation

Energy budget, degree-day methods

Time Interval

Daily

Calibration Capacity

Yes

Input Data Requirement

High

Interface With GIS

Yes; the program is designed with aim to GIS applications

Applicability

Watershed / Subwatershed

Ability to Model Complex Watershed

High

Water Quality Analysis

No
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Model Name

Storm Water Management Model (SWMM)
(designed specifically for urbanized watersheds)

Source

US EPA

Version, Platform

SWMM 4

Water Balance Equations

Generalized water budget

Computation of Evaporation

Energy budget approach

Calculation of Surface Runoff

SCS method and infiltration equations

Calculation of Infiltration/Percolation

Infiltration equations

Treatment of Groundwater

Simplified water balance approach

Snowmelt Computation

Energy budget, degree-day methods

Time Interval

Daily and smaller time steps for storms

Calibration Capacity

Yes

Input Data Requirement

Watershed characteristics, soil type, vegetation type, precipitation
and temperature

Interface With GIS

Yes; interface with ArcView

Applicability

Subwatershed / Site plan

Ability to Model Complex Watershed

High

Water Quality Analysis

Yes
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Model Name

Soil and Water Assessment Tool (SWAT)

Source

USDA, 1998

Version, Platform

SWAT 98, Windows, DOS for PC

Water Balance Equations

Detailed physically based water budget lumped model

Computation of Evaporation

Energy Budget, Penman Equation, etc.

Calculation of Surface Runoff

Modified SCS method

Calculation of Infiltration/Percolation

Soil moisture content based infiltration technique

Treatment of Groundwater

Simplified groundwater storage water balance approach

Snowmelt Computation

Detailed energy budget and empirical equations

Time Interval

Daily

Calibration Capacity

Yes

Input Data Requirement

High; extensive knowledge is required for model to be used properly

Interface With GIS

GRASS, ARC/INFO, ARC/VIEW

Applicability

Watershed / Subwatershed / Site plan

Ability to Model Complex Watershed

High

Water Quality Analysis

Yes

C-6

Model Name

QUALHYMO

Source

Ontario Ministry of the Environment

Version, Platform

2.1, 1992, DOS

Water Balance Equations

Simple soil moisture accounting

Computation of Evaporation

Using temperature to calculate evaporation

Calculation of Surface Runoff

Modified SCS procedures

Calculation of Infiltration/Percolation

Using soil moisture as index to determine the infiltration rate

Treatment of Groundwater

Simplified groundwater storage method

Snowmelt Computation

Degree-day method

Time Interval

Daily

Calibration Capacity

No calibration tools are provided

Input Data Requirement

Complicated, and input format difficult to follow

Interface With GIS

No

Applicability

Subwatershed / Site plan

Ability to Model Complex Watershed

Moderate

Water Quality Analysis

Yes

C-7

Model Name

Hydrological Simulation Program Fortran (HSPF)

Source

Environmental Protection Agency (EPA), U.S.A.

Version, Platform

11, 1998, DOS

Water Balance Equations

St = St-1 + P – ET – Q – Inter – Infil;
A lumped analytical modelling approach

Computation of Evaporation

Energy budget method

Calculation of Surface Runoff

Infiltration excess model based on daily account of soil moisture
content

Calculation of Infiltration/Percolation

Infiltration equation of Philip (1957)

Treatment of Groundwater

Simplified conceptual groundwater storage water balance

Snowmelt Computation

Detailed energy and snowpack budget

Time Interval

Daily

Calibration Capacity

Provided

Input Data Requirement

Complicated, extensive knowledge required to be used properly

Interface With GIS

Interfaced with GRASS and ArcInfo

Applicability

Watershed / Subwatershed / Site plan

Ability to Model Complex Watershed

High

Water Quality Analysis

Yes

C-8

Model Name

Agricultural Non-Point Source Pollution Model (AGNPS)

Source

USDA, Natural Resources Conservation Service

Version, Platform

Version 98, Windows, DOS and Unix

Water Balance Equations

Simple soil moisture accounting. Distributed grid cell computation

Computation of Evaporation

Simplified

Calculation of Surface Runoff

SCS CN procedures

Calculation of Infiltration/Percolation

Simplified SCS procedure

Treatment of Groundwater

Not included

Snowmelt Computation

Simplified computation based on snowmelt equation

Time Interval

Daily

Calibration Capacity

Provided

Input Data Requirement

Rainfall time series, watershed parameters, requires extensive
knowledge to be used appropriately

Interface With GIS

Interfaced with GRASS and ArcInfo

Applicability

Watershed / Subwatershed

Ability to Model Complex Watershed

High

Water Quality Analysis

Yes

C-9

Model Name

The European Hydrologic System (SHE)

Source

Danish Hydraulic Institute

Version, Platform

Windows and DOS

Water Balance Equations

A physically based water balance, grid based, distributed parameter
watershed model

Computation of Evaporation

Energy budget approach

Calculation of Surface Runoff

Infiltration excess approach

Calculation of Infiltration/Percolation

Detailed infiltration equations

Treatment of Groundwater

Water balance for saturated and unsaturated subsurface flows

Snowmelt Computation

Energy budget

Time Interval

Daily or shorter time intervals

Calibration Capacity

Yes

Input Data Requirement

DEM, Meteorologic, Hydrometric, Watershed Characteristics, Soil
Properties

Interface With GIS

Yes

Applicability

Watershed / Subwatershed

Ability to Model Complex Watershed

High

Water Quality Analysis

No
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Model Name

Precipitation Runoff Modelling System (PRMS)

Source

U.S.G.S.

Version, Platform

DOS, 1993

Water Balance Equations

Simple water balance

Computation of Evaporation

Energy budget approach

Calculation of Surface Runoff

SCS method plus infiltration equations

Calculation of Infiltration/Percolation

Infiltration equations

Treatment of Groundwater

Simplified storage water balance

Snowmelt Computation

Energy budget

Time Interval

Daily and smaller variable time intervals

Calibration Capacity

Yes

Input Data Requirement

Surface slope, soil type, elevation, precipitation, and vegetation type

Interface With GIS

Not yet

Applicability

Watershed / Subwatershed

Ability to Model Complex Watershed

Moderate

Water Quality Analysis

No

C-11

Model Name

Streamflow Synthesis and Reservoir Regulation (SSARR)

Source

U.S. Army Corps of Engineers

Version, Platform

DOS, 1991

Water Balance Equations

Soil moisture content budget
SMI2 = SMI1 + (WP - RGR) - PH * KE * ET1
24
Physically based lumped model

Computation of Evaporation

Evaporation / transpiration index method

Calculation of Surface Runoff

Empirically derived method similar to SCS method

Calculation of Infiltration/Percolation

Soil moisture index method

Treatment of Groundwater

Baseflow index method

Snowmelt Computation

Temperature index method

Time Interval

Daily

Calibration Capacity

Yes

Input Data Requirement

Complicated; extensive knowledge is required for the model to be
used properly

Interface With GIS

No

Applicability

Watershed / Subwatershed

Ability to Model Complex Watershed

High

Water Quality Analysis

No
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Model Name

HELP (Hydrological Evaluation of Landfill Performance)

Source

U.S. Army Engineer Waterways Experiment Station

Version, Platform

2.05, PC DOS

Water Balance Equations

Simplified Water Budget

Computation of Evaporation

Using climatologic data directly, or energy budget models

Calculation of Surface Runoff

SCS, infiltration equations

Calculation of Infiltration/Percolation

Infiltration equations

Treatment of Groundwater

No

Snowmelt Computation

No

Time Interval

Daily

Calibration Capacity

Yes

Input Data Requirement

Moderate

Interface With GIS

No

Applicability

Site

Ability to Model Complex Watershed

Low

Water Quality Analysis

Yes

C-13

Model Name

WATER BUDGET

Source

Cumming Cockburn Limited

Version, Platform

1991, 1992, 1996, 1997, PC DOS

Water Balance Equations

Equations change with the variables to be analyzed (may be site
specific)

Computation of Evaporation

Statistical input, measurement, energy budget

Calculation of Surface Runoff

SCS, infiltration excess, saturation excess, or simple runoff
coefficient method

Calculation of Infiltration/Percolation

Soil moisture content based infiltration technique

Treatment of Groundwater

Groundwater storage balance approach

Snowmelt Computation

Degree-day method

Time Interval

Daily, monthly, annually or hourly

Calibration Capacity

Yes

Input Data Requirement

Moderate

Interface With GIS

MapInfo, ArcView

Applicability

Watershed / Subwatershed / Site plan

Ability to Model Complex Watershed

High

Water Quality Analysis

Yes
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Model Name

ANSWERS

Source

U.S. EPA

Version, Platform

DOS

Water Balance Equations

Generalized water budget

Computation of Evaporation

Simplified

Calculation of Surface Runoff

Using Horton's equation to determine Net Rain

Calculation of Infiltration/Percolation

Horton's equation

Treatment of Groundwater

No

Snowmelt Computation

No

Time Interval

Daily

Calibration Capacity

Yes

Input Data Requirement

High

Interface With GIS

No

Applicability

Watershed (Agriculture)

Ability to Model Complex Watershed

Yes

Water Quality Analysis

Yes
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Model Name

GAWSER (GRIFFS)

Source

Grand River Conservation Authority, Ontario

Version, Platform

Version 6.5, DOS 1996

Water Balance Equations

Generalized water budget

Computation of Evaporation

Energy budget

Calculation of Surface Runoff

Similar to HYMO model (SCS method, etc.)

Calculation of Infiltration/Percolation

Horton, Green-Amp Equation

Treatment of Groundwater

Simplified water accounting procedures

Snowmelt Computation

Energy, and degree-day

Time Interval

Hourly or daily

Calibration Capacity

Yes

Input Data Requirement

Watershed characteristics, soil type, vegetation type, precipitation,
temperature, etc.

Interface With GIS

Yes, with GRASS

Applicability

Watershed / Subwatershed

Ability to Model Complex Watershed

High

Water Quality Analysis

No
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Model Name

CREAMS (Chemicals, Runoff and Erosion from Agricultural
Management Systems)

Source

U.S. Department of Agriculture

Version, Platform

DOS

Water Balance Equations

Generalized water budget

Computation of Evaporation

Measured pan evaporation

Calculation of Surface Runoff

SCS method

Calculation of Infiltration/Percolation

Infiltration equations.

Treatment of Groundwater

Simplified accounting procedure

Snowmelt Computation

No

Time Interval

Daily

Calibration Capacity

Yes

Input Data Requirement

High

Interface With GIS

No

Applicability

Watershed / Subwatershed

Ability to Model Complex Watershed

High

Water Quality Analysis

Yes
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Model Name

USGS

Source

USGS

Version, Platform

DOS, Win. 3.1, 95/NT

Water Balance Equations

Generic, storm – mass balance

Computation of Evaporation

Implicit in budget computation

Calculation of Surface Runoff

Design storm, runoff development, rainfall characteristics

Calculation of Infiltration/Percolation

Infiltration equations

Treatment of Groundwater

Baseflow estimation

Snowmelt Computation

Yes / snowmelt estimation

Time Interval

Hourly

Calibration Capacity

Yes

Input Data Requirement

Rain, pollutants, urban characteristics, infiltration parameters

Interface With GIS

No

Applicability

Planning, urban, subwatershed, control options

Ability to Model Complex Watershed

Moderate.

Water Quality Analysis

Yes; mass balance for particulate and particulate loading, pathogens
for CSO.
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Model Name

SWIM

Source

Scientific Software Group (SSG), 1997

Version, Platform

DOS, Win. 3.1, 95/NT

Water Balance Equations

Generic; unsaturated, saturated subsurface flow balances and overall
water budget

Computation of Evaporation

General energy balance approach

Calculation of Surface Runoff

Excess: rainfall / infiltration

Calculation of Infiltration/Percolation

Infiltration equation (Richards equation)

Treatment of Groundwater

Water balance interfaced with saturated and unsaturated flow
movement

Snowmelt Computation

No

Time Interval

Hourly

Calibration Capacity

Yes

Input Data Requirement

Rain, soil characteristics, evaporation, radiation data

Interface With GIS

Feasible

Applicability

Watershed / soil water balance using numerical soil water flow

Ability to Model Complex Watershed

Upgrade of solute transport

Water Quality Analysis

Applicable
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Model Name

GLEAMS

Source

US EPA, 1992

Version, Platform

DOS/MS, PC

Water Balance Equations

Generic

Computation of Evaporation

Implicit in budget computation

Calculation of Surface Runoff

Physically based, daily simulation interface

Calculation of Infiltration/Percolation

Infiltration indices

Treatment of Groundwater

Implicit – recharge / vertical movement of water

Snowmelt Computation

No

Time Interval

Daily

Calibration Capacity

Yes

Input Data Requirement

Rain, soil, land use

Interface With GIS

Feasible

Applicability

Watershed

Ability to Model Complex Watershed

Practical

Water Quality Analysis

Yes; vertical movement of pollutants (pesticides)
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Model Name

Q-ILLUDAS

Source

US EPA, 1992

Version, Platform

DOS/MS, PC

Water Balance Equations

Generic, storm – mass balance

Computation of Evaporation

Implicit in budget computation

Calculation of Surface Runoff

Design storm, runoff development

Calculation of Infiltration/Percolation

Infiltration equations / Horton equation

Treatment of Groundwater

Baseflow estimation

Snowmelt Computation

No

Time Interval

Hourly

Calibration Capacity

Yes

Input Data Requirement

Rain, pollutants, urban characteristics, infiltration parameters, and
BMPs

Interface With GIS

Yes

Applicability

Planning, urban, subwatershed, control options / BMPs vs. fertilizer
application rates

Ability to Model Complex Watershed

Moderate, continuous simulation

Water Quality Analysis

Yes; mass balance for particulate and particulate loading, suspended
solids, phosphorous
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Model Name

NPSMAP

Source

US EPA, 1992

Version, Platform

DOS/MS, PC

Water Balance Equations

Generic – water budget / inflow-outflow, bypass, change in
treatment plant performances

Computation of Evaporation

General evaporation-balance approach

Calculation of Surface Runoff

Surface runoff – stream segment load capacity / rainfall / infiltration

Calculation of Infiltration/Percolation

Infiltration indices / permeability

Treatment of Groundwater

Recharge – provision in storm runoff computation

Snowmelt Computation

No

Time Interval

Daily

Calibration Capacity

Yes / minimal

Input Data Requirement

Rain, soil characteristics, evaporation data.

Interface With GIS

No

Applicability

Watershed / wasteload allocation, source load allocation, planning
strategies

Ability to Model Complex Watershed

Moderate

Water Quality Analysis

Yes; non-point source runoff and loading / nutrient.

C-22

Model Name

GWLF

Source

US EPA, 1992

Version, Platform

DOS/MS, PC

Water Balance Equations

Generic

Computation of Evaporation

Implicit in budget computation

Calculation of Surface Runoff

Rainfall / runoff erosion and sediment generation

Calculation of Infiltration/Percolation

Infiltration indices / permeability / impermeability

Treatment of Groundwater

Implicit – recharge movement of water

Snowmelt Computation

Yes

Time Interval

Daily

Calibration Capacity

Yes / minimal

Input Data Requirement

Rain, soil, land use

Interface With GIS

No

Applicability

Watershed / planning / basin-wide management

Ability to Model Complex Watershed

Moderate

Water Quality Analysis

Yes; point and non-point pollutant loading
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Model Name

P8-UCM

Source

US EPA, 1992

Version, Platform

DOS/MS, PC

Water Balance Equations

General, storm – mass balance

Computation of Evaporation

Implicit in budget computation

Calculation of Surface Runoff

Design storm, runoff development, rainfall characteristics

Calculation of Infiltration/Percolation

Infiltration / permeability equations

Treatment of Groundwater

Recharge provision in computation

Snowmelt Computation

No

Time Interval

Monthly

Calibration Capacity

Yes / minimal

Input Data Requirement

Rain, soil characteristics, land cover

Interface With GIS

No

Applicability

Planning, small urban, subwatershed, impact of development on
water quality, BMPs

Ability to Model Complex Watershed

Moderate

Water Quality Analysis

Yes; pollutant loading
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Model Name

PRZM

Source

US EPA, 1992

Version, Platform

DOS/MS, PC

Water Balance Equations

Generic

Computation of Evaporation

General energy balance approach

Calculation of Surface Runoff

Excess: rainfall / infiltration

Calculation of Infiltration/Percolation

Infiltration equation / unsaturated flow movement

Treatment of Groundwater

Recharge provision

Snowmelt Computation

No

Time Interval

Daily

Calibration Capacity

Yes

Input Data Requirement

Rain, soil characteristics, land use, chemical applications

Interface With GIS

Feasible

Applicability

Watershed

Ability to Model Complex Watershed

Moderate

Water Quality Analysis

Yes; transport of pesticides
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Model Name

SLAMM

Source

US EPA

Version, Platform

DOS/MS, PC

Water Balance Equations

Generic – mass balance for particulate and dissolved pollutant and
runoff volumes

Computation of Evaporation

Implicit in budget computation

Calculation of Surface Runoff

Rainfall / runoff assessment

Calculation of Infiltration/Percolation

Infiltration indices

Treatment of Groundwater

Implicit – recharge

Snowmelt Computation

No

Time Interval

Daily

Calibration Capacity

Yes / statistical approach to parameterize the hydrographs

Input Data Requirement

Rain, soil, land use

Interface With GIS

Feasible

Applicability

Watershed / multiple control strategies, planning tool for urban
runoff / quality assessment

Ability to Model Complex Watershed

Practical / moderate

Water Quality Analysis

Yes; vertical movement of pollutants (nutrients, COD, fecal
coliform, bacteria, metals)

C-26

Model Name

UTM-TOX

Source

US EPA, 1992

Version, Platform

DOS, Win. 3.1, 95/NT

Water Balance Equations

Generic, storm – mass balance

Computation of Evaporation

Implicit in budget computation

Calculation of Surface Runoff

Surface water model – runoff water / surface water

Calculation of Infiltration/Percolation

Infiltration indices

Treatment of Groundwater

Subsurface flow / vadose, root zones

Snowmelt Computation

No

Time Interval

Daily

Calibration Capacity

Yes

Input Data Requirement

Rain, pollutants, soil characteristics, infiltration parameters

Interface With GIS

No

Applicability

Planning, control options/ degradation products, uncertainty analysis

Ability to Model Complex Watershed

Multimedia, soil, air, water

Water Quality Analysis

Yes; predict concentration of contaminants in runoff, in root and
vadose zones
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Model Name

SWRBB

Source

US EPA, 1992

Version, Platform

DOS/MS, PC

Water Balance Equations

Generic – mass balance nutrient / pesticides

Computation of Evaporation

Implicit

Calculation of Surface Runoff

Stormwater from agricultural watersheds / rainfall-runoff assessment

Calculation of Infiltration/Percolation

Infiltration to soil / groundwater contamination

Treatment of Groundwater

Interface with water movement in soil / groundwater contamination

Snowmelt Computation

No

Time Interval

Daily

Calibration Capacity

Yes / SCS curve numbers

Input Data Requirement

Rain, soil characteristics, evaporation

Interface With GIS

Feasible

Applicability

Watershed / water and sediment yield, return flow, pond and
reservoir storage, sediment movement through ponds, flood routing

Ability to Model Complex Watershed

Basin scale / large, complex and rural – water quality

Water Quality Analysis

Yes; sediment components, nitrogen, phosphorous, pesticides
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Model Name

QHM

Source

Scientific Software Group (SSG), 1997

Version, Platform

DOS, Win. 3.1, 95/NT

Water Balance Equations

Generic – water quantity / quality

Computation of Evaporation

Implicit in budget computations

Calculation of Surface Runoff

Surface runoff, winter flow, snowmelt, channel flow

Calculation of Infiltration/Percolation

Infiltration indices / equations

Treatment of Groundwater

Implicit – recharge / baseflow

Snowmelt Computation

Yes

Time Interval

Hourly / Daily

Calibration Capacity

Yes / moderate – compare total flow and sediment load

Input Data Requirement

Rain, temperature, soil, land use, BMPs

Interface With GIS

Feasible

Applicability

Watershed / analysis, sizing of stormwater BMPs, flow control and
treatment ponds

Ability to Model Complex Watershed

To watershed processes / reservoirs, streams, control ponds, stream
bank erosion

Water Quality Analysis

Yes; soil erosion, urban runoff pollutants
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Model Name

WMS

Source

Scientific Software Group (SSG), 1997

Version, Platform

DOS, Win. 3.1, 95/NT

Water Balance Equations

Generic – a digital terrain analysis modelling application

Computation of Evaporation

Implicit in budget computations

Calculation of Surface Runoff

Incorporated in applied watershed model – Rational methods,
TR-20, HEC-1

Calculation of Infiltration/Percolation

Implicit – infiltration indices / equations

Treatment of Groundwater

Implicit – baseflow estimations

Snowmelt Computation

Feasible

Time Interval

Hourly

Calibration Capacity

Yes / moderate

Input Data Requirement

Watershed / subwatershed boundaries, images

Interface With GIS

Yes – integrated digital terrain analysis and hydrologic modelling

Applicability

Planning, urban control options, geometric parameter descriptions,
delineate watersheds, floodplain delineation

Ability to Model Complex Watershed

Moderate

Water Quality Analysis

Feasible

C-30

SUMMARY SHEET - SURFACE WATER MODELS

C-31

C2

Groundwater Models

Profiles on Groundwater Models
BIOPLUME
A simulation model that computes concentrations of dissolved hydrocarbons under the
influence of oxygen-limited biodegradation in an aquifer. The model solves the solute
transport equation for both hydrocarbon and oxygen, and assumes an instantaneous
reaction between oxygen and hydrocarbon. It combines the two plumes using the
principle of superposition. Computation accounts for convection, dispersion, mixing, and
biodegradation effects. Also, the program can simulate slow hydrocarbon plumes
undergoing biodegradation and can simulate in-situ bio-restoration schemes, such as
injection of oxygenated water. Moreover, the model can simulate re-aeration and
anaerobic biodegradation as a first-order decay in hydrocarbon concentration.
CHEMFLO
A computer program that enables the user to simulate water flow movement and
chemical transport in unsaturated soils. This is done by solving the Richards equation (for
water movement) and the convection-dispersion equation (chemical). Results are
displayed in graphical form for (1) water content, matrix force potential, driving force,
conductivity, and flux density of water versus distance or time, (2) concentration and flux
density of chemical as a function of distance or time, and (3) cumulative fluxes of water
and chemical and total masses of chemical in the soil as a function of time. Results also
can be presented in a tabular form.
VLEACH
A one-dimensional, finite difference model that allows preliminary assessments of
pollution effects on groundwater from the leaching of volatile, sorbed contaminants
through the vadose zone. The program models four main processes: liquid-phase
advection, solid-phase sorption, vapour-phase diffusion, and three-phase equilibration. In
an individual run, VLEACH can simulate leaching in a number of distinct polygons,
which may differ in terms of soil properties, recharge rates, depth of water or initial
conditions. Modelling results in an overall, area-weighted assessment of ground-water
impact.
STF
A computer-based interface tool that selects chemicals, and for model simulating of fate
and transport in site-specific conditions. The software system consists of three
components:
1. STF 2.0 (Soil Transport and Fate Database) which documents the behaviour of
chemicals in soil systems, as source of input data for describing degradation rates and
effects of partition coefficients.
2. RITZ (Regulatory and Investigative Treatment Zone) and VIP 3.0 models. RITZ
simulates hazardous movement and fate of chemicals during land treatment of oily
wastes. VIP evaluates data using six different output options.
3. RITZ and VIP model editors, which are directly interfaced with STF 2.0 and aid in the
creation of input files for the RITZ and VIP models.
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MOFAT
A two-dimensional, finite element model for simulating coupled multi-phase flow and
multi-component transport of fluids in planar or radial in symmetric and vertical sections.
MOFAT evaluates flow and transport for water, non-aqueous phase liquids (NAPL) and
gas. The program also can be used when gas and/or NAPL phases are absent in part or all
of the domain in question. The flow module can analyze either two-phase flow of water
and NAPL in a system of constant gas pressure, or explicitly in three-phase flow of water
in the media. The transport module can accommodate up to five components partitioning
among water, NAPL, gas and solid phases, assuming either local equilibrium, mass
transfer or first-order kinetic control of mass transfer.
FEMWATER / LEWASTE
A software package of two related numerical codes that are used together to delineate
wellhead protection. Applications areas are in agricultural, e.g. of contaminants
transported to wells. The model accounts for (1) flow and transport in three-dimensions,
in saturated porous media (heterogeneous and anisotropic) under transient conditions,
(2) multiple distributed and point sources/sinks, and (3) processes that slow contaminant
transport. The model accepts four types of boundary conditions and can simulate
adsorption, dispersion and first-order decay.
PRZM-2
A software package that includes two major computational modules (PRZM and
VADOFT) for generating a deterministic simulation of the fate of agricultural pesticides.
Taking management practices into account, PRZM-2 simulates the transport and
transformation of field-applied pesticides in the crop-root zone and the underlying
unsaturated zone. By accounting for the variability in natural systems as well as
uncertainties in system properties and processes, the program provides probabilistic
estimates of exposure concentrations. The program can model multiple pesticides or
parent/daughter relationships. Concentration estimates can be generated for various
media for use in exposure assessments.
MULTIMED
A one-dimensional, steady-state model used to predict the concentration of contaminants
migrating from a waste disposal facility in subsurface, surface water and air media, and
pathways to receptor sites. One module simulates the effects of precipitation, runoff,
infiltration, evapotranspiration, barrier layers and lateral drainage. The other modules
simulate water saturation as a function of depth and simulates transient vertical transport
in the unsaturated zone (taking into account longitudinal dispersion, linear adsorption and
first-order decay). A surface water module simulates surface stream contamination due to
the complete interception of a steady-state saturated-zone plume. Air emission and
atmospheric dispersion modules simulate the movement of chemicals into the
atmosphere.
PESTAN
A model that is used to estimate the vertical migration of dissolved organic solutes
through the vadose zone to the groundwater. Estimates are based on a closed-form
analytical solution of the advective-dispersive, reactive transport equation. The model is
intended for use in conducting initial screening assessments of the potential for
contamination of groundwater from currently registered pesticides and those submitted
for registration.
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RETC
A program developed to analyze hydraulic conductivity properties of unsaturated soils.
The parametric models of Brooks-Corey and van Genuchten depict the soil water
retention curve, and the theoretical pore-size distribution models of Mualem and Burdine
predict the soil unsaturated hydraulic conductivity function. The simulation can be
generated from observed soil water retention data, on the assumption that one can
observe conductivity values (not necessarily at saturation). The program also permits the
users to fit analytical equations to observed water retention and hydraulic conductivity
data.
WHAEM
A computer-based tool used in the wellhead protection decision-making process. It is
able to delineate groundwater capture zones and isochrones of residence times. Unlike its
equivalent programs, WHAEM can accommodate fairly realistic boundary conditions,
such as streams, lakes, and aquifer recharge due to precipitation. The software consists
of:
1. GAEP (Geographic Analytic Element Preprocessor), which is used to simplify
preparation of input data.
2. CZAEM (Capture Zone Analytic Element Model), which generates output on
groundwater capture zones and residence times. CZAEM accurately defines capture
zone boundaries by first determining all stagnation points and dividing streamlines in
the flow domain.
WHPA
A semi-analytical model for simulation groundwater flow. It is able to delineate the
capture zones in a wellhead protection area. The program consists of four computational
modules (RESSQC, MWCAP, CPTRAC and MONTEC). WHPA is applicable to
homogenous aquifers exhibiting two-dimensional, steady groundwater flow in an areal
plane, and is appropriate for evaluating multiple phase aquifer types (i.e. confined, leakyconfined and unconfined). The model is capable of simulating barrier or stream boundary
conditions that exist over the entire depth of the aquifer. WPHA can account for multiple
pumping and injection wells and can quantitatively assess the effects of uncertain input
parameters on a delineated capture zone. The program can be used as a post-processor for
two-dimensional numerical models of groundwater flow.
MODFLOW
A three-dimensional groundwater flow model (McDonald and Harbaugh, 1988). The
model solves the three-dimension flow equation for movement of flow through the
aquifer, using a finite difference method. External stresses such as wells, areal recharge,
evaporation, drains and streams can be simulated. The model accommodates steady state
solution, mass balance, leaky aquifers, and grid time stepping
MT3D
A three-dimensional transport model for simulation of advection, dispersion and
chemical reaction of dissolved substances in groundwater systems. The model is referred
to as MT3D, and uses a modular structure similar to MODFLOW (USGS, 1998). This is
the modular three-dimensional finite difference groundwater flow model (McDonald,
1984). The modular structure makes it possible to simulate advection, dispersion,
sink/source mixing and chemical reactions independently without reserving computer
memory space. New transport processes and options can be added to the model. The
model accommodates the following spatial discretization capabilities and transport
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boundary conditions, confined and unconfined aquifers, inclined model layers and
variable cell thickness within the same layers, specified concentration or mass flux
boundaries, and solute transport effects of external sources and sinks such as drains,
wells, rivers, areal recharge, evaporation.
CZAEM
A groundwater model for confined and unconfined flow in shallow aquifers. It is
designed with an elementary capture zone analysis, based on an analytical element
method. Uses the Dupuit-Forcheimer assumptions in computation. It supports uniform
flow, uniform infiltration over a circular area, wells and line sinks. The line sinks can be
used to simulate streams and boundaries of rivers and lakes.
UNSODA
Is a database for unsaturated and saturated soil hydraulic properties (water retention,
hydraulic conductivity, soil diffusivity), basic soil properties (particle size distribution,
bulk density, organic matter content), etc. The program can be used to store and edit data,
search for data sets based on user-defined query questions, write the contents of selected
data sets to an abrupt, describe the unsaturated hydraulic data with closed-form analytical
expression. The unsaturated hydraulic conductivity functions are key input in numerical
models of vadose zone process. UNSODA can be used as a repository of data sets that
can be used as a source of surrogate hydraulic data or the development of an elevation of
indirect methods for estimating the unsaturated hydraulic properties.
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BIOPLUME

CHEMFLO

CZAEM

FEMWATER/
waste

MODFLOW

MOFAT

MT3D

MULTIMED

PESTAN

PRZM-2

RETC

STF

VLEACH

WHAEM

WHPA

Summary Sheet - Groundwater Models - Part A

Source

EPA

EPA

EPA

EPA

EPA

EPA

EPA

EPA

EPA

EPA

EPA

EPA

EPA

EPA

EPA

Version

Dos/W/
MS/PC

Dos/W/
MS/PC

Dos/W/
MS/PC

Dos/W/
MS/PC

Dos/W/
MS/PC

Dos/W/
MS/PC

Dos/W/
MS/PC

Dos/W/
MS/PC

Dos/W/
MS/PC

Dos/W/
MS/PC

Dos/W/
MS/PC

Dos/W/
MS/PC

Dos/W/
MS/PC

Dos/W/
MS/PC

Dos/W/
MS/PC

W. Bal. Eqn./
Mass Bal.

Generic/
yes

Generic/
yes

Generic

Generic/
yes

Generic/
yes

Generic/
yes

Generic/
yes

Generic/
yes

Generic/
yes

Generic

Generic

Generic/
yes

Generic

Generic

yes

Calculation

Finite
Diff.

Finite
Diff.

Finite
Diff.

Finite
Diff.

Finite
Diff.

Finite
Diff.

Finite
Diff.

Finite
Diff.

Finite
Diff.

Finite
Diff.

Finite
Diff.

Finite
Diff.

Finite
Diff.

Finite
Diff.

Finite
Diff.

Time Interval

day

hour

day

day

day

day

day

day

day

day

day

day

year

day

day

Surface Water

Recharge+

Recharge

Recharge+

Recharge+

Recharge+

Recharge+

Recharge+

Recharge+

Recharge+

Recharge+

Recharge+

Recharge+

Recharge+

Recharge

Recharge

Data Reqmt.

high

high

high

high

high

high

high

high

high

medium

high

high

high

high

high

Calibration

high

moderate

high

high

high

high

high

high

high

medium

high

high

high

high

high

GIS

feasible

feasible

feasible

feasible

yes

feasible

yes

feasible

no

no

-

no

feasible

feasible

feasible

Applicability

good

moderate

good

good

good

good

good

good

good

good

good

good

good

good

good

Complexity

high

fair

high

high

high

high

high

high

fair

medium

high

high

fair

high

fair

Water Quality

yes

yes

yes

yes

yes

yes

yes

yes

no

yes

no

yes

yes

no

no

Finite Diff.
DOS/W/MS/PC
Recharge+

-

finite difference method
DOS System/Windows/ Microsoft/Personal Computer
consider other aspects of surface water system (elements of river boundaries, lakes, uniform flow, infiltration, rain)
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APPENDIX D
WATER RESOURCES DATA MANAGEMENT PRODUCTS

Water Resources Data Management Products
D.1

Water Management Data Products

A wide range of water management related data is collected and published by various Non Government
Organizations (NGOs) and Government agencies. Data collected by these agencies from regular monitoring
programs are either:
a) Regularly published (Discharge Measurements, Sediment Data, Water Quality Data,
Meteorological Data, etc.) or
b) Filed away in NGO and Government files for future use or applications.
In both cases, the data in raw form are rarely directly useful to the water resources manager without
additional processing, analysis and interpretation. For example, historical publications, which include
summaries of various data, have included:




The Hydrologic Atlas of Canada (Environment Canada, 1978);
The Rainfall Frequency Atlas for Canada (AES, 1986); and
Water Quantity Resources of Ontario (MNR, 1984).

Unfortunately, much of this information is now out-of-date as a consequence of the funding cuts at various
levels of government. To assist the water resources manager in undertaking relevant and useful analyses,
various water resources data management products require periodic updating to reflect availability of new
data.
In addition to updating the database, new data sets can be created from this information using advanced data
management techniques. For example, GIS and Relational Data Base Management Systems (RDBMS) are
excellent tools for undertaking data analysis and presentation in useful formats.

D.2

Advantages to Updating Water Management Databases

The main advantages of utilizing current GIS and Analytical techniques to update the existing water
management-related databases are that:





the water resource management product can be kept up-to-date at a reasonable cost;
more detailed thematic maps can be provided for local or regional studies;
additional analyses can be undertaken to create new datasets and maps; and
analysis results can be customized to any scale (province, region, site).
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D.3

Available Products

Cumming Cockburn Limited has undertaken to create updated maps summarizing selected water
management information. The following Maps are presently available for Ontario:
1)
2)
3)
4)
5)
6)
7)
8)
9)

Location of all hydrometric stations;
Mean Annual Runoff Isoline maps;
1:100 and 1:20 year peak flows;
1:20 Year Peak Flow Isoline maps;
1:100 Year Peak Flow Isoline maps;
Location of MOEE water quality monitoring stations;
Several low flow statistics (e.g. isoline maps for 7Q20, etc.);
Base Flow Index / Isoline Map; and
Maps of Annual Suspended Sediment Discharge to Lake Superior, Lake Erie, and Lake Ontario
(6 maps).

The hydrologic linkage between the hydrometric and climatological databases are also of importance,
therefore the following GIS databases and maps are also available:
1)
2)
3)
4)
5)

Climatological station locations (optionally includes hydrometric stations);
Updated mean annual precipitation isolines;
Updated mean annual snowfall isolines;
Updated estimated evapotranspiration isolines; and
Depth, duration and frequency characteristics of point rainfall / isolines.

The available maps for Ontario are normally produced at a base scale of 1:2,000,000 using a Lambert
Conformal projection.
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APPENDIX E
ESSENTIALS FOR WATER BALANCE MONITORING

Essentials for Water Balance Monitoring
Manuals
Hydrometric Field Manual - Measurement of Streamflow, Water Survey of Canada.
Hydrometric Field Manual - Measurement of Stage, Water Survey of Canada.
Hydrometric Field Manual - A Guide to Gauging Stations, Water Survey of Canada.
Water Management Guidelines - Guidelines and Procedures of the Ministry of
Environment, MOE # 058601.
Water Management - Policies, Guidelines, Provincial Water Quality Objectives of
the Ministry of Environment, MOE # 3303.
Protection of Management of Aquatic Sediment Quality in Ontario, MOE # 1962.
Deriving Receiving Water Based, Point Source Effluent Requirement for Ontario,
MOE # 3302.
Resolution of Well Water Quality Problems Resulting from Winter Road
Maintenance, MOE # 3233.
Drinking Water Quality, MOE # 288901.
Ontario Drinking Water Objectives, MOE # 2889.
Incorporation of Reasonable Use Concepts into MOEE Groundwater Management
Activities, MOE # 0430.
Determination of Contaminant Limits and Attenuation Zones, MOE # 043001.
Resolution of Groundwater Quality Interference Problems (revised 1993),
MOE #074701.
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Treatment Requirements for Municipal and Communal Waterworks Using Water
Sources, MOE # 0007.
Granting a Variance from the Treatment Requirements for Municipal and
Communal Waterworks Using Surface Water Sources, MOE # 000701.
Guide for Applying for Approval of Municipal and Private Water Sewage Works,
MOE # 000702.
Treatment Requirements for Municipal and Communal Waterworks Using
Groundwater Sources, MOE # 3025.
Design of Water Supply Systems for Small Residential Developments, MOE
#302502.
Land Use and Capability, MOE # 3166, 316601-03.
Guidance for State Water Monitoring and Waste Load Allocation Programs,
USEPA-EPA Report of the Environmental Effects Transport and Fate Committee.
Model State Water Monitoring Program, U.S. Dept. of Commerce, NTIS, PB-267596.
Data Acquisition Systems in Water Quality Management, EPA-R5-73-014.
Bendt, R.A. (1975), Design of Water Quality Monitoring Network, USDC, NTIS,
PB-268-520.
Low Flow (Minimal Drawdown) Groundwater Sampling Procedures, EPA-540-S95-504 (1996).
Groundwater Sampling and Analysis Requirement, EPA.
Methods for Monitoring Pumps and Treat Performance, EPA-600-R-94-123 (1994).
Suggested Operating Procedures for Aquifer Pumping Tests, EPA-540-S-93-503.
Performance Evaluation of Pump-and-Treat Remediations, EPA-540-4-89-005.
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Accuracy of Depth to Water Measurements, EPA-540-4-89-002.
Groundwater Sampling for Metals, EPA-540-4-89-001.
Water Quality Monitoring: A Practical Guide to Design and Implementation of
Fresh Water Quality Studies and Monitoring Programs, Bartran, J. and J. Balance
(1996).
Groundwater Monitoring: Practical Handbook, Nielson and Lewis (1991).
Design of Sampling Programs, in Instrumental Analysis for Water Pollution
Control, Manoy, K.H. (1971), Ann Arbor Sc. Pub.
An Introduction to Water Quality Monitoring Using Volunteers: A Handbook for
Coordinators, Alliance for the Chesapeake Bay, Inc. Baltimore, MD.
Volunteer Water Monitoring: A Guide for State Managers, USEPA 440/4-90-010.
Procedure for Handling Chemical Analysis of Sediment and Water Quality
Samples, Technical Report, Puget Sound Water Quality Authority.
Handbook for Sampling and Sampling Preservation of Water and Wastewater,
EPA 600/4-79-057.
Environmental Monitoring and Assessment: Ecological Indicators, USEPA 600/390-060.
Statistical Principles in Experimental Design, Winer, B.J. (1971), McGraw-Hill.
Statistical Methods for Environmental Pollution Monitoring, Gilbert, R.O., Van
Nostrand Reinhold Co. (1987).
Quality Assurance and Quality Control (QA/QC) for 30 (h) Monitoring Programs
Guidance on Field and Laboratory Methods, Tetra Tech, Inc., USEPA (1986b).
Gilliom, R., W.M. Alley and M. E. Gurtz , Design of the National Water-Quality
Assessment Program, USGS Circular 112.
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F-1 Principles of Infiltration Modelling
F-1.1 Soil Properties
The following summarizes the infiltration process and relevant soil properties
(Tables F-1.1, F-1.2, and Figure F-1.1):

Table F-1.2
Bulk Density (kg/m3)

Soil porosity:

Sand
Gravel
Silt
Loam
Clay
All soils

n = Vv/VT = (Vw + Va)/VT
where: Vv
VT
Vw
Va

=
=
=
=

volume of void, L3;
total volume, L3;
volume of water, L3;and
volume of air, L3 .

1550
1760
1380
1420
1490
1350

Maximum storage capacity in soil, SW(max), L:
SW(max) = n. d,

Drying curve
0.4

where: d = depth of soil layer, L

0.3

Available volumetric water content, , ratio:

0.2
Wetting curve

 = Vw/VT

0.1

where: 0    n, in the order, n is 0 to.33
Water content in equivalent depth (d):
SW =  d; and
SW = soil water content depth, L.
Porosity can be expressed with solid density, and dry bulk
density:

0
-150

-100

-50

0

Pressure head,ψ (cm)

Figure F-1.1
Soil Moisture Hysterisis Curve

n = 1 - b/s
where: b = ms/VT is dry bulk density;
s = ms /Vs is solid density;
VT and Vs are total volume and volume of solids, L3; and
Ms =mass of solids.

Reference: Serrano, S.E. (1997)

Soil water pressure:
 = Pw / w
where:  = soil water pressure head L;
Pw = soil water pressure N L-2; and
w = weight density of water NL-3.
Soil water pressure is negative in the unsaturated zone, 
< 0, and positive in the saturated zone,  > 0.
F-3

Hydraulic conductivity , K(ψ) (m/day)

Table F-1.1
Soil Properties

F-1.2

Darcy’s Law

The following briefly summarizes Darcy’s Law (Table F-1.3 and Figure F-1.2):

Table F-1.3
Darcy’s Law
qx = Kx ix
where: qx = specific discharge LT-1 (the volumetric flow
rate per unit cross-sectional area , Q x/AT)
Kx = hydraulic conductivity LT-1
ix = hydraulic gradient= dh/dx
Dynamic Darcy’s Law for saturated flow:
qx = -Kx dh/dx

Figure F-1.2
Darcy’s Law - Field Representation

Dynamic Darcy’s Law for unsaturated flow:
qx = -Kx () dh/dx
where: Kx = hydraulic conductivity under saturated
conditions
Kx() = hydraulic conductivity under unsaturated
conditions
Hydraulic conductivity:
K=k/
where: K
k



=
=
=
=

hydraulic conductivity LT-1;
intrinsic permeability, a medium property L2;
specific weight of fluid NL-3; and
dynamic viscosity of fluid kg/(L-1T-1) .

Reference: Serrano, 1997; Chow et al, 1988
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F-1.3 Concept of Vertical Infiltration
The calculation of vertical infiltration is an important component of the overall
water budget and is useful for estimating potential groundwater recharge rates
(Tables F-1.4, Figure F-1.3 ).

Table F-1.4
Vertical Infiltration
Net mass rate + change of mass within volume = 0 (Figure F-1.3)
qx / z +  / t = 0
The specific moisture capacity, that is the unsaturated storage
property – the Richard’s soil moisture equation:
C() /t - /z (Kz() /z ) - Kz()/ z = 0
where: C() = d / d is the slope of the water content vs
pressure head
Knowing that in time /t = (d/d)(/t), i. e.  =f()
Solution of Philip’s equation (Philip, 1957) requires knowledge of
boundary and initial soil moisture content in the soil profile.
Reference: Serrano, 1997

qx AT

z

qx + [(qx / z)z] AT
mass rate of water leaving soil
Figure F-1.3
Vertical Infiltration Schematic

F-5

F-1.4 Hydrograph Separation
Hydrograph separation techniques can be used to estimate watershed infiltration
and recharge (Serrano, 1997) ( Table F-1.5, and Figures F-1.4a and F-1.4b ).
Use of water balance equation:
P – ET – I –R0 = S

Table F-1.5
Estimation of Groundwater Storage

where: P = total precipitation, L;
ET = total evaporation, L;
I
= total infiltration, L (interception In and
depression storage Id neglected) ;
R0 = effective precipitation, L; and
S = St2 –St1 is the change in storage; L.

The groundwater storage, Sg, at any time, ti , under
the groundwater recession curve is the summation
of baseflow rates from t1 to t2
Sg = c  qt dt = c qt e-t/k dt = - c k qt e-t/k ∞o
= c k qt

With the assumption that S is positive for a short term of a
storm, the infiltration can be estimated:
I = P – R0 – c3 k(qt2 –qt1)/A
where: q1, q2 = flow rate at time t1 and t2;
k
= recession constant;
c3
= a unit correction for k; and
A
= watershed area.

where: Sg
qt
k
c

=
=
=
=

groundwater storage at time t, L3;
flow rate at time t, L3/T;
groundwater recession constant(T) ;
correction factor.

Reference: Serrano, 1997

q

q
k1 – overland flow recession

SR

Surface runoff
volume

k2 – surface flow recession
k3 – groundwater
flow recession

t2
time
Figure F-1.4a
Hydrograph Recession Curve

Groundwater runoff volume

t1

t2
time
Figure F-1.4b
Hydrograph Separation
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F-2 Examples of Infiltration Models
F-2.1 The Horton Model
The Horton model can be used to describe the concepts of infiltration rate and
infiltration capacity (Table F-2.1 and Figure F-2.1 ):

Table F-2.1
Infiltration Rate (i) and Infiltration Capacity (f)

R
f0

The Horton model defines:
f(t) = fc + (f0 – fc)e-kt
where: f(t)
=
infiltration capacity, LT-1;
fc
= infiltration capacity with prolonged wetting, LT1
;
f0
= initial infiltration capacity, LT-1; and
k
= a constant representing the rate of decrease.
Please note limitations; p(t) > f(t) for all time t, implying actual
infiltration rate i(t) equals infiltration capacity, f(t):

i

I

fc

time
Figure F-2.1
Horton’s Infiltration Model

i(t) = f(t)
where: i(t) = the specific discharge at the ground surface; and
f(t) = the intake capacity through the soil surface,
equivalent to the maximum infiltration
rate(i(max)).
Cumulative infiltration (I), depth L:
I(t) = j i(j)t
Overland or surface runoff (SRO), depth L:
SRO(t) = P(t) – I(t)
Where: P(t) = total precipitation, L; and
I(t) = infiltration, L.
Horton’s model requires evaluation of f o, fc, and K (these
parameters are derived based on infiltration tests. The model
applies when precipitation rate p(t) ,exceeds infiltration capacity
f(t)
Reference: Linsley et al, 1984; Serrano, 1997
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F-2.2 Holton’s Infiltration Model
The Holton model is a simple technique which specifically takes into account the
effects of vegetation ( Tables F-2.2, F-2.2.1 and Figure F-2.2 ).

Table F-2.2
Holton’s Model
f = GI a Sa1.4 + fc
where: f
GI
fc
a
Sa

=
=
=
=
=

infiltration capacity, L;
growth index of vegetation;
infiltration capacity after prolonged wetting, L;
surface-connected porosity; and
storage available in the root zone = S(max) – Sw(t), L.

The surface-connected porosity depends on the infiltration capacity of the available
Storage – a function of the density of plant roots (Table F-2.2.1). It can be estimated
From infiltrometer test.
Use this model when the precipitation rate is less than the infiltration capacity.

Reference: Serrano, 1997

P(t)
ET(t)

Table F-2.2.1
Vegetation
Parameter, a
Poor
Condition

Good
Condition

Fallow/raw crop

0.027

0.0823

Small grains/
legumes

0.0548

0.0823

Hay

0.1097

0.1645

Pastures

0.2194

0.2742

Wood/forest

0.2144

0.2742

I(t) = min[f(t), p(t)]
Landuse

Sa(t) = SMAX – SW(t)

RG(t)

Figure F-2.2
Holton’s Infiltration Model

Reference: Serrano 1997.
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F.2.3 The Green-Ampt Infiltration Model
The Green-Ampt model can take into account surface ponding and the movement
of the wetting front ( Table F-2.3 and Figure F-2.3 ).

Table F-2.3
The Green-Ampt Model
V = Ks dh/dL
where: V is flow velocity, Ks is hydraulic conductivity, and dh/dL
is the hydraulic gradient.
The hydraulic gradient dh/dL, can be described in terms of the
sum of the depth of pond, dp, the depth of the wetting front from
the ground surface, Lw, and the soil suction, Scw, at the wetting
front, Lw:
dh/dL = (dp + Lw + Scw)/Lw
The total sum of infiltration I = (s - i)Lw
Where sand i are saturated and initial volume of water content.
The assumption is that times ts and ti are constant as the wetting
front advances, therefore the change in I with time is:

Figure F-2.3
Concept: Ponded Infiltration Process

dI/dt = d[((s - i)Lw]/dt = (s -i)dLw/dt
where: dI/dt equals Darcy’s velocity of the first equation.
Now substituting gives:
[ s - i) ]dLw/dt = Ks(Lw+Scw)/Lw
Rearranging: Ks/((s - i)dt = Lw/(Lw = Scw)dLw
Integration yields: Ktx / (s - i) = Scw+Lw – Scwln(Scw - Lw) + C
Here, C is a constant of integration: C = Scw lnScw – Scw , at t = 
By substituting into the yields equation gives:
or
Ks.t / (s - i) = Lw – Scw ln(1 + Lw/Scw)
Ks.t = (s - i) Lw – Scw(s - i) ln(1 + Lw/Scw)
Using the cumulative infiltration and volumetric water content
gives:
Ks.t = I – Scw(s - i) ln[1 + I / (Scw(s - i) )]
Therefore, the infiltration capacity f, at any time t can be derive by
taking the derivative of the last equation:
f = Ks + Ks Scw(s - i) /I
Reference: McCuen, R. (1989)
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F-2.4 The Phi-Index Method
This is a simple technique which is sometimes used in general water budget
models ( Table F-2.4 and Figure F-2.4 ).

Table F-2.4
The Phi () Index Approach
The phi-index represents an average rainfall intensity above which the volume of rainfall
equals the volume of observed runoff. The method assumes the rate of basin recharge
remains constant during the rainfall period:
Phi-index = total basin recharge divided by the duration of rainfall
It should be noted that the phi-index overestimates infiltration rates at the start of the
rainfall and underestimates at the end of the event. This is due to the rate of surface
retention and infiltration capacity which decreases with time throughout the storm
period. Also, phi-index represents the constant rate at which water is taken from the
rainfall input to produce basin recharge, and it represents a combined effect of
interception and depression storage and infiltration..
Reference: R.K. Linsley, M.A. Kohler and J.P. Paulhus (1949), Applied Hydrology,
McGraw-Hill Book Co., Inc.

Intensity, i

Runoff

Phi() Basin Index

time

Figure F-2.4
The Phi () Index Approach
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F.2.5 The SCS Infiltration Model
Simulation of water infiltration through a loamy sandy soil, e.g. a sandy material is
bounded above by the soil surface and below by the groundwater table. It is important to
note that initial soil moisture content, rainfall rate and duration and surface runoffs are
factors that affect the rate of water infiltration into the soil. The purpose is to calculate
the daily infiltration amount into the soil profile. Whenever there is a lack of soil
moisture data or insufficient definition of the boundary conditions, the SCS model is a
suitable semi-empirical model (USDA-SCS, 1972) ( Table F-2.5 ).
Example:
Parameter: Sw=8.2 inches, daily rainfall amount P = 0.1 to 10.0 inches is assumed.
Simulation Results: Figure F-2.5 shows the daily infiltration as a function of the daily
rainfall and surface runoff as a function of the daily rainfall. The exercise shows that
runoff does not occur when the daily rainfall amount is smaller than 1.64 inches (0.2F
=1.64 inches). Before runoff occurs, the daily infiltration equals the daily rainfall, and
the daily infiltration increases as the daily rainfall increases. However, the rate of the
increase of the daily infiltration reaches infiltration capacity at soil saturation
(EPA/600/R-97/128b).

Table F-2.5
SCS Infiltration Model
R = (P - 0.2Sw)2/(P + 0.8Sw)
for P > 0.2Sw
R = 0
for P 0.2Sw and
q = P-R
where:
R = runoff, inches;
P = daily rainfall, inches; and
Sw = (1000/CN) –10.
CN is based on antecedent moisture conditions
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Infiltration

Sand

FigureF-2.5
Results: SCS Infiltration Simulation Model (after EPA, 1997)
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F-2.6 PHILIP's 2T Model
This model simulates vertical infiltration of water into a homogeneous sandy soil profile.
Soil water content at the inflow-end (at the surface) is held constant and at saturation.
Figure F-2.6 shows water bounded above by the soil surface and below by the groundwater table. The water depth is much greater than the water penetration depth. Hence,
free water is available in excess at the surface, and the water content at the surface
remains constant throughout the infiltration period ( Philip, 1957) ( Table F-2.6 ).
Example:
Parameters:

Duration, t =1 to 24 hours is assumed
Infiltration Sorptivity, S =1 cm/h½ (Philip, 1969)
Constant A = 7.6 (=0.363 k ) cm/h (Jury et al, 1991)
Saturated hydraulic conductivity, K= 21 cm/h (Carsel and Parrish,
1988)

Simulation Results: Figure F-2.6 shows typical soil infiltration patterns, with an
infiltration rate relatively high at the onset of the infiltration. A linear relationship
between the cumulative infiltration and time is shown. By knowing the soil water
infiltration rate, the movement of contaminants in the soil can now be evaluated using
other transport model equations (EPA/600/R-97/128b).

Table F-2.6
Philip's 2T Infiltration Model
q(t) =1/2 S t-1/2 + A
I(t) = St1/2 + At
where: q
S
A
I(t)
t

=
=
=
=
=

infiltration rate (cm/h);
sorptivity (cm/h1/2);
a constant (cm/h);
cumulative infiltration rate at time, t; and
time (h).
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Infiltration

(sand)

Figure F-2.6
Homogeneous Conditions (Philip's 2T) Infiltration Simulation Model
(after EPA, 1997)
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F-2.7 GALAYER Infiltration Model
This model describes infiltration for non-homogeneous conditions. The soil profile has
different layers, and as a result the water distribution during infiltration is not uniform.
Two hypothetical simulations are examined: a soil profile with two layers -- a sandy
layer underlain by a loam; and a profile of three layers -- a sandy layer underlain by a
loam and the loam underlain by a clay layer. Under such conditions, the sandy layer
controls the infiltration rate initially, and with time the rate of infiltration will be
controlled by the lower fine-textured layer that has the least hydraulic conductivity (
Table F-2.8 )
Example:
The schematic diagrams show the layered soil profile. The thickness of the sand layer is
10 cm, and the loam layer extends from the bottom of the first layer to the bottom of the
soil profile. Simulation 1 estimates water infiltration into the sand layer and continuing
through the loam layer, while simulation 2 estimates water infiltration into three layers
(sand, loam and clay). The thickness of the upper layers (sand and loam) is 10 cm. The
lowest layer (loam or clay) extends to the rest of the soil profile. The GALAYER
(Flerchinger et al, 1988) model for layered soils was used. The model parameters are
listed in Table F-2.7 and infiltration results in Figure F-2.7 ).

Table F-2.7
Model Parameters
Duration of Infiltration, t =1 to 24 h, is assumed
Saturated Hydraulic Conductivity (Layer 1) K = 1 cm/h (Hillel, 1982)
Saturated Hydraulic Conductivity (Layer 2) K = 0.5 cm/h (Hillel, 1982)
Saturated Hydraulic Conductivity (Layer 3) K = 0.1 cm/h (Hillel, 1982)
Change in Volumetric Water Content in (Layer 2) = 2 0.2 cm3/cm3 assumed for
Simulation 1
Change in Volumetric Water Content in (Layer 3) = 2 0.1 cm3/cm3 assumed for
Simulation 2
Suction Head (of Layer 2) for Simulation 1. H = 3000 cm (Hillel, 1982)
Suction Head (of Layer 3) for Simulation 2. H = 7000 cm (Hillel, 1982)
Simulation Results:
The infiltration rate was high at the start of the infiltration process in scenario 2. It
eventually decreased to a constant rate in time for both scenarios 1 and 2.
Infiltration rate is faster in the two-layered soils as compared to the threelayered soil.

Table F-2.8
Green-Ampt Equation
( see Table F-2.3 )
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Infiltration (sand)
1st LAYER

Sand

1st LAYER

Loam

2nd LAYER

Clay

3rd LAYER

Wetting Front
(loam) 2nd LAYER

Figure F-2.7
GAYLAYER Infiltration Simulation Model -Non-Homogeneous Conditions
(after EPA, 1997)
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F-2.8 Pond Infiltration Model (GAEXP)
This model describe conditions where water infiltrates into a sandy soil under ponded
conditions. Under such conditions, the infiltration rate is expected to reduce to a steadyinduced rate which is equal to the saturated hydraulic conductivity. This soil profile is
bounded by the soil surface water pond, and below by a groundwater table. The Explicit
Green-Ampt model was selected. The model yields cumulative infiltration and infiltration
rate as a function of time. The model equation was to be solved iteratively (Salvucci and
Entekhabi, 1994).
Example:
Parameters:

Saturated Hydraulic Conductivity K= 21 cm/h (Carsel and Parrish,
1988)
Pond depth h =1 cm, assumed
Saturated volumetric water content = 0.43 cm3 /cm3
Initial volumetric water content = 0.05 cm 3/cm3, assumed (Hillel,
1982)

Simulation Results: The figure F-2.8 shows the surface infiltration and cumulative
infiltration as a function of time. Observed is a typical soil infiltration pattern, with an
infiltration rate relatively high at the onset, then decreasing, and eventually approaching a
constant (US EPA/600/R-97/128b).
The model requires homogenous soil condition/ properties, constant and non-zero
ponding depth
PondingWater
water
Ponding
Infiltration
Infiltration
( (sand)
Sand )

Figure F-2.8
GAEXP Infiltration Simulation Model (Ponded Conditions)
(after EPA, 1997)
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F-2.9 GACONST Model
This model was developed to describe infiltration into a sandy loam soil under nonponding conditions. This soil profile is bounded above by the soil surface and below by
the groundwater table. No ponding occurs after the soil is saturated and the excess water
is discharged as surface runoff. Several infiltration models for non-ponded conditions
have been developed (Philip, 1957; Swartzendruber, 1974). In this exercise, the Constant
Flux Green-Ampt model was used (Table F-2.9 ).
Example:
Parameters:

Saturated Hydraulic Conductivity K =2.59 cm/h
Constant Application Rate, r = 3.5 cm/h, is assumed
Saturated Volumetric Water Content = 0.41 cm3 /cm3
Initial Volumetric Water Content = 0.05 cm3 /cm3 is assumed
Air exit head, he = -13.33 cm
Pore size index  = 0.89 (Carsel and Parrish, 1988)

Simulation Results: The figure F-2.9 shows a constant-flux infiltration pattern when
r K. Before the surface saturation occurs at time t (5 hours), the infiltration rate is
constant and equals r, after that the infiltration rate decreases with time. The next figure
illustrates a linear relationship between the cumulative infiltration and time( EPA/600/R97/128b).

Table F-2.9
Green-Ampt Constant Flux Infiltration Model (GACONST)
When the application rate r  Ks , and t 0:
q=r
I = r.t
When r  Ks , and t  t0:
q=r
I = r.t
q=KS[1-(S-0)hf /I
I0 = rt
Ks.( t – to) = I-Io +hf (s - o) Ln[(I –s - o )hf )/ (I o-(s - o)hf ]
to = [K s h f (s - o)]/[r(r-Ks)]
Where: q = surface infiltration;
k s= saturated hydraulic condition;
s, o = saturated and initial volumetric water contents, respectively;
h f= capillary pressure head;
t = time;
r = constant water application rate; and
I,Is = infiltration and initial infiltration respectively.
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Infiltration
( sand )

Figure F-2.9
GACONST Infiltration Simulation Model (Non-Ponding Conditions)
(after EPA, 1997)
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F-2.10 INFEXF - Infiltration and Exfiltration Method
The vertical movement of soil water in subsurface environments can be divided into two
major processes: (1) infiltration and (2) exfiltration. The exfiltration process includes
capillary rise, evaporation, and water uptake by plant roots (transpiration). The depth to
the groundwater table is much greater than the water penetration depth. The surface
rainfall, evaporation and transpiration are included in the model. The INFEXF model
was chosen for the simulation (Eagleson, 1978). The initial water content before the
storm is 0.07 cm3 /cm3 This case holds for conditions when the rainfall intensity is greater
than the infiltration capacity ( Table F-2.10 ).
Example:
The exfiltration considers a uniform initial water content of 0.20 cm3 /cm3 through and
after the storm. Also potential evaporation is assumed to be greater than the exfiltration
capacity. The dry condition at the soil surface causes capillary rise and evaporation of
water out of the soil surface. This exercise used the exfiltration equation.
Parameters:

Saturated hydraulic conductivity K =2.59 cm/h
Saturated volumetric water content = 0.41 cm3/cm3 (Carsel and Parrish,
1988)
Vegetated fraction M = 0.2
Transpiration rate E= 0.1 cm/h
Initial volumetric water content = 0.05 cm3 /cm3 assumed
Pore distribution index = 8.89
Initial volumetric water content during interstorm period = 0.20
cm3/cm3 assumed (Eagleson, 1978)

Simulation Results: The first graph of figure F-2.10 shows typical soil infiltration
patterns, with an increase infiltration rate at the onset, then decreasing, and eventually
approaching a constant rate. The next graph illustrates exfiltration (actual evaporation)
decreasing with time. A negative value of exfiltration indicates that exfiltration has
ceased while transpiration proceeds (EPA/600R-97/128b).

Table F-2.10
Infiltration/Exfiltration Model (INFEXF) Eagleson 1978.
Infiltration:
f1 = 1/2Sit-1/2 + ½ (K1 + K0 )
Exfiltration:
fe = 1/2Set-1/2 - ½ (K1 + K0 ) - MEv
where: fI and fe = infiltration and exfiltration rate (cm/h), respectively;
SI and Se = infiltration and exfiltration sorptivity (cm/h1/2 ), respectively;
K0 and K1 = initial and actual hydraulic conductivity (cm/h), respectively;
Ev = transpiration rate (cm/h);
M = vegetative fraction of land surface;
t = time(h).
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Infiltration

Figure F-2.10
INFEXF Infiltration Simulation Model (Infiltration/Exfiltration)
(after EPA, 1997)
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F.3 Infiltrometers
F-3.1 ASTM –Double Ring Infiltrometer
This device measures in-situ soil infiltration. The assembly consists of two concentric cylinders of height = 400 mm and radius = 150 mm (inner cylinder) and
300 mm (outer cylinder). A barrel (208 mm) is used as a mariotte to supply water
to each cylinder, while the flux of the inner cylinder is measured with a calibrated
flow-tube-type flow meter ( Figure F-3.1 )

Figure F-3.1
ASTM Double-Ring Infiltrometer
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F-3.2 Double-Cap Infiltrometer
This double-cap assembly for in-situ measurement of infiltration was developed
mainly to reduce the disturbance of the soil during instrument installation. It
consists of two concentric cylinders, an inner radius of 75 mm and an outer
cylinder with a radius of 180 mm. Both are covered by a 10 mm thick aluminum
plate. At installation, three hose fittings are attached to inlet ports, two to the outer
cylinder and one to the inner cylinder. Two sealed mariotte containers (25 litres
each) supply water, and the flux is measured by a flow meter that monitors in the
inner compartment ( Figure F-3.2 ).

Figure F-3.2
Double-Cap Infiltrometer

F-23

F-3.3 USU Recycling Furrow Infiltrometer
The recycling infiltrometer assembly consists of a small reservoir with a water
level recorder. Water is pumped at a fixed discharged rate to the inlets of furrow
test sections. As water flows through the test sections, it is pumped back into the
reservoir. The procedure is carried out to determine the cumulative infiltration (I)
as a time distribution of volumetric depletion in the reservoir. With time, a steady
infiltration (f0) is achieved. The analysis uses the Kostiakov-Lewis equation: I =
ka + f0 , where I = cumulative intake(vol./unit width),  = intake opportunity time,
f0 = basic intake rate (vol./unit width/unit length or time/unit time), a and k are
empirical constants ( Figure F-3.3 ).

Figure F-3.3
USU Recycling Furrow Infiltrometer
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G-1 General
This appendix is intended to provide a general introduction and overview of
selected procedures for modelling groundwater flow and surface water
interactions. The descriptions are not intended to be comprehensive nor to
replace numerous technical references in common use, and are presented here
only to demonstrate linkages with the surface water system.
For practical water budget purposes, the basic groundwater system is defined by:


a set of controlled inputs to the system, such as precipitation, surface inflow,
natural recharge, replenishment from irrigation return flow, streams, artificial
recharge infiltration practices;



resulting outputs from the system that include subsurface flow, naturally
flowing springs, evapotranspiration losses, and discharge to surface waters;



a number of parameters that describe the groundwater flow system, which
defines the quantity, quality and thermal properties;



certain dynamic variables that characterize the condition of the system, e.g.
hydraulic head, pressure, temperature distribution, flow rate, concentration,
etc.; and



decision variables to carry out management activities, e.g. injection rate,
pumping, artificial recharge, etc.

A conceptual view of the interaction of these features is shown in Figure G-1.

G-2

PARAMETERS
INPUTS





Precipitation
Irrigation return
Natural recharge
Subsurface
inflows

INPUTS









Storage coefficient
Transmissivity
Effective porosity
Dispersion coefficient
Specific storage
Specific yield
Specific storage

GROUNDWATER
SYSTEM

OUTPUTS





Baseflow
Evapotranspiration
Subsurface outflows
Phreatophytes

OUTPUTS

POLICY VARIABLES






Injection variables
Pumping rates
Artificial recharge
Domestic supply
demands
Etc.

Figure G-1
Conceptual View of Groundwater System and
Features for Water Balance Budget Interactions
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Groundwater flows from a recharge zone to a discharge zone. The following are
some basic aquifer properties (Serrano, 1997):
Yield:
Sy = (1/A)dV/dh
where:
Sy = aquifer specific yield, L3 / L3;
V = volume of drainable pore water, L3;
h = water table elevation, L; and
A = area, L2.
The specific yield is therefore the difference between porosity n, and field capacity
Fc:
Sy = n – Fc

Table G-1
Specific Yield
Gravel
Sand
Silt
Clay
Sandstone
Limestone
Loess
Peat
Till
Tuff

0.24
0.28
0.08
0.03
0.27
0.14
0.18
0.44
0.16
0.21

after Todd (1980)

Pumping of a confined aquifer could result in a decline of the piezometric level,
which could impose a mechanical compression of water and soil grain, hence:
S = (1/A)dVc / dh
where:
S = storage coefficient;
Vc = volume of water release from compression;
h = elevation of piezometric surface L; and
A = area L2.
Specific Storage:
Ss = w ( + n)
where:
Ss = specific storage L-1;
w =specific weight of water;
 = aquifer compressibility, L2/N; and
 = water compressibility, L2/N.
Storage coefficient is a function of aquifer thickness, b:
S = bSs
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Flow Equations:
For laminar (non-turbulent) flow conditions, the Darcy’s Law is:
qz = -Kz dH/dz
where:
qz = discharge in the z direction;
Kz = hydraulic conductivity;
dH/dz = derivative of hydraulic head in the z direction; and
H = hydraulic head.
The Reynold’s number is defined as:
Surface

R = qd10/ = qd10/

Rg

In this case if R > 10, the flow is turbulent.
W.T.

where:
 = density of fluid, kg/m3;
q = specific discharge LT-1;
d10 = effective size of soil grain, L;
 = dynamic viscosity of fluid, kg/(m,s); and

H=z+
qH

qH + (qH/x)x

2 -1

 = kinematic viscosity of fluid, L T .
Transmissivity:
x

Tm =

0b

K(z)dz

For constant vertical hydraulic conductivity: Tm = Kb
where:
Tm = aquifer transmissivity, L2T-1;
b = saturated thickness of the aquifer, L; and
K = hydraulic conductivity.

Rg = recharge
H = hydraulic potential
qH = flow in the X direction
 = pressure head
Figure G-2: Concept - Groundwater Flow
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Dupuit Equation:
For an unconfined aquifer the flow equation is:
/x(Tx (h/x)) = - Rg
where:
Tx = transmissivity in the x-direction.
The planar two-dimensional equation:
/x(Tx (h/x) + /y(Ty (h/y) = - Rg
The general transient flow equation (Bear, 1979):
Ss (h/t) - /x(Tx (h/x)) - /y(Ty (h/y)) - /z(Tz(h/z) = 0
Solution by numerical methods i.e. by finite-difference approximation (Pinder and
Bredehoeft, 1968), requires definition of initial and boundary conditions
Mass Balance:
In model solution, a mass balance equation is introduced for numerical accuracy.
That is, the principle of conservation of mass requires that the cumulative sum of
mass inflows and outflows must equal to the accumulative mass or change in mass
stored:
Rm = Ms - Mf
where:
Rm = residual;
Ms = change in mass stored in the aquifer; and
Mf = net mass flux in M.
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G-2 Modelling Fundamentals
Models are technical tools used to solve water management problems. Typical
problems may involve planning, design, monitoring, evaluation of alternatives or
assessment. Model simplification may be required to make solutions of a problem
feasible. This also relies on a number of assumptions that depend on the project
objectives, available resources, available data, policies and regulations. The
mathematical representation should reflect the physical geometry, limits and
boundary conditions.
Features of a Model for Budget/Mass Balance:
The following are important factors that should be considered in modelling
groundwater flow and mass balance computations (Table G-2):


physical geometry and definition of boundary conditions;



the relevant state variables, flow rates, volume of the project area, and
initial conditions;



major mass balance relationships;



the material comprising the aquifer, relating to isotropy, heterogeneous/
homogenous, etc;



the mode of flow, whether 1-, 2- or 3-dimensional, laminar or non-laminar;



identification of anomalies, and sources and sinks of water, contaminants

Table G-2
Model Selection
Focus on:
 The available
resources
 Objectives of the
problem
 Data availability
 Equations that
describe mass
balances (quantity
/quality)
 Agencies
responsible
 Regulations,
guidelines and
control measures

within the domain and on it boundaries; and


the properties of the water with regard to density, viscosity, temperature,
compressibility, etc.

Development Procedures:
Under watershed planning, it is essential that model development is in line with
issues and project objectives. The usefulness of a model would depend on
background data availability, ability to collect relevant data, and experts needed for
interpretation and assessment.
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Mass Balance Equations:
Background discussions of groundwater mass balance equations can be found in a
number of standard references (Pinder and Bredehoeft, 1968; Prickett and
Lonnquist, 1971; Bear, 1972; Todd, 1980; Bear and Bachmat, 1990).
For example: Two-Dimensional Flow - The governing equation for groundwater
flow in an artesian, isotropic and homogenous aquifer is described as follows:
S H/t + Q = /x(THx) + /y(TH/y)
where:
S = storage coefficient (storativity);
H = head ;
Q = net groundwater withdrawal;
T = Transmissivity;
t = time; and
x, y = rectangular co-ordinates.
There is no general solution to the above equation. Solution can be found by a
finite difference solution, either by Darcy’s Law and principles of conservation of
mass or by mathematical treatment of substituting finite difference approximations
for derivatives of the governing equation. Essentially, the aquifer is subdivided into
volumes having dimensions mxy, m = thickness of the aquifer in elements,
x=x, y=y (Figure G-3). The area xy is a small portion of the aquifer.
Intersecting grid lines (i, j) are nodes for co-ordinates x and y directions. Flows (Qn
n =1, 2, ..) are arbitrarily assigned flow directions. For example, flow rate Q5
represents amount of water taken into or released from storage. Several flow rate
possibilities may exist. If Qn accounts for leakage, induced infiltration or
evapotranspiration, with Q1 and Q2 as inputs, along with Q3, Q4, and Q5 as
withdrawals, then the continuity equation relating flow entering and leaving the
node (i, j) would be:
Qn + Q1 + Q2 = Q3 + Q4 + Q5
In order to determine the flow rates, it is necessary to define the portion of the
aquifer characterizing each term, and noting that flow rate may occur in any
direction in the aquifer confined by x, y direction.
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G-3 Groundwater Numerical Techniques
Several numerical solution techniques are available.
1. Finite-Difference Method
This numerical solution includes the use of Taylor series representation to
describe the groundwater flow and mass transport equations.
The solution is the derivative solution by the forward derivative approximations:
/xx  [ (x) + (x - x ) ]/x
and by the backward first derivative approximations:
/xx  [ (x) - (x - x ) ]/x
where  the hydraulic head or mass concentration at a nodal point (x + x) or (x x), expressed in terms of the state variables of the system.

Y
x, y + y
x - x -y

x, y

x + x, y
y

x, y - y
x

aquifer
boundary condition

Figure G-3: Finite-Difference Grid Schematics
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A possible application is where an aquifer boundary conditions are two large
rivers but are not affected by pumping. The governing equations for the one or
two-dimensional confined flows can be developed for this system (Bear, 1979).
2. Finite Element Method
This method is suitable for an aquifer that is heterogeneous with irregular
boundary conditions. In this case the element can be varied to reflect the
changing value of parameters or state variables.
By using weighted residuals, a trial solution can be expressed in terms of the
differential operator L:
L{} = 0
Written as the finite series by:
  ^(x, t) = Ni(x) + M i=2(X) i(T)
where Ni(x) is selected to satisfy the essential boundary conditions and other
remaining elements of the series, Ni(x) satisfy the given homogeneous boundary
conditions and are the shape function of the problem (these functions are defined
by assumption regarding the spatial variation of the state variables in the solution
domain).
In solution, there is a non-zero residual, hence L{^} = R  0. The weighted
residual depends on the selection of the weighting functions. A traditional solution
approach is the Galerkin method to represent the hydraulic and mass transport
response equations (developments of these solution can be found in literature, e.g.
Hautush and Jacobs, 1955; Jacobs, 1955).
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Illustration of modelling possibilities:
(1)

Solution under leaky aquifer conditions ( Figure G-4 ):
QL = (P/m)HAc

Where QL = leakage rate through the confining bed, P = vertical hydraulic
conductivity of confining bed, m = thickness of confining bed, H = difference
between the head in the aquifer and in the source bed overlaying the confining
layer, Ac = area of confining bed through which leakage takes place. In terms of
head, H = RH i,j – h i,j, where RH i,j is the head in the source bed, hi,j is the head at
the piezometric surface at the node point i, j. Likewise, Ac = xy, giving:
QL = R i, j (RH i,j – h i,j).
Where R i, j = (P/m) xy is a recharge factor.

LAND SURFACE

Q

i,j
D IN
HEA
D
CE BE
R
SOU

SOURCE BED

m

VARIABLE CONFINING BED PROPERTIES

P

VARIABLE AQUIFER PROPERTIES

T S

RH

i,j

h
h

i,j

i,j

AQUICLUDE
REFERENCE LEVEL

Figure G-4: Concept - Leaky Aquifer Conditions (after Prickett and Lonnquist, 1971)
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(2)

Solution with induced infiltration ( Figure G-5 ):
Qi = (P/m) As H

Where Qi = infiltration rate through the streambed, P = hydraulic conductivity of
the stream bed, m = thickness of the streambed, H = head difference between the
level of water in the stream and that of the aquifer beneath the stream. The
maximum head difference is:
H(max) = RH i, j – RD i,j
By substitution:
Qi = R i,j (RH i, j – RD i,j )
Where R i,j = (P/m) As is the recharge factor at the stream node i, j.
(a).
Q

i,j
CONSTANT
HEAD

Q

STREAMBED
PROPERTIES

P
m

n

AREA ( A s)

Hi , j

AQUIFER PROPERTIES

T S
RD
i,j

RH

i,j

AQUICLUDE
REFERENCE LEVEL

(b).

Q

n

GAINING
STREAM
HEAD
REFERENCE LEVEL

RD
i,j
RH
LOSING
STREAM

Q

Hi , j

i,j
Q

SLOPE =

RH

i,j

n
H

=

i,j

P
m

As

n

Basic aquifer simulation program parameters with induced infltration (a).
and head-infiltration rate curve (b).

Figure G-5: Concept - Induced Infiltration Conditions (after Prickett and Lonnquist, 1971)
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(3)

Solution with evapotranspiration conditions ( Figure G-6 ):

This condition occurs when the water table is near the land surface. In this case the
land surface elevation is RH i,j with the elevation below which evapotranspiration
ceases defined as RD i,j. Also QET is the rate of evapotranspiration defined as a
linear function of the difference between the elevation of the land surface and the
water table at each node i, j. RD i,j is critical depth in which the recharge factor Ri,j
is:
Ri,j = QET(max)/ (RH i,j - RD i,j )

Q

LAND SURFACE

Q

ET

i,j

LEVEL BELOW WHICH
EVAPOTRANSPIRATION CEASES

RH
i,j

AQUIFER PROPERTIES

T S

H
i,j

RD

i,j

AQUICLUDE

REFERENCE LEVEL

Figure G-6: Concept - Evapotranspiration Conditions (after Prickett and Lonnquist 1971)
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(4)

Solution under conditions with storage coefficient conversions (Figure
G-7):

This requires converting storage coefficients from artesian to water table
conditions. The basic solution occurs for artesian conditions, but due to overpumping, there may be interference between wells and well fields. Prolonged
drought can cause similar situations, where the head may fall below the aquiclude
in certain areas. Here the coefficient converts from artesian to water table values.
With time, the cone of depression expands, and the portion of the dewatered
portion of the aquifer becomes larger. The storage coefficient control is:
SF2i j = C Swt xy
Where: SF2i j = storage factor for node location at model co-ordinates i, j; Swt =
aquifer storage coefficient for water table conditions for node located at coordinates i, j; C is an empirical constant.
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LAND SURFACE
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S
Swt

RH
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i,j

i,j

WATER
TABLE

h
S
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i,j

AQUICLUDE
REFERENCE LEVEL

Figure G-7: Concept - Relationship with Storage Coefficient Conversion Conditions
(after Prickett and Lonnquist, 1971)
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(5)

Solution with water table conditions ( Figure G-8 ):

This represents a well pumping from an aquifer that is not confined at the top. Here
water is being released by gravity from the saturated unconfined areas. The flow of
water passing through the saturated zone:
Ti, j, 2 = PERMi, j, 2 [ (Hi, j - BOTi, j )(Hi+1, j – BOTi+1, j )]½
and
Ti, j, 1 = PERMi, j, 1 [ (Hi, j - BOTi, j )(Hi, j+1 – BOTi, j+1, j )]½
where:
Ti, j, 2 = aquifer transmissivity of vector volume between i, j and i+1, j;
Ti, j, 1 = aquifer transmissivity of vector volume between i, j and i, j+1
PERMi, j, 2 = hydraulic conductivity of aquifer within vector volume
between i, j, and i+1, j;
BOTi, j = bottom elevation assigned to individual node point.
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Figure G-8: Concept - Water Table Conditions (after Prickett and Lonnquist, 1971)
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